
Letters
177 Cross-kingdom interactions matter: fungal-mediated interactions

structure an insect community on oak
Ayco J. M. Tack, Sofia Gripenberg & Tomas Roslin

186 Genetic influence on disease spread following arrival of infected
carriers
Simon Fellous, Alison B. Duncan, Elsa Quillery, Pedro F. Vale &
Oliver Kaltz

193 Intralocus sexual conflict and offspring sex ratio
Masako Katsuki, Tomohiro Harano, Takahisa Miyatake, 
Kensuke Okada & David J. Hosken

198 Phenology drives mutualistic network structure and diversity
Francisco Encinas-Viso, Tomás A. Revilla & Rampal S. Etienne

209 Directional biases and resource-dependence in dispersal generate
spatial patterning in a consumer–producer model
Kurt E. Anderson, Frank M. Hilker & Roger M. Nisbet

218 Dispersal-mediated trophic interactions can generate apparent
patterns of dispersal limitation in aquatic metacommunities
Dino Verreydt, Luc De Meester, Ellen Decaestecker, 
María-José Villena, Katleen Van Der Gucht, Pieter Vannormelingen,
Wim Vyverman & Steven A. J. Declerck

227 Warming, CO2, and nitrogen deposition interactively affect a
plant-pollinator mutualism
Shelley E. R. Hoover, Jenny J. Ladley, Anastasia A. Shchepetkina,
Maggie Tisch, Steven P. Gieseg & Jason M. Tylianakis

235 Living fast and dying of infection: host life history drives
interspecific variation in infection and disease risk
Pieter T. J. Johnson, Jason R. Rohr, Jason T. Hoverman, 
Esra Kellermanns, Jay Bowerman & Kevin B. Lunde

243 Interactive effects of body-size structure and adaptive
foraging on food-web stability
Lotta Heckmann, Barbara Drossel, Ulrich Brose &
Christian Guill

251 How do genetic correlations affect species range shifts in
a changing environment?
Anne Duputié , François Massol, Isabelle Chuine, 
Mark Kirkpatrick & Ophélie Ronce

260 Senescence and age-specific trade-offs between
reproduction and survival in female Asian elephants
Matthew R. Robinson, Khyne U. Mar & Virpi Lummaa

267 What causes latitudinal gradients in species diversity?
Evolutionary processes and ecological constraints on
swallowtail biodiversity
Fabien L. Condamine, Felix A. H. Sperling, 
Niklas Wahlberg, Jean-Yves Rasplus & Gael J. Kergoat

Review and Syntheses
278 Ecological implications of behavioural syndromes

Andrew Sih, Julien Cote, Mara Evans, Sean Fogarty &
Jonathan Pruitt

290 Corrigendum

Cover Caption: 
The presence of a fungus may modify the structure of insect 
communities at multiple spatial scales.
From: Tack et al., p. 177
Photo credit: Riikka Kaartinen

This journal is available online at Wiley Online Library.
Visit www.ecologyletters.com to search the articles 
and register for table of contents e-mail alerts.

Volume 15 Number 3
March 2012

Eco
lo

g
y Letters

ECOLOGY
LETTERS

V
o

lu
m

e 15   N
u

m
b

er 3
M

arch
 2012

177–290

ISSN 1461-023X www.ecologyletters.com

ECOLOGY
LETTERS

ECOLOGY
LETTERS

Volume 15 Number 3 | March 2012

Ecology Letters publishes Early View and OnlineOpen papers. Early View papers are fully reviewed and
revised articles published prior to their publication in a printed issue. OnlineOpen service offers authors, 
whose papers are accepted for publication, the opportunity to pay up-front for their paper to become open
access (i.e. free for all to view and download via the Wiley Online Library website). For submission  instructions,
 subscription and all other information visit: www.ecologyletters.com

This journal is a member of and subscribes to the principles of the Committee 
on Publication Ethics.

ele_15_3_oc_Layout 1  1/31/2012  10:31 AM  Page 1



L E T T E R
Cross-kingdom interactions matter: fungal-mediated

interactions structure an insect community on oak

Ayco J. M. Tack,1* Sofia

Gripenberg1,2 and Tomas Roslin3

Abstract
Although phytophagous insects and plant pathogens frequently share the same host plant, interactions among

such phylogenetically distant taxa have received limited attention. Here, we place pathogens and insects in the

context of a multitrophic-level community. Focusing on the invasive powdery mildew Erysiphe alphitoides and

the insect community on oak (Quercus robur), we demonstrate that mildew–insect interactions may be mediated

by both the host plant and by natural enemies, and that the trait-specific outcome of individual interactions can

range from negative to positive. Moreover, mildew affects resource selection by insects, thereby modifying the

distribution of a specialist herbivore at two spatial scales (within and among trees). Finally, a long-term survey

suggests that species-specific responses to mildew scale up to generate landscape-level variation in the insect

community structure. Overall, our results show that frequently overlooked cross-kingdom interactions may play

a major role in structuring terrestrial plant-based communities.

Keywords
Erysiphe alphitoides, indirect defence, indirect interactions, invasive species, Microsphaera alphitoides, multi-trophic

interactions, plant–fungus–insect interactions, trait-mediated interactions, tripartite interactions
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INTRODUCTION

Phytophagous insects and plant pathogens are among the most

speciose groups worldwide (Strong et al. 1984; Agrios 2005), and

several studies suggest that they frequently interact within local

communities (Hatcher 1995; Johnson et al. 2003; Rostás et al. 2003;

Simon & Hilker 2003; Stout et al. 2006). Indeed, in one of the earliest

articles demonstrating pathogen–arthropod interactions, Karban et al.

(1987) asked ecologists to switch focus from interactions among

closely related species – which were traditionally presumed to interact

the strongest (Darwin 1859; Gause 1934) – to interactions between

phylogenetically distant species. Despite this wake-up call, Stout et al.

(2006) concluded in a recent review that pathogen–plant–insect

interactions still receive limited attention, and identified several gaps in

our current knowledge. Most notably, few studies have examined

interactions between plant-feeding insects and plant pathogens in the

field or placed such interactions in a wider community context (Stout

et al. 2006). A key question is how cross-kingdom interactions scale up

to affect the realised community structure at various spatial scales

(Hatcher 1995; Stout et al. 2006).

Pathogens have the potential to modify the structure of phytoph-

agous insect communities by differentially affecting the performance

of local community members, and by modifying the interactions

between them. However, while laboratory experiments have convinc-

ingly demonstrated that the impact of host plant pathogens on

individual insect species can range from negative to positive (Rostás

et al. 2003; Stout et al. 2006), few studies have experimentally assessed

whether or not different species within the same community respond

in a similar way to the very same host pathogen (Stout et al. 2006).

Such differential effects of pathogens on herbivore performance may

be either direct, plant-mediated, or mediated by natural enemies

(Cardoza et al. 2003; Turlings & Wäckers 2003; Stout et al. 2006).

In addition to the effects of pathogens on herbivore performance,

the presence of plant pathogens may also modify the strength with

which insect herbivores are attracted to individual plant units. For

example, herbivores may prefer to oviposit on either infected or non-

infected leaves (Simon & Hilker 2005) or host-plants (Hatcher et al.

1994; Biere et al. 2002; Röder et al. 2007). Likewise, the rate of

emigration may differ between infected and non-infected plants

(Röder et al. 2007). Importantly, if insect taxa respond differently to

the presence of a plant pathogen, fungal-mediated interactions may

generate variation in local community structure (Moran & Schultz

1998; Kluth et al. 2001).

In this article, we use a series of detailed experiments to pinpoint

the diversity of direct and indirect interactions between three plant-

feeding guilds: leaf miners, free-feeding insects and the oak powdery

mildew Erysiphe alphitoides. We then use two large field experiments to

understand whether fungal-induced changes in resource selection

affect the distribution of a specialist herbivore at two spatial scales:

among leaves within a single tree, and among trees within a landscape.

Finally, we use long-term spatially explicit observations to assess

whether or not herbivore-specific responses to mildew infection

translate into predictable patterns in insect community structure

across the landscape. For comparison, we conducted a set of similar
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experiments and observations to assess the impact of early-season

herbivory by free-feeding insects on our focal insect taxa.

MATERIALS

Study site and taxa

The pedunculate oak Quercus robur is the only oak species in Finland

and sustains a large community of specialist insect herbivores. In our

study area, four plant-feeding guilds are prominent: a biotrophic plant

pathogen, free-feeding insects, leaf miners and gallers (for details of

the study system, see Appendix S1).

The plant pathogen E. alphitoides (Griffon & Maublanc) U. Braun &

S. Takamatsu 2000 (formerly Microsphaera alphitoides) attacks the young

oak leaves in early spring (Edwards & Ayres 1982). High densities of

the species in Europe were first observed in 1907 (Hariot 1907), as

followed by a rapid epidemic spread across Europe (Foëx 1941;

Mougou et al. 2008). This study system then has the potential to reveal

the impact of an invasive fungal pathogen on the insect community

(Desprez-Loustau et al. 2007).

Tens of species feeding on oak are multivoltine. Their first

generations typically attack the expanding oak leaves at around the

same time as the infection is initiated by powdery mildew (Feeny

1970). Subsequent generations can be found in the summer and

autumn. Hence, while the first generation feeds on the leaves when

mildew infection is absent or just established, later generations may

face heavily infected leaves.

In addition to free-feeders, more than twenty specialist late-season

leaf miner and galler species feed on the oak trees (see Tack et al. 2010

for more details). While some of the species are found in the early

spring, their peak abundance is later in the season than that of free-

feeding insects.

Experiments and observational data

To explore the effects of powdery mildew on the insect herbivore

community, we combined a series of experiments with long-term

observational data. The methods are subdivided to those addressing

direct and indirect local interactions (Fig. 1A), those addressing

resource selection by adult insects (Fig 1B), and those examining

realised effects on local community structure (Fig. 1C). All experi-

ments, the interactions addressed, and the responses examined are

summarised in Table 1.

Interactions within the local community

To identify the types of interactions occurring locally, not only within

the same community but among members of different guilds (Fig 1A),

we performed a series of experiments aimed at establishing direct and

plant-mediated interactions among fungus and insects (Experiments 1

and 2; arrows 1a,1b and 2 in Fig 1A), at quantifying the impact of a free-

feeding herbivore on a late-season leaf miner (Experiment 3; arrow 3 in

Fig 1A), and at assessing parasitoid-mediated interactions among the

fungus and the leaf miner (Experiment 4; arrow 4 in Fig 1A).

Experiment 1: The effect of mildew infection on food consumption and utilisation

by Tischeria ekebladella: To investigate how mildew infection on host

leaves affects the performance of T. ekebladella (arrow 2 in Fig 1A), we

enclosed a single moth pair (#$) in a muslin bag tied around a branch

tip. Moths were hatched from leaf mines collected in the early spring

from various locations on the island of Wattkast (where the

experiment was conducted). As the bags were introduced before

mildew could be detected, we distributed the bags across multiple

trees (n = 12) in the hope of including both infected and non-infected

leaves. Once mildew infection developed to a scorable level,

we selected a set of focal mines on healthy (n = 52 on four trees)

and infected (n = 52 on eight trees) leaves. As the presence of

conspecifics on the same leaf may affect larval performance (Tack

et al. 2009), we focused on mines occurring singly on the leaf.

To measure mine growth, we recorded the outline of the focal

mines approximately every 11 days (27 July, 7, 18 and 30 August, 10

and 20 ⁄ 21 September 2007) using a fine marker and a transparent

acetate sheet. The mine outlines were subsequently scanned and the

areas measured in cm2 using ImageJ (Rasband 1997–2011). To detect

differences in larval weight among leaf miner individuals on healthy

and mildew-infected leaves, we dissected the larvae from the leaves on

the last measuring date (coinciding with the end of the growing

season). Larvae were then oven-dried at 80 �C for 24 h and weighed

to the nearest microgram.

As specific leaf area, leaf consumption per unit area and growth

efficiency [measured as the ratio (larval weight ⁄ (leaf weight consumed

per unit area · final mine area))] may differ among mildew-infected

and healthy leaves, we also assessed leaf mass. For this purpose, we

punched a single leaf disc (Ø 10 mm) from within the leaf mine and

two leaf discs from outside the mined area. These leaf discs were

subsequently dried and weighed to the nearest microgram. The weight

of the two leaf discs outside the leaf mine were averaged before

analysis.

Experiment 2: The effect of mildew infection on the larval growth rate of

Acronicta psi: To assess the effect of E. alphitoides on late-season free-

feeding insect herbivores (arrows 1a and 1b in Fig 1A), we used fifth-

instar larvae of A. psi for a feeding trial. Larvae were reared until the

fifth instar in enclosures and fed oak leaves randomly collected across

multiple host individuals. Offspring of three wild-caught female

moths were randomly assigned to two treatments implemented in

individual 10-cm diameter Petri dishes. In a no-choice setting, larvae

were fed with either two mildew-infected (n = 20 larvae) or two non-

infected (n = 23 larvae) leaves. Leaves were replaced every 24 h to

prevent them from drying. During a period of 96 h, we measured

larval weight gain (�weight at the end of the experiment� ) �initial

weight�) as well as leaf consumption (�leaf weight before� ) �leaf

weight after�). Feeding treatments were continued until all larvae had

pupated, after which we weighed and sexed the pupae.

Experiment 3: The effect of early-season herbivory on survival and weight of

T. ekebladella: To investigate how leaf damage inflicted by free-

feeding herbivores in the early spring directly and indirectly affect the

performance of larvae of the leaf miner T. ekebladella feeding later in

the season (arrow 3 in Fig 1A), we used field-collected lepidopteran

larvae to establish damage treatments. We then allowed moths of T.

ekebladella to oviposit on a single branch tip on each of 25 trees

representing three treatments: (1) control treatment, i.e. a tree without

any experimental damage, (2) direct treatment, i.e. a tree where a free-

feeder had been introduced to the T. ekebladella-branch earlier in the

season and (3) indirect treatment, i.e. a tree where a free-feeder had

been introduced on a branch tip next to the T. ekebladella-branch

earlier in the season. In the direct and indirect treatment, realised

damage levels were more than twice as severe on experimentally

damaged branches as on control branches (50% vs. 21% of leaves

damaged respectively). A single pair of T. ekebladella was introduced in

a muslin bag tied around each branch tip (see Tack et al. 2009 for
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(a)

(b)

(c)

Figure 1 Ecological interactions and patterns addressed in this study. Panels A and B show potential interactions among members of three dominant plant-feeding guilds: free-

feeding insects (represented by a larva of Acronicta psi; left in A), the oak powdery mildew (Erysiphe alphitoides; centre in A and shown as powdery structure in B and C), and leaf

miners (represented by a mine and larva of Tischeria ekebladella right in A and moths in B). Panel A represents local interactions, where arrows illustrate specific interactions

explored in this study. The performance of the free-feeder may be directly affected by the consumption of mildew mycelium, spores, or infected epidermal cells (arrow 1a).

Alternatively, the free-feeder is affected by changes in the host plant induced by the mildew (arrow 1b). Since the leaf miner T. ekebladella and the oak powdery mildew do not

feed upon the same leaf tissues, their interaction is mediated by changes in the host plant (arrow 2). Early-season herbivory by free-feeding insects may induce changes in the

host plant that affect the late-season leaf miner (arrow 3), whereas mildew-induced changes in the plant may affect the natural enemies of the leaf miner (arrow 4). Panel B

illustrates effects of mildew on resource selection by insects, including oviposition preference within (arrow 5) and among trees (left side of panel B). Panel C shows how

interactions depicted in A and B scale up to affect the structure of local insect communities on oak trees. Galls and leaf mines on the leaves represent some of the target taxa

identified in Appendix S1. Drawing by Ika Österblad.
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more details). At the end of the growing season, we scored the

survival of all leaf miner larvae (n = 1194) and dried and weighed all

live individuals (as described above). In addition, we recorded the

number of conspecific larvae, free-feeding damage (0 ⁄ 1), mildew

infection (0 ⁄ 1), and leaf abscission (0 ⁄ 1) for each leaf occupied by

T. ekebladella.

Experiment 4: Rate of parasitism on the leaf miner T. ekebladella on healthy,

mildew-infected and insect-damaged leaves: To test whether parasitoids

differentially affect leaf miner larvae on healthy, insect-damaged, or

mildew-infected leaves (arrow 4 in Fig. 1A), we introduced a moth

pair (#$) of T. ekebladella in a closed muslin bag (10 trees; three bags

per tree). The bags and adult moths were removed before the eggs

hatched. Hence, parasitoids had access to the leaf mines during the

entire developmental stage of the host larvae. (No egg parasitoids are

known for T. ekebladella.) In autumn, we recorded the number of

larvae, mildew infection (0 ⁄ 1) and damage by free-feeding herbivores

(0 ⁄ 1) for each leaf miner occupied leaf. To assess parasitism rate, we

reared adult insects from leaf mines by placing mined leaves

individually in plastic cups and storing them in a cellar for hibernation

(n = 895 leaf mines). A tissue paper was added to each cup to

decrease humidity. In early spring, the material was placed at room

temperature to stimulate the emergence of hosts and parasitoids.

Resource selection

To investigate the impact of the fungus on the resource selection of

insects across spatial scales, we examined whether or not moths of

T. ekebladella select healthy vs. infected leaves within trees (Experiment

5; arrow 5 in Fig. 1B), and how the infection status of the full tree

affects the number of moths attracted to it (Experiment 6; left-hand

part of Fig. 1B). In a similar vein, we also examined whether or not

previous herbivory altered resource selection in T. ekebladella at both

spatial scales.

Experiment 5: Resource selection at the leaf level: To explore how the mildew

affects the spatial distribution of leaf mines within trees, we assessed

whether moths of T. ekebladella actively avoid or prefer mildew-infected

leaves (arrow 5 in Fig 1B) in a constrained-choice setting. To this end,

we re-analysed a subset of the data from an experiment conducted in

2004 (see Gripenberg et al. 2007). Here, we enclosed part of the foliage

on each of five oak trees in muslin bags (two shoots per bag, ten bags

per tree; 729 leaves in total; this subset is referred to as the �within tree�
treatment of the �Tree pairs� material in Gripenberg et al. 2007). A pair

of moths (#$) was later introduced in each bag for approximately

4 days. After removing the moths, we counted the number of eggs laid

on each leaf. Three weeks later, we visually assessed the presence or

absence of mildew – and of herbivore damage – on each leaf.

Table 1 A summary of the experimental and observational materials used in this study and of the models fitted for analyses. For each model, we specify the response examined,

the fixed and random effects included, and the link function applied. For identity links, we assumed normally distributed errors, for logit links binomially distributed errors, and

for log links Poisson distributed errors. Independent continuous variables are identified in italics

Scale Interaction targeted

Interaction

addressed

(Fig 1)

Responses

examined Fixed effects Random effects Link

Local

interactions

Exp1: the effect of

mildew infection on

food consumption and

utilisation by

Tischeria ekebladella

Arrow 2 Mine area* Treatment + Time� Tree + Bag(Tree)� Identity

Larval weight Treatment Tree + Bag(Tree) Identity

Specific leaf area* Treatment Tree + Bag(Tree) Identity

Leaf consumption

per unit area*

Treatment Tree + Bag(Tree) Identity

Growth efficiency* Treatment Tree + Bag(Tree) Identity

Exp2: the effect of

mildew infection on

the larval growth rate

of Acronicta psi

Arrows

1a & 1b

Larval mass gain* Treatment + Initial larval weight + Sex Family Identity

Pupal mass* Treatment + Initial larval weight + Sex Family Identity

Leaf consumption Treatment + Initial larval weight + Sex Family Identity

Growth efficiency Treatment + Initial larval weight + Sex Family Identity

Exp3: the effect of

early-season herbivory

on survival and weight

of Tischeria ekebladella

Arrow 3 Larval survival Treatment + Conspecific density§ + Mildew

(0 ⁄ 1)§ + Leaf abscission (0 ⁄ 1)§

Tree + Shoot(Tree) Logit

Larval weight Treatment + Conspecific density§ + Mildew

(0 ⁄ 1)§ + Leaf abscission (0 ⁄ 1)§

Tree + Shoot(Tree) Identity

Exp4: rate of parasitism

on the leaf miner Tischeria

ekebladella on healthy,

mildew-infected and

insect-damaged leaves

Arrow 4 Parasitism rate Mildew (0 ⁄ 1)§ + Herbivore damage

(0 ⁄ 1)§ + Conspecific density§

Tree + Bag(Tree) Logit

Resource

selection

Exp5: resource selection

at the leaf level

Arrow 5 Number of eggs

oviposited

Mildew (0 ⁄ 1)§ + Herbivore damage

(0 ⁄ 1)§

Tree + Bag(Tree) Log

Exp6: resource selection

at the tree level

Panel 1B Number of leaf

mines

Mildew intensity + Herbivory + Year� Log–

Realised

effects on

community

structure

Obs1: realised effects on

insect community

structure

Species-specific

abundances

Species + Spatial connectivity + Mildew

intensity�
Log–**

*ln-transformed.

�Two-way interaction(s) included.

�As mine area was measured several times during the growing season, we used a repeated measures design with an unstructured variance-covariance matrix.

§Variables measured at the leaf level.

–A quasi-Poisson distribution was used to account for overdispersion.

**Separate models were built for each year.
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Experiment 6: Resource selection at the tree level: At a scale larger than

leaves within trees, mildew may affect the preference of moth females

with respect to tree individuals. To examine the resulting effect of

tree-level mildew infection intensity and herbivore damage on the

number of moths attracted to previously unoccupied trees, we

artificially removed all T. ekebladella from a set of 63 small trees

(1–3 m) in the autumns of 2005, 2006 and 2007. These trees were

located on the island Wattkast, Finland (see Gripenberg et al. 2008 for

more detailed information and a map). We revisited each tree in each

subsequent autumn to establish the colonisation pressure of

T. ekebladella, as reflected by the abundance of leaf mines. At the

same time, we assessed the intensity of mildew infection and of insect

herbivory of the tree. For mildew, we used four categories: 0 = no

mildew found on the tree; 1 = small amounts of mildew present on

the tree; 2 = parts of the tree with substantial amounts of mildew,

other parts uninfected; 3 = the whole tree infected. For insect

damage, we used four comparable categories: 0 = no herbivory;

1 = light herbivory, only few leaves have been chewed upon;

2 = moderate herbivory, obvious that some leaves have been chewed

upon, but most leaves intact; 3 = more than 30% of the leaves have

been chewed upon.

Realised effects on insect community structure

To assess whether or not the structure of the natural insect

community varies with the mildew infection level of the oak tree

(Fig. 1C), we conducted yearly surveys on an additional set of trees

between 2003 and 2006. More specifically, we recorded the insect

community on 88 small trees (1–3 m) on the island of Wattkast (Fig. 1

in Appendix S1). For each tree, we recorded the level of mildew

infection (using the categories outlined in the previous section), and

the abundance of each of nineteen leaf mining and galling insect

species on each of 20 shoots per tree.

As the relative isolation of each tree will likely affect the number of

potential immigrants, the number of leaf mines observed on a tree was

related both to its mildew infection status and to its connectivity to

other trees (for a definition of connectivity, see Appendix S1).

Statistics

To analyse the data, we used the framework of generalised linear

mixed-effects models (Littell et al. 2006). All models were fitted with

procedure GLIMMIX in SAS 9.2. For continuous data, we assumed

a normal distribution with an identity link. If necessary, data were

log-transformed prior to analysis to achieve homoscedasticity and

normality of residuals. For count data, we assumed a Poisson

distribution with a log link, and for binomial data, we assumed a

binomial distribution with a logit link. To derive degrees of freedom

in mixed models we used the Kenward–Roger adjustment (Littell

et al. 2006). For models with multiple interactions, we used the

principle of backwards stepwise model simplification to arrive at a

minimum adequate model, where variables were retained when

P < 0.1 (Crawley 2007). All model structures, their responses and

link functions are summarised in Table 1. A more detailed

description of statistical analyses applied can be found in Appen-

dix S2. In reporting the results, we offer empirical means for factors

in simple models and least-squares means for factors in models

including strong random effects, interactions and covariates. All

means and their standard errors are reported in the original scale of

the response.

RESULTS

Our experiments revealed a perplexing diversity of cross-kingdom

interactions. The qualitative effects are summarised in Table 2, with

quantitative details given below.

The effect of mildew infection on the food consumption and

utilisation by T. ekebladella

In Experiment 1, the difference in size among leaf mines on leaves

with and without mildew varied through time (interaction �Treat-

ment · Time�: F5,96.74 = 7.21; P < 0.001). More specifically, the area

of the leaf mine was significantly larger on mildewed leaves during

periods 3, 4 and 5 (Fig. 2). However, we detected no significant

difference in the mine area in the early development (periods 1 and 2;

Fig. 2), in the final leaf mine area (period 6; Fig. 2), or in the final

larval weight among leaves with and without mildew (mean ± SE:

1.25 ± 0.08 g vs. 1.09 ± 0.06 g respectively; F1,19.38 = 2.56;

P = 0.13).

The specific leaf area and the leaf mass consumed per unit area did

not detectably differ among healthy and mildew-infected leaves

(F1,7.96 = 0.03, P = 0.87; and F1,5.17 = 0.01, P = 0.94 respectively);

neither did growth efficiency differ among healthy and mildew-

infected leaves (F1,8.61 = 0.00; P = 0.96).

Table 2 A summary of effects uncovered with respect to individual interactions represented in Figure 1

Effect of: Interaction (Fig 1) Observed effect

Mildew on free-feeding herbivore 1a & b Growth rate of herbivore decreases***, pupal mass decreases*, growth efficiency decreases***;

leaf consumption unaffectedNS

Mildew on leaf miner 2 Mine size at dates 3*, 4** and 5** increases, mine size at date 1NS, 2NS and 6NS, larval weightNS

and growth efficiency unaffectedNS

Free-feeder on leaf miner 3 Larval weight lower on herbivore-damaged leaves*, but not on systemic leavesNS; larval survival

unaffectedNS

Mildew on parasitism rate of leaf miner 4 Parasitism rate increases**

Mildew on resource selection of leaf miner 5 Abundance of leaf mines at both leaf level** and tree level** decreases

Mildew on insect community structure Panel 1C Insect abundances lower on mildew-infected trees in 2008***, species-specific responses to mildew

in 2004** and 2006*

Asterisks denote significance levels, with interaction- and test-specific details given in the text: NS P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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The effect of mildew infection on the larval growth rate of A. psi

In Experiment 2, the free-feeding larvae gained mass faster when fed

control leaves than when fed mildew-infected leaves (means ± SE:

0.19 ± 0.01 g vs. 0.13 ± 0.01 g respectively; F1,39 = 15.15;

P = 0.0004; Figure S1). As leaf consumption did not detectably differ

among treatments (F1,39 = 0.45; P = 0.51), the increased growth rate

can be fully attributed to a higher growth efficiency (F1,39 = 20.42;

P < 0.0001). Pupal weight was higher on the healthy leaves than on

mildew-infected leaves (means ± SE: 0.188 ± 0.006 g vs.

0.165 ± 0.007 g respectively; F1,38 = 6.5; P = 0.02).

The effect of early-season herbivory on survival and weight of

T. ekebladella

In Experiment 3, the majority of leaf miner larvae survived (ca. 80%),

and no differences in survival were detected among larvae on branch

tips exposed to direct earlier herbivory (least-squares mean ± SE:

0.79 ± 0.04), leaves on branch tips next to tips exposed to earlier

herbivory (0.80 ± 0.04) and leaves on control branch tips

(0.79 ± 0.05; F2,19.37 = 0.05; P = 0.95). Survival did not detectably

differ among leaves previously damaged by herbivores and undam-

aged leaves (least-squares means ± SE: 0.79 ± 0.03 and 0.81 ± 0.04

respectively; F1,500 = 0.00; P = 0.95). Whether a leaf was infected or

not by mildew had no significant effect on survival (least-squares

mean ± SE: healthy leaves: 0.81 ± 0.04; mildew-infected leaves:

0.79 ± 0.03; F1,237.4 = 0.39; P = 0.53), but survival decreased with

conspecific density and with leaf abscission (F1,430.9 = 16.72,

P < 0.0001 and F1,501 = 7.16, P = 0.008 respectively).

The weight of larvae was not affected by the treatment applied

(F2,19.06 = 0.70; P = 0.51). However, larval weight increased with

mildew infection (least-squares means ± SE; healthy leaves:

1.06 ± 0.04; mildew-infected leaves: 1.14 ± 0.04; F2,548.6 = 5.02;

P = 0.03), whereas larval weight decreased with conspecific density

(F1,797.5 = 59.80, P < 0.0001) and with leaf abscission (least-squares

means ± SE; attached leaves: 1.13 ± 0.03; abscised leaves:

0.98 ± 0.06;F1,797.7 = 9.36, P = 0.002 respectively). Larval weight

was lower on leaves previously damaged by other herbivores than on

undamaged leaves (least-squares means±SE: 1.08 ± 0.04 g vs.

1.14 ± 0.04 respectively; F1,835 = 4.67; P = 0.03).

Parasitism rate of the leaf miner T. ekebladella on healthy, mildew-

infected and insect-damaged leaves

In Experiment 4, parasitism rate was higher on mildew-infected than

on healthy leaves (means ± SE: 0.34 ± 0.03 vs. 0.19 ± 0.02 respec-

tively; F1,891 = 7.63; P = 0.006; Figure S1), whereas damage by free-

feeding insects had no detectable effect (means ± SE: undamaged

leaves: 0.22 ± 0.02; herbivore-damaged leaves: 0.24 ± 0.03;

F1,891 = 0.34; P = 0.56). Parasitism rate per capita increased with an

increase in the density of conspecific moth larvae (F1,891 = 4.01;

P = 0.05).

Resource selection at the leaf level

In Experiment 5, females of the leaf miner T. ekebladella oviposited

more eggs on leaves without mildew infection than on those with

mildew infection (a difference of 34%; least-squares means ± SE:

1.46 ± 0.44 and 1.09 ± 0.34; F1,726 = 9.57; P = 0.002). No signifi-

cant difference in oviposition preference was detected between

undamaged leaves vs. leaves damaged by insects (least-squares

means ± SE: 1.41 ± 0.41 and 1.13 ± 0.37; F1,726 = 1.80; P = 0.18).

Resource selection at the tree level

In Experiment 6, the number of T. ekebladella leaf mines encountered

on individual trees varied strongly among years (F2,184 = 8.10;

P = 0.0004; Fig. 3). Although we found a consistent and negative
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relationship between the number of mines and the strength of mildew

infection on the tree (F1,184 = 9.19; P = 0.003; Fig. 3), we did not

detect any effect of herbivore damage (F1,184 = 0.33; P = 0.57). Year-

specific regressions of leaf mine numbers on mildew infection level

were significant for 2 of 3 years (P = 0.02 in both 2006 and 2007).

Realised effects on insect community structure

In 2 of 6 years, individual herbivore taxa responded differently to the

presence of the powdery mildew (as suggested by a significant

interaction between �Species� and �Mildew�; P = 0.001 and P = 0.02 in

2004 and 2006 respectively; Fig. 4). This finding indicates that the

herbivore community structure differed significantly among trees with

different mildew infection levels. In 2008, we detected no interaction,

but a significant main effect of the factor �Mildew� (P < 0.001), with

the lowest abundances on the most heavily infected trees. Herbivore

taxa were differentially affected by �Spatial connectivity� in 3 of 6 years

(as revealed by a significant interaction between �Species� and �Spatial

connectivity� (2003: P < 0.001, 2004: P < 0.0001, 2008: P = 0.003),

whereas abundances were consistently lower (across species) on more

isolated trees in 2 of 6 years (as suggested by the significant main

effect �Spatial connectivity�; P = 0.01 and P < 0.0001 in 2005 and

2007 respectively). Overall, these results show that both mildew and

spatial context are important factors in structuring local insect

communities across the landscape.

DISCUSSION

This study demonstrates that the ecological interactions among

members of different kingdoms may be an important force in

structuring local communities in nature. Here, we found that

individual herbivore species were differently affected by the same

fungus, that interactions between the fungus and the insects may be

mediated by both the plant and natural enemies, and that the trait-

specific outcome of individual interactions ranged from negative to

positive (see Table 2 for a summary of the effects uncovered).

Moreover, resource selection by insect herbivores was shown to be

modified by fungus infection of the host plant. Through these trait-

and species-specific effects, infection by mildew has the potential to

shape the composition of local insect communities across the

landscape – as was empirically demonstrated by our survey of insect

communities across 88 trees of variable infection levels.

Interactions among fungus and plant-feeding insects structure the

local insect community

Our experiments revealed a broad range of ecological interactions

among individual community members on oak. Of these, the

interactions between the fungal pathogen and the insect herbivores

were particularly versatile in character. Although early-season herbiv-

ory left little or no trace on different performance measures for late-

season insect herbivores, fungal infection had a detectable impact.

Interestingly, our findings suggest that different insect taxa respond

differently to the presence of the powdery mildew. More specifically,

fungal infection reduced the growth rate, growth efficiency and pupal

mass of the free-feeding caterpillar A. psi (arrows 1a and 1b in Fig. 1).

This will likely decrease its fitness, as body size has been shown to

predict female fecundity in multiple lepidopteran species (Honěk

1993; Tammaru et al. 1996). In contrast, fungal infection increased the

growth rate, decreased the developmental time and increased the

parasitism rate of the leaf miner T. ekebladella (arrows 2 and 4 in

Fig. 1). Taken together, these results support not only a significant

impact of a pathogenic fungus on the fitness of insect herbivores, but

also emphasise the wide range of ecological outcomes: mildew may

improve individual performance measures for given insect taxa while

impairing other performance measures.

The finer mechanisms behind the patterns detected remain to be

elucidated. In principle, the negative impact of the oak powdery

mildew on the free-feeder A. psi may be direct (as caused by the

consumption of spores, mycelium and infected epidermal cells) or

mediated by changes in plant chemistry (Hatcher 1995). However, a

direct effect seems unlikely, as no toxic effect of spores or mycelium

has been shown in powdery mildews – on the contrary, some

arthropods have specialised on, or increase growth when, consuming

this resource (e.g. Yarwood 1943; English-Loeb et al. 1999; Mondy &

Corio-Costet 2004). A more clear-cut picture then emerges for the

interaction between the fungus and the leaf miner. Since T. ekebladella

only feeds upon the palisade parenchyma, it has no direct contact with

the ectoparasitic powdery mildew, which only penetrates the

epidermal cells with its feeding organs (Braun 1987). Hence, the

plant-mediated interaction may be caused by interactions between the

response pathways triggered by pathogens and herbivores (Bostock

1999; Kessler & Baldwin 2002; Nimchuk et al. 2003; Taylor et al.

2004). Moreover, leaf miner performance may be affected by

independent mildew-induced changes in oak leaf physiology, nutri-

tional quality and chemistry (Hatcher 1995; Hajji et al. 2009).

Overall, plant-mediated indirect interactions between insect herbi-

vores and pathogenic micro-organisms have recently received

increased attention due to the realisation that in natural settings, any

plant will have to deal with multiple enemies at the same time

(Hatcher 1995; Stout et al. 2006; Röder et al. 2011). Yet few studies

have focused on enemy-mediated interactions among pathogenic

fungi and insect herbivores (Omacini et al. 2001; Biere et al. 2002;

Turlings & Wäckers 2003; Stout et al. 2006). Here, our findings
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demonstrate that the leaf miner T. ekebladella suffered increased

parasitism on mildew-infected leaves in a natural setting (arrow 4 in

Fig. 1). Possible explanations in our study system include that altered

volatile emissions from mildew-infected plants may affect herbivore

natural enemy responses (Cardoza et al. 2003; Turlings & Wäckers

2003; Hare 2011), that differences in the larval phenology of the host

on healthy and mildew-infected leaves may change the �window of

opportunity� for parasitism (note differing patterns of growth in

Fig. 2A), or that the nutritional quality of larvae on healthy and

mildew-infected leaves may result in selective parasitism.

Resource selection by insects

Our studies of insect oviposition revealed an effect of mildew

presence on the behaviour of ovipositing female moths. This effect

was evident both in the number of leaf mines encountered at the level

of individual leaves within trees, and in the level of leaf miner

recolonisation of full trees experimentally cleared of leaf mines in the

previous year.

Within trees, the spatial distribution of mildew affects the fine-scale

distribution of the herbivore, as T. ekebladella preferred to lay eggs on

leaves without mildew. Notably, these differences in oviposition

choice at a small scale reflected spatial variation in the risk of

becoming parasitised, and may hence reflect an evolutionary

adaptation to parasitism-mediated natural selection. As the difference

in parasitism rate among mildew-infected and healthy leaves was

relatively large (corresponding to a 1.8-fold increase in the risk of

becoming parasitised), it implies that mildew may have a marked

impact on local insect performance.

At a between-tree level, fewer leaf mines were found on trees

characterised by heavier mildew infection. This pattern may be caused

by a shift in migration rates, with lower immigration and ⁄ or higher

emigration from mildew-infected trees. Interestingly, our findings

suggest that mildew-induced changes in movement and oviposition

decisions may contribute to shape the distribution of a specialist insect

both within the local community (i.e. among leaves within a single

tree) and across the landscape. An effect of powdery mildew fungus

on spatial dynamics has also been demonstrated in the Glanville

fritillary butterfly (Melitaea cinxia) system, where mildew infection was

shown to affect the local extinction risk of the herbivore (Laine 2004)

and the colonisation rate of its parasitoid (van Nouhuys & Laine

2008).

Implications for herbivore community structure

The most intriguing finding of our study is that the complex

interactions among a pathogenic fungus and insect herbivores

examined above actually scale up to affect the structure of the larger

herbivore community. Our detailed experiments showed that individ-

ual species responded differently to the presence of the same

pathogen. They also revealed how mildew affected multitrophic

interactions among taxa. Together, they hence suggest that mildew

may drive the relative abundances of different species in different

directions, thereby moulding the structure of the full community.

Indeed, the results from our long-term observational study support

this prediction: different insect species are differentially affected when

species are confronted with the very same plant pathogen, and overall

community structure across the landscape is affected by mildew

infection level.

CONCLUSIONS

Overall, our multitrophic-level perspective on interactions within local

oak communities demonstrates that effects among phylogenetically

distant taxa are abundant and diverse, and that they may be mediated

by both the host plant and by natural enemies. Where previous

research has demonstrated that insect species may respond to the

presence of a pathogenic fungus in a laboratory setting, our study

places these findings in the context of more diverse natural

communities (see also Johnson et al. 2003; Rostás et al. 2003; Stout

et al. 2006). In such communities, individual insect species react very

differently to the presence of the same plant pathogen, and the

ecological outcome can range from negative to positive depending on

the specific trait and species examined (see Table 2). As a likely result,

it seems that different species respond differently to plant pathogens

(e.g. Moran & Schultz 1998; Kluth et al. 2001; Röder et al. 2007;

Mouttet et al. 2011). As the literature reveals that insects vary widely in

their response to host plant quality (Strong et al. 1984), induced

responses (Karban & Baldwin 1997), and indirect defences (Turlings

& Wäckers 2003; Hare 2011), we expect that similar complexities are

likely to emerge in future studies. These results emphasise that the

traditional focus on herbivore–herbivore interactions or pathogen–

pathogen interactions should be supplemented by work bridging both

fields in a natural setting. As herbivore–herbivore interactions appear

to play a rather minor role in structuring our focal communities

(see also Tack et al. 2009), the current study illustrates how

interactions across kingdoms may be crucial for our understanding

of terrestrial plant-based communities. Strikingly, the epidemic

invasion of a fungal pathogen in northern Europe – now approxi-

mately 100 years ago – may have had a profound impact on the

structure, spatial ecology and evolutionary trajectory of the native

insect community.
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1 
 

Appendix S1. Detailed description of study site and taxa 

 

To adhere to length limits, the main text is focused on key aspects of the study 

system. This appendix offers relevant details on the spatial configuration of the study 

system, and on the natural history of its inhabitants. 

 

Spatial setting 

Our study was conducted on the island of Wattkast (ca. 5 km2), located in the 

archipelago in southwestern Finland. In this area, the pedunculate oak Quercus 

robur is rather sparsely distributed (see Fig. 1 for the location of individual oak trees). 

Throughout its range, the oak is characterized by a high number of specialist insects 

(Southwood 1961). At the study site, the oak is also close to the northern range limit 

of its genus, and hence no other Quercus species occur in this area. For all three 

reasons, each oak offers a discrete resource patch for herbivores, and the set of 

species present on a single oak individual can clearly be defined as a local 

community (Janzen 1968; Opler 1974). At the level of multiple oak trees occurring in 

the same landscape, local populations of individual herbivore species have been 

shown to conform to a metapopulation structure, where local populations are 

connected by variable levels of dispersal (Gripenberg et al. 2008). Local populations 

of multiple species will then form a metacommunity (Gripenberg et al. 2008; Tack et 

al. 2009; Tack et al. 2010).  

 

Spatial connectivity 

As the study system is characterized by a distinct spatial structure (Fig. 1), local 

communities may be affected by their proximity to other oak trees (Gripenberg et al. 
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2008; Tack et al. 2010). To adjust for such effects, we used a simple metric 

(modified from Hanski (1999)) to describe the connectivity of each oak to all other 

oaks within the island: 

                      

Here i is the focal tree, j ranges over all neighbouring trees in the island (regardless 

of whether they were sampled or not),      is the distance between trees i and j in 

meters, and    reflects the relative size of each oak tree j as a habitat to specialist 

plant-feeding insects. The parameter  was set to the value 
 

 
 = 250 m, reflecting the 

short average dispersal of insect individuals (cf. Gripenberg et al. 2008).     was 

estimated using the formula log(number of leaves) = 0.92 + 2.55 * log(GBH) (see 

Appendix S3 of Gripenberg et al. 2008).  

While the use of a single value for the dispersal parameter  across all taxa 

may seem crude, we note that the relative ranking of the oak trees in terms of spatial 

connectivity is only weakly affected by the value of  (cf. Hanski 1999): Si values for 

individual trees maintain a Spearman rank correlation value of no less than rs=0.95 

(n=1868) across ten-fold variation in  (
 

 
 =100 and 

 

 
 =1000). Hence, the connectivity 

metric combines estimates of habitat size and of inter-tree distances into a robust 

measure of expected immigration of insects from all trees in the landscape (Tack et 

al. 2010).  

 

Focal community module 

The pedunculate oak Quercus robur hosts a diverse insect community. Across 

Europe, more than 200 species of Lepidoptera alone feed on oak leaves – a figure 

higher than for any other European tree species (Southwood 1961). The number of 
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leaf miners and gallers is particularly high, and most of these are host specific on 

Quercus robur in our study area (Hering 1957).  

Given the high number of oak-associated taxa, only a subset of 

interactions can realistically be experimentally assessed. Hence, for efficiency, we 

chose to focus our experiments on a selected subset of key taxa, whereas analyses 

of general community structure were focused on the full guilds of leaf miners and 

gallers (for a full list, see Table 1).  

In most of the experiments, we included the fungus Erysiphe alphitoides. 

As an example of a free-feeder active in the late season, we chose the second 

generation of Acronicta psi (Lepidoptera: Noctuidae; depicted on the left-side in Fig 

1A in the main manuscript), a medium-sized bivoltine moth feeding on oak and 

several other tree species (e.g. Ahola & Silvonen 2005; Roslin & Salminen 2008). 

Among the leaf miners, we chose Tischeria ekebladella (Lepidoptera: Tischeriidae) – 

a particularly abundant species amenable to experiments (Fig 2D; Gripenberg et al. 

2007; Gripenberg & Roslin 2008; Tack et al. 2009). In Finland, this species is 

univoltine, monophagous on oak, and overwinters as a larva within the leaf.  

 

The powdery mildew Erysiphe alphitoides 

The plant pathogen Erysiphe alphitoides (Griffon & Maublanc) U. Braun & S. 

Takamatsu 2000 (formerly Microsphaera alphitoides) attacks the oak leaves in early 

spring when the leaves are still in their developing stage (Woodward et al. 1929; 

Edwards & Ayres 1982). Since few insects are active this early in the season, we 

study the impact of the powdery mildew on the insect community, rather than the 

other way around.  
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 The mildew lives as an obligate biotrophic ectoparasite with only its 

feeding organs (the haustoria) entering the epidermal cells of the host (Braun 1987). 

Mildew infection may change the overall physiology of the host leaves in a complex 

and time-dependent manner (i.e., photosynthesis, carbon exchange and 

transpiration; Hewitt & Ayres 1975; Hewitt & Ayres 1976; Brüggemann & Schnitzler 

2001; Hajji et al. 2009). While a major part of the foliage may be covered by 

sporulating mildew in the late summer (thereby justifying the species name 

'alphitoides', being derived from the Greek word for ‘flour’; Griffon & Maublanc 1912; 

Desprez-Loustau et al. 2011), the fungus does not cause any extensive leaf 

abscission in our study area (see Fig. 2ABC for a visual impression of typical 

infection levels). Nonetheless, the presence of mildew may reduce the life span of 

individual leaves (Hajji et al. 2009). We have not observed any insects feeding 

specifically on mildew tissue.  

For detailed data on the evolutionary and spatial dynamics of mildew in 

the study area, we refer to a previous paper (Roslin et al. 2007). In short, mildew 

infects a large fraction of trees each year (infection on 1-3 m tall trees: 2003, 75.2%; 

2004, 67.6%; 2005, 91.3%; n>100 each year). Nonetheless, mildew hyphae will 

typically hibernate in only small parts of the canopy (Woodward et al. 1929; Kerling 

1966), and chasmothecia (sexual spores) will frequently fall to the forest floor with 

leaf fall, where the ascospores may decompose and infrequently disperse back into 

the oak crown in early spring. Hence, mildew dynamics at the leaf and tree level is 

dominated by repeated colonization events occurring each year. In fact, most trees 

in the landscape appear intrinsically suitable for mildew growth, and while individual 

trees seem to differ in their exact quality from the perspective of individual mildew 

strains, net infection at the tree and leaf level seem more reflective of stochastic 
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colonization and extinction processes than of inherent foliage quality (Roslin et al. 

2007). At the level of individual leaves, mildew colonies seem to emanate from single 

spores landing on the leaves (cf. Fig 2B). Hence, while sharing the very same plant 

genotype, neighbouring leaves will often exhibit different infection status. These 

patterns observed for mildew are closely reflected in patterns found for insects: from 

the perspective of the well-studied moth Tischeria ekebladella, mean performance 

differs little among individual trees (Gripenberg & Roslin 2005; Gripenberg et al. 

2007). At the level of leaves within trees, larval performance cannot be predicted by 

any single leaf trait, and females seem to choose leaves for oviposition at random 

(Gripenberg et al. 2007). When combined, these observations all argue against the 

existence of any latent quality factor simultaneously affecting the distribution of 

mildew and phytophage. 

While E. alphitoides is currently a major forest pathogen on oak across 

Europe (Butin 1995), records in Europe were sporadic until the 20th century. Only in 

1907 was the first high density of oak powdery mildew observed in France, and after 

this event records show an epidemic spread of the species across Europe within 

only a few years time (Hariot 1907; Foëx 1941). Hence, oak powdery mildew is 

either invasive in Europe (Raymond 1927; Mougou et al. 2008; Desprez-Loustau et 

al. 2011) or has mutated in southern or central Europe, thereby breaching the 

defence of European oak trees (Mougou et al. 2008). Whatever the exact cause, oak 

trees have suddenly been exposed to high mildew infection levels during the last 

century, which may in turn have affected the associated insect community. This 

study system then has the potential to reveal the impact of an invasive fungal 

pathogen on the associated community (Desprez-Loustau et al. 2007).   
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Figure 1. Map of the study area with the distribution of all trees on the island (small 

black dots; n=1868). The subset of experimental trees used in Experiment 5 is 

located in a restricted area in the west of the island (red squares). The trees 

surveyed yearly for the full insect community listed in Table 1 are located across the 

island (green circles). 
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Figure 2. Composite photo showing A) an oak shoot with no mildew, B) an oak 

shoot with a low level of mildew infection, where the individual mildew colonies can 

still be distinguished (note that the sporulating mycelium offers a white, powdery 

appearance), C) an oak shoot with heavy mildew infection, where the original 

colonies have merged, and D) the leaf-miner Tischeria ekebladella. Photos of the 

mildew were taken in September 2011 on the island of Wattkast. Photo credits: R. 

Kaartinen and A. J. M. Tack. 
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Table 1. Systematic affinity and guild membership for all phytophagous insects 

included in the analyses of realized community structure. The abbreviations are used 

in Fig. 4 in the paper.  Below the table, species illustrated in Fig. 1C of the paper 

proper are labelled by abbreviations. 

 

Genus: Species Order: Family Guild Abbreviation 

Ancylis mitterbacheriana Lepidoptera: Tortricidae Leaf folder Amit 

Andricus callidoma Hymenoptera: Cynipidae Galler Acal 

Andricus curvator Hymenoptera: Cynipidae Galler Acur 

Andricus inflator Hymenoptera: Cynipidae Galler Ainf 

Bucculatrix ulmella Lepidoptera: Bucculatricidae Leaf miner Bulm 

Caloptilia alchimiella Lepidoptera: Gracillariidae Leaf miner / Leaf folder Calc 

Coleophora flavipennella / Lepidoptera: Coleophoridae Leaf miner Col 

C. kuehnella      

Cynips longiventris Hymenoptera: Cynipidae Galler Clon 

Dyseriocrania subpurpurella Lepidoptera: Eriocraniidae Leaf miner Dsub 

Ectoedemia albifasciella Lepidoptera: Nepticulidae Leaf miner Ealb 

Heliozela sericiella Lepidoptera: Heliozelidae Leaf miner / Borer Hser 

Macrodiplosis dryobia Diptera: Cecidomyiidae Galler / Leaf folder Mdry 

Neuroterus anthracinus Hymenoptera: Cynipidae Galler Nant 

Neuroterus quercusbaccarum Hymenoptera: Cynipidae Galler Nque 

Phyllonorycter harrisella /  Lepidoptera: Gracillariidae Leaf miner Phy 

P. quercifoliella      

Profenusa pygmaea Hymenoptera: Tenthredinidae Leaf miner Ppyg 

Stigmella svenssoni /  Lepidoptera: Nepticulidae Leaf miner Sti 

S. ruficapitella / S. roborella /       

S. samiatella      

Tischeria dodonaea Lepidoptera: Tischeriidae Leaf miner Tdod 

Tischeria ekebladella Lepidoptera: Tischeriidae Leaf miner Teke 
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Appendix S2. Detailed descriptions of statistical methods 

 

As a supplement to the abbreviated description of statistical models offered in the 

article, we here offer an extended verbal description of each model applied (see 

Table 1 in the main document). 

 

Experiment 1 

To detect differences in the rate of mine growth in T. ekebladella on healthy and 

mildew-infected leaves, we modeled log-transformed mine area as a function of the 

fixed variables ‘Treatment’, ‘Time’, and the interaction ‘Treatment x Time’. To 

account for variation among trees and bags, we also included the random variables 

'Tree' and 'Bag' (nested within 'Tree'). As we measured each mine six times during 

the growing season, and as variances and covariances visually differed across these 

time periods (Fig 2A in paper proper), we incorporated a repeated measures 

structure with an unstructured variance-covariance matrix. Mine areas were log-

transformed to normalize the residuals.  

To assess whether larval weight differed among treatments, we modeled 

‘Larval weight’ as a function of ‘Treatment’ and of the random variables ‘Tree’ and 

‘Bag’ (as nested within ‘Tree’). Similar models were built to explore whether specific 

leaf area (log-transformed) differed among healthy and mildew-infected leaves, 

whether log-transformed leaf mass consumed per unit area (‘mass of leaf disc from 

outside the leaf mine’ – ‘mass of leaf disc from inside the leaf mine’) differed among 

healthy and mildewed leaves, and whether growth efficiency (log-transformed ratio 

[larval weight / (leaf weight consumed per unit area * final mine area)]) differed 

among healthy and mildewed leaves.  
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Experiment 2 

To explore the impact of mildew infection on the performance of free-feeding larvae, 

we modeled log-transformed ‘Larval mass gain in 96 hours’ as a function of 

‘Treatment’, ‘Initial larval weight’ and ‘Sex’. Family was included as a random effect. 

Similar models were built for the responses ‘Pupal mass’ (log-transformed), ‘Leaf 

mass consumed’, and ‘Growth efficiency’ (where growth efficiency was defined as 

‘Larval mass gain’ / ‘Leaf mass consumed’). 

 

Experiment 3 

To estimate the impact of early-season herbivory on the late-season leaf miner, we 

used the response variables ‘proportion of leaf miner larvae alive per leaf’ and ‘larval 

weight of surviving individuals’. Both response variables were modeled as a function 

of the treatment applied (Control, Direct herbivory, Indirect herbivory) and the leaf-

level covariates ‘Conspecific density’, ‘Mildew infection’ (0/1) and ‘Leaf abscission’ 

(0/1; indicating whether the leaf had dropped before the sampling date). To account 

for variation among trees, and among shoots within trees, we added ‘Tree’ and 

‘Shoot’ as random effects (the latter nested within ‘Tree’).  

To investigate whether larval mass and leaf weight differed among 

healthy and insect-damaged leaves within the same branch tip, we ran separate 

models where we added the covariate ‘Herbivore damage (0/1)’ and the interaction 

‘Herbivore damage’ x ‘Treatment’ to the models described above. As the two-way 

interaction was non-significant in both models (p>0.4), it was excluded from the final 

models.  
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Experiment 4 

To detect the effect of mildew-infection and of insect herbivory on the parasitism rate 

of T. ekebladella, we modeled the incidence of parasitism on individual larvae (0/1) 

as a function of the leaf-level variables ‘Mildew (0/1)’, ‘Herbivore damage (0/1)’ and 

‘Conspecific mine-density’. Two-way interactions were all non-significant (p>0.5) and 

hence excluded from the final model. To account for variation among trees and 

among branches within trees, we included ‘Tree’ and ‘Bag’ as random effects (the 

latter nested within ‘Tree’).  

 

Experiment 5 

To examine female preference for healthy or mildew-infected leaves, we modeled 

the number of eggs oviposited on each leaf as a function of the binary variables 

'Mildew' and ‘Herbivore damage’. To account for variation among trees and bags we 

also included the random variables 'Tree' and 'Bag' (nested within 'Tree').  

 

Experiment 6 

In order to assess resource selection of T. ekebladella at the level of trees, we 

modeled the number of larvae of T. ekebladella on each ‘extinction tree’ as a 

function of the variables ‘Mildew intensity’, ‘Herbivory’, ‘Year’, and all two-way 

interactions. As the response variable is a count, and the model residual indicated 

overdispersion, we assumed a quasi-Poisson distribution and a log-link (Crawley 

2007). As mildew turnover is high (Roslin et al. 2007), we regarded each tree in each 

year as an independent data-point. We used similar models to explore the impact of 

mildew and herbivory for each year separately. Neither larval abundance nor model 

residuals showed spatial autocorrelation (Moran’s I, p>0.39 for each year and 
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response). Hence, we did not include spatial autocorrelation in the model (see Diniz-

Filho et al. 2003). All two-way interactions were non-significant (all p>0.4), and 

therefore excluded from the final model.  

 

Observational study 1 

To test whether insect herbivores were similarly affected by mildew infection, we 

modeled species-specific abundance on each tree as a function of ‘Species’ (as 

species vary strongly in their abundance), ‘Spatial connectivity’ (a metric used to 

describe the effect of spatial context; see Tack et al. 2010 for more details), ‘Mildew’ 

infection score, the interaction between spatial connectivity and species (indicating 

species-specific differences in dispersal), and the interaction of key interest: ‘Mildew’ 

x Species’, which indicates whether species differ in their response to mildew. As 

species may differ in their response to mildew infection, and the response may be 

non-linear, we included mildew infection level as a categorical variable. We 

constructed separate models for each year. 
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Figure S1. Interactions between powdery mildew and insect herbivores within a 

local community. Panel A shows the larval mass gain by the free-feeding insect A. psi in 

Experiment 2, a no-choice feeding trial (96 hours) with larvae fed either mildew-infected or 

healthy leaves. Shown are the empirical data (circles) and their means (arrows). Panel B 

illustrates the parasitism of leaf mines on healthy and mildew-infected leaves in 

Experiment 4. Here, each dot represents a single leaf mine. To resolve all points, data 

points were jittered in both vertical and horizontal direction. (Please note that the original 

values are binary, i.e. zero [larva not parasitized] or one [larva parasitized]). The thick lines 

show mean parasitism for each category. 
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