Chapter 7

Belowground–Aboveground Interactions
Between Pathogens and Herbivores
Bastien Castagneyrol, Pilar Fernandez-Conradi, Pil U. Rasmussen,
Cécile Robin, and Ayco J. M. Tack

7.1

Introduction

In this chapter, the main focus will be on belowground–aboveground (BG–AG)
interactions between plant-associated pathogens and herbivores. Most of herbivores
studied in this context are arthropods. Hence, unless stated otherwise, the term
herbivore will be used to refer to plant-feeding arthropods. It is now largely accepted
that plant pathogens can interact strongly with herbivores when co-occurring on
aboveground plant parts. Pathogens generally reduce the preference and performance of herbivores (Fernandez-Conradi et al. 2018), which can have cascading
effects on the structure of insect communities found on terrestrial plants (Tack et al.
2012; Tack and Dicke 2013). The reciprocal effect of herbivores on pathogens has
also been addressed, but there is no consensus yet on how pathogens respond to
herbivore attack on the shared plant: studies have reported either positive, neutral, or
negative effects of herbivores on pathogens (Hatcher 1995).
Cross-compartment interactions between herbivores and pathogens differ from
interactions involving BG beneﬁcial microbes and AG herbivores as they involve
two plant antagonists that compete for a shared, limited, and defended resource.
Likewise, cross-compartment pathogen–herbivore interactions differ from pathogen–
herbivore interactions within the same compartment: while within-compartment
pathogen–herbivore interactions may be both direct (e.g., herbivores acquiring
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supplementary nutrients from pathogens or being exposed to their toxins) and indirect
(e.g., plant-mediated interactions), cross-compartment interactions among pathogens
and herbivores are inevitably indirect. Indirect interactions may involve changes in
primary and secondary metabolites within the shared host plant. It is also important to
stress that a cross-compartment interaction between a pathogen and an herbivore is just
one type of indirect interaction between two organisms using the same resource. In real
life, such species interactions are embedded within highly diverse plant-based food
webs: for example, BG pathogens and herbivores could interact with a range of
organisms aboveground, like herbivores, pathogens, endophytes, as well as their
natural enemies; likewise, AG pathogens and herbivores could interact with the entire
belowground community and not only with organisms tightly associated with their
host’s roots.
Here, we explore whether pathogen–herbivore interactions may also play an
important role when the organisms are separated by the soil surface. These interactions have received little attention as compared to interactions between BG beneﬁcial microorganisms and AG herbivores, a discrepancy that may be explained by the
focus on BG beneﬁcial organisms in studies for biocontrol development. However,
as the outcome of plant attack by multiple attackers is not necessarily additive, recent
studies in both community ecology and agroecology have increasingly focused on
the outcome of tripartite interactions between plants, pathogens, and herbivores and
its consequences for community dynamics and plant yield. In this chapter, we will
explore the scant available literature on belowground–aboveground interactions
between herbivores and pathogens and outline promising areas for future research.
Throughout, given the scarcity of published studies on BG–AG interactions between
herbivores and pathogens, we draw partly on ﬁndings, ideas, and insights from three
related research areas that are accompanied by a wealth of published articles: (1) the
study of interactions between BG and AG herbivores, (2) the study of interactions
among pathogens and herbivores that both attack AG parts of the plant (FernandezConradi et al. 2018; Tack and Dicke 2013), and (3) interactions between BG
mutualistic microbes and AG herbivores.
In this chapter, we aim to: (1) provide a comprehensive overview of the literature
on BG–AG interactions among herbivores and pathogens, by tabulating the available
studies and discussing the patterns, (2) explore the sources of variation in the strength,
direction, and symmetry of these interactions, including the role of the abiotic environment and the life history of both pathogens and herbivores, and therefore assess
whether cross-compartment interactions among herbivores and pathogens are predictable, and (3) address the consequences of cross-compartment interactions on the
ecology and evolution of plant-based communities.
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Fig. 7.1 Cross-compartment interactions between pathogens and herbivores. Blue arrows represent the effect of herbivores on pathogens. The reciprocal effect of pathogens on herbivores is
shown by red arrows. (1) consequences of dual-attack on the host plant; (2) effects of BG pathogens
on AG herbivores; (3) effects of AG herbivores on BG pathogens; (4) effects of BG herbivores on
AG pathogens; (5) effects of AG pathogens on BG herbivores. Arrow width is proportional to the
number of studies speciﬁcally addressing corresponding interactions

7.2

Consequences of Plant–Pathogen–Herbivore
Interactions for Three Players: A Review of Patterns

To review patterns of cross-compartment interactions involving BG pathogens and
AG herbivores or BG herbivores and AG pathogens (Fig. 7.1), we ﬁrst screened
reference lists of the recent reviews discussing plant–microbe–herbivore interactions
(Wondafrash et al. 2013; Tack and Dicke 2013; Hauser et al. 2013; Biere and
Goverse 2016). We further searched additional references in the Web of Science
database (January 23, 2017) using the following combination of keywords: “aboveground” AND “belowground” AND “plant” AND “pathogen” AND “herbivor*”
AND “insect.”
Plant parasitic nematodes are by far the most studied BG antagonists of plants in
the context of BG–AG pathogen–herbivore interactions (reviewed by Wondafrash
et al. 2013). However, classifying nematodes as herbivores or pathogens is debatable. Plant parasitic nematodes include ectoparasites, which live outside the plant
and puncture cell walls feeding on cell material using their stylet, as well as
migratory endoparasites, which penetrate the root and continuously move through
the root cells while feeding through the puncturing of cell walls. These plant parasitic
nematodes can cause cell death, similar to what is seen in some leafhoppers (e.g.,
Hunter and Backus 1989). In contrast, sedentary endoparasites penetrate roots and
induce permanent giant feeding cells within the plants, the most typical being the
root-knot and cyst nematodes. By inducing permanent feeding cells that are not
killed, such nematodes are more similar to gall-forming pathogens and galling
herbivores, such as the ovary smut fungus Ustilago maydis on maize or oak gall
wasps. As interactions involving nematodes have been thoroughly reviewed, and
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their placement within the current framework is unclear, we did not include them in
Table 7.1. However, we will refer to the key patterns involving nematodes within the
text and refer readers interested in a comprehensive overview of relevant nematode
studies to Table 7.1 in Wondafrash et al. (2013). We did not include viruses, as they
cannot be unambiguously deﬁned as belowground or aboveground pathogens.
Pathogens were the most studied BG antagonists (Table 7.1) and belonged to
different taxonomic groups, including bacteria (Yang et al. 2011; Song et al. 2015),
necrotrophic fungi (Leath and Byers 1977; Godfrey and Yeargan 1987; McNee et al.
2003), and oomycetes (Landgraf et al. 2012; Milanović et al. 2015). Most of the
studied AG herbivores were suckers (mainly aphids) or leaf-chewers (Lepidoptera,
Coleoptera) (Table 7.1, see also Biere and Goverse 2016).

7.2.1

The Impact of Single and Dual Attack on Plant
Performance

Both pathogens and herbivores are, on their own, harmful to plants. Harmful effects
of dual attack by BG herbivores and AG pathogens (or, inversely, BG pathogens and
AG herbivores) attacking distant compartments have been reported for plant growth
(Alexander et al. 1981), biomass production (De Roissart et al. 2013; Saravesi et al.
2015), survival (Leath and Byers 1977), reproductive output (Barber et al. 2015),
and crop yield (Godfrey and Yeargan 1987). Yet, this general tendency hides an
important variability in plant–pathogen–herbivore interactions, with examples of
antagonistic (i.e., the plant being less damaged than expected based on single
attacks, Godfrey and Yeargan 1987; Yang et al. 2011), synergistic (i.e., the plant
being more damaged than expected based on single attacks, Leath and Byers 1977),
and additive effects of dual attack on plant performance (reviewed in Hauser et al.
2013).
Current knowledge on plant–pathogen–herbivore interactions in general suggests
that most of dual attacks result in additive effects on plant performances, with
surprisingly little evidence for synergistic effects of pathogens and herbivores on
plant performance (Hauser et al. 2013). To predict the particular effect of dual attack
by BG and AG attackers on plant performance, which currently seems like a distant
future, we probably need an accurate knowledge of the reciprocal impact of BG and
AG attackers on each other’s performance. If one attacker has a positive effect on the
second one, dual attack is likely to have a stronger negative impact on plant ﬁtness
than single attacks. If there is a negative effect of one attacker on the other, dual
attack is likely to be less harmful than single attack. Finally, if the attackers do not
affect each other’s ﬁtness, dual attack may simply have an additive impact on their
host plant.
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7.2.2

Interactions Between BG Pathogens and AG
Herbivores

7.2.2.1

Effect of BG Pathogens on AG Herbivores
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The effects of BG pathogens on AG herbivores were shown to be negative (McNee
et al. 2003; Hong et al. 2011; McCarville et al. 2012; Kammerhofer et al. 2015),
positive (De Roissart et al. 2013; Milanović et al. 2015; Kammerhofer et al. 2015), or
neutral (Godfrey and Yeargan 1989) (Table 7.1). Wondafrash et al. (2013) extensively reviewed cross-compartment interactions between BG nematodes and AG
herbivores and showed that the outcome of their distant interactions was contingent
upon the feeding strategies of both nematodes (migratory vs. sedentary) and herbivores (leaf chewers vs. phloem feeders), with migratory nematodes principally
reducing performance of phloem feeders such as aphids (Bezemer et al. 2005;
Wurst and van der Putten 2007), while the impact of root infection by sedentary
nematodes on AG herbivores is more variable (Wondafrash et al. 2013). Most of
available literature addresses the effect of BG nematodes on AG herbivores. The few
studies focusing on fungus pathogens are highlighted in Table 7.1. While evidence is
lacking, current knowledge on plant–pathogen–herbivore interactions within the
same compartment (Lazebnik et al. 2014) suggests that the direction and strength
of the effect of BG pathogens on AG herbivores may depend on the pathogen
lifestyle (necrotrophic vs. biotrophic). Likewise, it may depend on herbivore feeding
guild, with different responses by chewers and sap-sucking insects. These differences and corresponding predictions will be detailed in Sect. 7.3.1.1 (Fig. 7.2, panels
g and h).

7.2.2.2

Effect of AG Herbivores on BG Pathogens

AG herbivores may both positively and negatively affect BG pathogens. Several
studies show that AG herbivores facilitate root colonization by BG pathogens and
are associated with greater pathogen severity (Leath and Byers 1977; Alexander
et al. 1981; Burrill et al. 1999; Saravesi et al. 2015; Kammerhofer et al. 2015). For
instance, in a study by Leath and Byers (1977), it was found that root rot caused by
the necrotrophic fungus Fusarium roseum was more severe when the plant was
simultaneously attacked by aboveground aphids. Similar positive effects of AG
herbivores on BG pathogens have been found for the southern pine beetle
Dendroctonus frontalis, which increased colonization levels of the BG necrotrophic
fungus Heterobasidion annosum on Pinus taeda roots (Alexander et al. 1981). On
the other hand, AG herbivores may trigger systemic defenses effective in roots that
may act against BG pathogens (Yang et al. 2011; Landgraf et al. 2012), thus
reducing their incidence and severity (Song et al. 2015). The same variability in
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Table 7.1 (continued)
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contingent on
interaction with
competitors: signiﬁcant three

Priming of AG
defenses is mediated by abscisic
acid (ABA) ABA
is induced by BG
herbivore feeding, not by artiﬁcial root removal
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Table 7.1 (continued)
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Table 7.1 (continued)
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The table includes key features of each primary study, taxonomic and functional identity of BG and AG attackers and consequences of BG–AG interactions for the
plant, the pathogen, and the herbivore. “Compartment attacked ﬁrst” indicates the order of the attack: the ﬁrst attack was belowground (BG ! AG), the ﬁrst attack
was aboveground (AG ! BG), or below- and aboveground attack took place at the same time (BG $ AG). References are organized to mirror numbers in Fig. 7.1.
NA indicates that the information could not be extracted from the study.

Burrill et al.
(1999)
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Fig. 7.2 Summary of hormonal pathways and cross-talk antagonisms involving BG and AG herbivores and pathogens. Arrows originating from one
compartment indicate the causal effect of the corresponding attacker on the second attacker in the other compartment. Red and green arrows are for predicted
negative and positive effects, respectively. Panels (c), (d), and (f) are bordered by a dashed line to indicate scenarios that are likely but for which no speciﬁc case
study was retrieved
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the response to AG herbivores is also reported for nematodes, where AG herbivores
have been found to lower the number of plant nematodes (Kutyniok and Müller
2013) or, on the contrary, to make roots more attractive to nematodes (Kammerhofer
et al. 2015).

7.2.3

Interactions Between AG Pathogens and BG
Herbivores

Very little is known on the interaction between AG pathogens and BG herbivores. In
fact, we could not ﬁnd a single example of the impact of AG pathogens on BG
herbivores. Hence, all examples of interactions between AG pathogens and BG herbivores presented in Table 7.1 refer to the effect of BG herbivores on AG pathogens. For
instance, root damage by BG larvae of the chrysomelid Diabrotica virgifera was shown
to induce defenses in maize leaves against the necrotrophic pathogen Setosphaeria
turcica (Erb et al. 2009). Likewise, root herbivory by the specialist herbivore Acalymma
vitattum was shown to increase cucumber leaf resistance to downy mildew
Pseudoperonospora cubensis (Barber et al. 2015). This effect was stronger with higher
herbivore abundance. Although these examples are consistent with previous studies
reporting negative effects of root herbivory on AG herbivory (Erb et al. 2008), it is
clearly premature to draw any generalizations at this stage.

7.2.4

Symmetry of Cross-Compartment Pathogen–Herbivore
Interactions

An important question is whether species interactions between BG and AG antagonists
are symmetric. Symmetry could take two forms: (1) species A negatively affects
species B and species B also negatively affects species A; (2) species A positively
affects species B and species B positively affects species A. Unfortunately, few studies
simultaneously addressed the effect of a BG attacker on an AG attacker and the
reciprocal effect of an AG attacker on a BG attacker (see Table 7.1: Godfrey and
Yeargan 1989; McCarville et al. 2012; Lee et al. 2012; Kammerhofer et al. 2015). As
one example, Leath and Byers (1977) reported an increased severity of the BG fungal
pathogen Fusarium roseum when the host plant was simultaneously colonized by
aphids, whereas aphid population size decreased on Fusarium-infected plants.
McCarville et al. (2012) found that dual attack by aphids and the fungus Cadophora
gregata increased plant infestation by root nematodes, whereas coinfection by nematodes and the fungal pathogen reduced aphid population growth.
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General Patterns

Our understanding of BG–AG plant–pathogen–herbivore interactions is still in its
infancy, and current evidence reveals a large diversity of interaction outcomes, with
both positive, neutral, and negative effects reported on each of the three players.
Given the varying responses, identifying general patterns and the factors that modify
the direction and strength of the effect will require a large(r) number of studies.
Beyond patterns, we may also change our focus to the mechanisms at play and
develop a predictive framework. This will be the focus of the next section.

7.3

Mechanisms Shaping BG–AG Interactions Between
Pathogens and Herbivores

Few studies in Table 7.1 explore the mechanisms underlying BG–AG interactions
between herbivores and pathogens. However, given that a plant’s response to
herbivores, pathogens, and other organisms involves common signaling pathways
and secondary compounds, we may assume that (1) interactions between pathogens
(Blodgett et al. 2007), (2) interactions between herbivores (Erb et al. 2008; Johnson
et al. 2012), (3) interactions between herbivores and mutualists (Koricheva et al.
2009), and (4) within-compartment interactions between pathogens and herbivores
(Fernandez-Conradi et al. 2018) can help to predict the outcome of crosscompartment interactions between pathogens and herbivores (Van der Putten et al.
2001; van Dam and Heil 2011; Biere and Goverse 2016). Notably, while changes in
defense-related hormonal pathways received a massive interest, other mechanisms
like changes in plant quality, the possible interplay between biotic attackers and
abiotic stressors, as well as the ecological and evolutionary consequences of dual
attacks are relatively poorly addressed.
In this section, we recapitulate the recognized and putative mechanisms linking
pathogens and herbivores across BG and AG compartments. However, as this topic
has been extensively reviewed, we aim to be brief, and we refer readers interested in
the ﬁne hormonal and physiological mechanisms to the recent and extensive reviews
on this topic (e.g., Wondafrash et al. 2013; Lazebnik et al. 2014; Biere and Goverse
2016). Importantly, while this section focuses on mechanisms related to primary and
secondary chemistry, interactions may equally likely be mediated by changes in the
quantity of the shared resource (the host plant) or, as discussed in Sect. 7.4, by
interactions mediated by other members of the plant-associated food web.
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Plant-Mediated AG–BG Interactions

7.3.1.1

Effects Mediated by Shared Defenses and Cross-Compartment
Signaling
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Transportation, induction, and priming —There are three nonexclusive mechanisms
by which herbivory or pathogen infection in one compartment can make the other
compartment increase its defense or readiness for attack: transportation of defensive
secondary compounds, defense induction, and defense priming. Induction is the
increase in concentration of secondary metabolites involved in defenses immediately
following attack. Defense priming is the pre-activation of mechanisms that make
plants able to better or more rapidly mount defense responses against attackers
(Prime-A-Plant Group et al. 2006; Martinez-Medina et al. 2016). While translocation
and induction directly result in an increase of basal defense levels, priming does not
and may go unnoticed if only defensive compounds are targeted. If crosscompartment interactions rely—based on their spatial separation—more on defense
priming than within-compartment interactions, BG–AG cross-compartment interactions may have been underestimated because of methodological issues (i.e., a focus
on increased levels of compounds).
Several defensive compounds such as nicotine (an alkaloid) are exclusively
produced in the roots but are effective against foliar herbivores and can migrate
through long-distance transportation to AG parts (Dawson 1941; Kaplan et al. 2008;
Bezemer et al. 2013). In tobacco plants, Kaplan et al. (2008) showed that the
concentration of alkaloids decreased in shoots after plants were attacked BG by
the root-knot nematode Meloidogyne incognita, whereas concentrations of chemical
compounds synthesized in the shoots increased. From the literature addressing crosscompartment interactions between BG and AG herbivores, it is clear that root
herbivory is commonly followed by an increase in basal levels of defenses in shoots,
even in the absence of AG damage (reviewed by Erb et al. 2008), which can result
from translocation, induction, or both.
The opposite, increase of basal defenses in roots following attacks in shoots, is
also possible but more variable in terms of direction and intensity (Erb et al. 2008).
AG herbivores and pathogens can induce the production and storage of defensive
compounds in roots (which is common for alkaloids such as nicotine, Kaplan et al.
2008) or activate defense-related pathways resulting in the priming or induction of
defenses in BG organs (Yang et al. 2011; Landgraf et al. 2012). For example, AG
herbivory by the whiteﬂy Bemisia tabaci activates the SA-dependent signaling in
AG and BG organs, eliciting induced resistance of pepper plants to the soil-borne
pathogen Ralstonia solanacearum (Yang et al. 2011).
Hormone signaling and shoot–root integration —Plant BG and AG parts are tightly
interconnected by the plant vascular system, allowing long-distance communication
between roots and shoots. Although plants respond locally to herbivore attack or
pathogen infection, plant-level resistance to both pathogens and herbivores requires
a complex integration at the plant scale, including root-to-shoot-to-root or shoot-to-
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root-to-shoot communication loops (reviewed by Biere and Goverse 2016). Such
compartments’ share of defenses involve uni- or bidirectional exchanges of molecules (e.g., RNA, peptides, phytohormones, or alkaloids) through xylem and phloem
vessels (Lucas et al. 2013).
The induction of systemic resistance to herbivores and pathogens is mainly based
on chemical defense pathways involving three key hormones acting as major
players: salicylic acid (SA), jasmonic acid (JA), and ethylene (ET). A certain
speciﬁcity in their induction by, and effectiveness against, different groups of
herbivores and pathogens has long been assumed. For example, the SA pathway is
usually induced by, and efﬁcient against, biotrophic pathogens and sucking herbivores, whereas the JA pathway is principally activated by, and effective against,
necrotrophic pathogens and leaf-chewers (Spoel et al. 2007; Ali and Agrawal 2012;
Thaler et al. 2012; Lazebnik et al. 2014). In addition, there is a reciprocal cross-talk
consisting of an antagonism between SA and JA signaling pathways in several
systems (Thaler et al. 2012).
When such cross-talk exists, the impact of dual attack may result in either
negative or positive interactions between herbivores and pathogens, where the
direction of the interaction is predicted to depend on the speciﬁc combination of
herbivore feeding guild and pathogen lifestyle (Fig. 7.2). For instance, it has been
postulated that plant attack by a BG or AG chewing herbivore may activate the
JA-pathway, thereby suppressing SA production, which may be detrimental to
necrotrophic pathogens and beneﬁcial to biotrophs in the other compartment
(Fig. 7.2, panels a and e). On the contrary, plant attack by sucking herbivores may
increase SA levels, and decrease levels of JA, which would beneﬁt necrotrophs and
be detrimental to biotrophs (Fig. 7.2, panels b and f). Similarly, plant infection by an
AG or BG necrotrophic pathogen may increase JA levels and reduce SA levels,
which may beneﬁt piercing-sucking herbivores but be detrimental to chewing
herbivores (Fig. 7.2, panels c and g). Finally, infection by an AG or BG biotrophic
pathogen may upregulate the SA-pathway and downregulate the JA-pathway, which
would be beneﬁcial to chewers and detrimental to piercing-sucking herbivores
(Fig. 7.2, panels d and h).

7.3.1.2

Effects Mediated by Altered Plant Nutritional Quality
and the Abiotic Environment

Changes in plant nutritional quality and defenses can hardly be teased apart (Van der
Putten et al. 2001), both concurring to shape defense syndromes (Agrawal and
Fishbein 2006). Indeed, nutrient uptake by the roots does not only affect plant
quality, but frequently affects both direct and indirect defenses (i.e., involving a
third trophic level). As one example, the density of trichomes, which act as physical
barriers against herbivores, as well as volatile compounds, which may be used for
parasitoid recruitment, increase with nitrogen uptake (Bernays 1994; Van der Putten
et al. 2001). As a consequence, changes in nutrient uptake resulting from root
herbivory, infection by pathogens, or changes in abiotic conditions due to
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N fertilization may have important consequences in terms of both host plant quality
and subsequent defense production.
Effects of BG Damage and Abiotic Factors on AG Tissues and AG Organisms
(Fig. 7.3a)—BG attackers can have multiple effects on AG plant quality. These
include both changes in primary and secondary metabolites (Hatcher 1995; Van der
Putten et al. 2001; Cipollini et al. 2002) and alteration of plant growth pattern and
architecture (Bernays 1994; Van der Putten et al. 2001). Yet, these mechanisms can
be triggered both by BG attackers, abiotic stresses, or a combination of both. It is,
therefore, critical to acknowledge that spatial and temporal variation in the abiotic
environment can impact the outcome of cross-compartment plant–pathogen–herbivore interactions.
BG attackers often cause nutrient or water stress (Fig. 7.3a). As such, they can
mimic the well-known effects of both abiotic stresses on AG plant parts. For
instance, water stress and root infection by Phytophthora cinnamomi have similar
effects on stomatal conductance and the concentration of abscisic acid, a hormone
involved in plant response to drought, in the xylem of chestnut (Maurel et al. 2004).
Similarly, Erb et al. (2011) showed that the root herbivore Diabrotica virgifera
induced changes in the quality of AG tissues that were mediated by the production
and translocation of abscisic acid.
Stress-like effects of BG attackers on AG plant parts may cascade on AG
herbivores and pathogens. The plant stress hypothesis (White 1974, 2009) predicts
an increase in herbivore performances on drought-stressed plants (Gange and Brown
1989). However, whether these stress-induced changes are beneﬁcial or detrimental
to AG attackers may depend on their feeding habits (Huberty and Denno 2004) and
in particular on whether they target foliage or wood, and healthy or declining trees
(Jactel et al. 2012). BG herbivores and pathogens may, similar to water stress (White
1974, 2009), have contrasting effects on AG herbivores depending on the type of
tissues they feed on: for example, AG herbivores feeding on young and actively
growing leaves (i.e., ﬂush-feeders, sensu White 2009) may be more hampered by
BG attackers than AG herbivores that feed on older, senescent organs (i.e.,
senescence-feeders). Indeed, the latter herbivores may even beneﬁt from regulatory
mechanisms resulting in the release of soluble sugars and free amino acids in cells
(Gutbrodt et al. 2011; Ximénez-Embún et al. 2016).
Abiotic stresses and BG herbivores and pathogens can interactively shape plant–
pathogen and plant–herbivore interactions in AG plant parts. For instance, the
strength of BG–AG interactions between the nematode Heterodera schachtii and
aphids was found to be dependent on N-fertilization (Kutyniok and Müller 2013;
Kutyniok et al. 2014): in low N-soil, nematodes had no effect on Brevicoryne
brassicae aphids, whereas aphids increased nematode abundance in roots; in contrast, under high N, aphids reduced nematode abundance and cyst formation
(Kutyniok and Müller 2013). On the contrary, the presence of nematodes decreased
the abundance of the shoot-infesting aphid Myzus persicae only when N supply was
low (Kutyniok et al. 2014). A direct consequence of such an interaction between the
effects of BG attackers and abiotic factors on AG attackers is that the direction,
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Fig. 7.3 Summary of mechanisms involved in cross-compartment interactions between herbivores
and pathogens. (a) AG response to BG damage and (b) BG response to AG damage

strength, and underlying mechanisms of cross-compartment pathogen–herbivore
interactions are expected to vary along abiotic gradients.
Altogether, the presence of spatial and temporal variation in the abiotic environment weakens our ability to infer general patterns on plant–pathogen–herbivore
interactions. Yet, this role of the environment in mediating species interactions
may have massive implications in agricultural systems where such biotic and abiotic
stresses may or may not be controlled (through irrigation, fertilization, and pesticides). It, therefore, appears urgent to better address how abiotic factors can mediate
BG–AG plant–pathogen–herbivore interactions.
Effects of AG Damage on the Quality of BG Tissues and BG Organisms
(Fig. 7.3b)—AG herbivores and pathogens can strongly affect carbon dynamics
and alter carbon allocation to AG and BG compartments (Orians et al. 2011). Foliar
herbivory commonly increases resource allocation to roots, thereby reducing its
availability to AG plant attackers, which is referred to as induced resource sequestration (Orians et al. 2011). Although this strategy may be seen as a way to secure

7 Belowground–Aboveground Interactions Between Pathogens and Herbivores

157

resources and make them unreachable to AG herbivores and pathogens, induced
resource sequestration may also have indirect effects on BG pathogens and BG
herbivores. These indirect effects can range from positive, when roots act as a sink
for photoassimilates, to negative, when these resources are invested and stored in
roots as defensive compounds (see Sect. 7.4.1.1 and Biere and Goverse 2016). For
instance, AG herbivory was found to increase levels of defensive secondary metabolites in roots, which can reduce plant quality to root herbivores and nematodes (Van
Dam et al. 2005).
AG–BG interactions involving changes in plant nutritional quality are, generally,
asymmetrical. BG herbivores and pathogens consume or destroy root tissues, which
directly reduces the plant’s ability to take up water and nutrients. The effects of root
consumption propagate through the plant to AG parts, resulting in changes in the
nutritional quality of AG plant tissues (e.g., changes in water content or concentration of free amino acids and soluble sugars). While AG herbivores and AG pathogens have also been shown to affect root quality, their systemic effect is generally
weaker (Kaplan et al. 2008). Bezemer and van Dam (2005) proposed that such an
asymmetry may further result from roots being exposed to herbivores early in the
season before leaves are available to herbivores, making the plant ready to face AG
herbivores and pathogens before they attack.

7.3.2

Intensity and Timing of Damage

7.3.2.1

The Intensity of Damage and Pathogen Infection

The consequences of BG or AG damage on plant quality, and hence on AG or BG
attackers, depend on the amount of damage. However, very few studies manipulated,
or even clearly reported, the amount of herbivory or the intensity of the infection
(Marçais and Bréda 2006). This seems surprising, as herbivory can range from a few
percent to full defoliation, and infections can range from a few lesions, which may
increase plant quality due to the mobilization of nutrients, to entirely necrotic foliage
or rotting roots (Agrios 2005). In the extreme case, the plants may die, which will
dramatically affect the performance or the survival of other organisms feeding on the
same plant, with a shift from biotrophic toward necrotrophic (i.e., hemi-biotrophs)
and then saprotrophic species. For example, while Cardoza et al. (2003) found a
positive effect of the necrotrophic fungus Sclerotium rolfsii on the development of
Spodoptera exigua caterpillars when developing on fungus-infected peanut plants,
this pathogen will ultimately kill its host, and the positive effect of infection may
then reverse with increased inoculation density and disease progression. As one
example, the effect of birch defoliation by geometrid moths on the birch fungal root
community differed with the intensity and frequency of the attacks (Saravesi et al.
2015).
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Does It Matter Who Comes First?

The strength and direction of BG–AG interactions between herbivores and pathogens may also be affected by the relative timing of attacks: herbivores and pathogens
may attack the plant at the same time, or one of the species may arrive before the
other (Mouttet et al. 2013). Indeed, in the most extreme case, one of the attackers
may already be gone from the plant before the other attacker arrives. This naturally
excludes any reciprocal effect and leaves us to probe the impact of the ﬁrst on the
second attacker. While this sounds trivial, we stress that this may be rather common
in nature, where herbivores may move around and pathogens often have a restricted
growing season. Indeed, early-season herbivores are known to have a pronounced
impact on herbivore preference, performance, and community structure later in the
season, where “later” can be hours, days, weeks, months, or even years (Van Zandt
and Agrawal 2004; Stam et al. 2014). Importantly, the plant responses linking the
ﬁrst attacker to the second attacker may take place at different time scales: while
induced defenses may take minutes to hours, changes in plant quality and quantity
may take longer. Thus, even when the attackers are separated in time, it may be
important to take into account the amount of time that has passed between the attack
by the ﬁrst and second attacker.
However, the majority of studies on species interactions focuses on cases where
the timing of the two attackers at least partly overlaps. Here, the meta-analysis by
Johnson et al. (2012) reported that AG herbivores had strong negative effects on BG
herbivores when they attacked ﬁrst in laboratory studies. In contrast, primary attacks
by BG herbivores had only moderately positive and non-signiﬁcant effects on AG
herbivores.
It is critical to acknowledge that the effects of BG attackers on AG attackers, and
vice versa, may vary non-linearly with both the intensity of damage and with time.
While the hormonal signaling may be relatively fast (Sect. 7.3.1.1), the impact of
damage on the quality of root and aerial tissues, or changes mediated by the
composition of the other plant-associated biota, may take longer to establish and
may last long after the initial damage was caused (Sect. 7.3.1.2). It is, therefore, not
only the identity of the ﬁrst attacker and the attacked compartment that matters for
the second player but also the type of changes it induced in the host plant by the time
it arrives (e.g., Li et al. 2016).

7.3.3

Annual Versus Perennial Plants: Does It Matter If
Interactions Are Reset Every Year?

During their lifetime, perennial plants are exposed to a greater abundance and
diversity of pathogens and herbivores than annual plants. Moreover, they experience
profound ontogenetic changes in constitutive and induced defenses against different
attackers (Boege and Marquis 2005; Barton and Koricheva 2010). They may also be
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more difﬁcult to study, or, at least, there might be a bias toward more observational
ﬁeld studies for perennial plants such as trees (Marçais and Bréda 2006; Saravesi
et al. 2015) and short-term, highly controlled studies for annual plants, including
crops (Table 7.1).
The timing and diversity of attackers may differ strongly between annual and
perennial plants, and results from short-term highly controlled studies may, therefore, lack relevance for perennial plants. After emergence, the ﬁrst attacker of annual
plants may have a large impact on how the plant will respond to future attacks in the
same and opposite compartment (see Sect. 7.3.2.2). In contrast, the response of
perennial plants to the ﬁrst attack of the season may be weakened by a legacy of
attacks by pathogens and herbivores in the previous year. Likewise, as large perennials like trees are attacked by a diverse community of herbivores and pathogens, the
attack by a single herbivore or pathogen may leave a very weak imprint. In such
cases, it seems hard to extrapolate the outcome and effect sizes of short-term and
highly controlled laboratory experiments on annual or crop plants to the diversity
and complexity of interactions occurring on long-living plants. Notably, there may
also be intergenerational legacy effects in annual plants: induced changes in defenses
in year t  1 may affect the composition of soil microbial communities, which
indirectly affects the next generation of the plant growing within the same soil
(Kostenko et al. 2012).
Despite the scarcity of studies documenting cross-compartment interactions
among trees, pathogens, and herbivores, forests ecologists have long recognized
the importance of dual attacks for tree health. They deﬁned primary pests as those
pathogens and herbivores being able to successfully develop and reproduce on
healthy trees (Wainhouse 2005). In contrast, secondary pests can only exploit trees
that are ﬁrst weakened by attack from primary pests or by an abiotic stress. For
instance, severe defoliation by the Gypsy moth Lymantria dispar was shown to alter
root chemistry and facilitate root colonization by Armillaria spp., a taxon that
includes several secondary fungal pathogens and causes root rot (Burrill et al.
1999; Young and Giese 2003; Marçais and Bréda 2006).

7.4

Upscaling Plant–Pathogen–Herbivore Interactions:
From Individuals to Communities and Ecosystems

In the previous section, we saw that spatial and temporal variation in the abiotic
environment affects cross-compartment pathogen–herbivore interactions. This section
will focus on how the biotic environment affects cross-compartment pathogen–herbivore interactions, and, vice versa, how cross-compartment pathogen–herbivore
interactions affect the biotic environment. At the same time, we raise questions
about the importance of BG–AG interactions among herbivores and pathogens within
a community context.
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How Do BG–AG Interactions Among Herbivores
and Pathogens Compare to Other Types
of Interactions?

As evidenced by Table 7.1, the majority of controlled greenhouse and ﬁeld studies
have demonstrated that herbivores and pathogens can strongly interact with each
other, despite the spatial (and in some instances temporal) separation between the
herbivore and the pathogen. However, a demonstration in the lab does not automatically translate into relevance in a natural setting. As may be evident, the data
available to date does not allow to unambiguously answer the question raised in
the section header. Nonetheless, we here make a ﬁrst attempt to explore the relevance of these BG–AG interactions between herbivores and pathogens in understanding the dynamics of communities in the natural environment.

7.4.1.1

Comparing Within- and Between-Compartment Interactions
Between Pathogens and Herbivores (Fig. 7.4a)

The BG and AG plant parts are frequently attacked by a diverse set of pathogens and
herbivores, and reviews have highlighted that pathogen–pathogen interactions,
herbivore–herbivore interactions, and interactions between herbivores and pathogens within the same compartment can have a major impact on plant-associated
community structure (Kaplan and Denno 2007; Tack and Dicke 2013). But if plants
are already attacked by a diverse set of herbivores and pathogens within the same
compartment, how important and how different are cross-compartment interactions
between herbivores and pathogens?
To answer this question, we can compare the relevance (effect size) of BG–AG
interactions between pathogens and herbivores with the relevance (effect size) of
interactions between pathogens and herbivores within the same compartment. Ideally, we would carry out a meta-analysis and compare studies within and between
compartments: for instance, we can investigate whether the effect of BG pathogen
infection similarly affects BG and AG herbivores. However, while there is a
considerable number of studies on pathogen–herbivore interactions that can be
compared through meta-analyses (Fernandez-Conradi et al. 2018), most focus on
within compartment interactions. Among the very few studies dedicated to crosscompartment interactions, results are conﬂicting. For instance, the root necrotrophic
pathogen Heterobasidion annosum produces phloem metabolites that negatively
impact the bark beetle Ips paraconfusus (McNee et al. 2003). Interestingly, the
effect size of this cross-compartment interaction is 1.22 (SD: 0.31), which is
slightly stronger than the overall effect size for within-compartment interactions
[mean  95%-CI: 0.42 (0.64, 0.20)]. In contrast, Milanović et al. (2015) found
that the performance of Gypsy moth larvae (Lymantria dispar) was higher when fed
leaves from Phytophthora-infected trees than when fed leaves from healthy red oaks.
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Fig. 7.4 Upscaling plant–pathogen–herbivore interactions to the community level. In panel (a) are
shown both the interactions among pathogens and herbivores within the same compartment (thin
arrows) as well as the interactions among compartments (thick arrows). A major challenge will be to
assess the relative importance of within- versus between-compartment interactions and within- versus
between-kingdom interactions. In other words: which types of interactions are most important within
a community context? Panel (b) illustrates the complex web of multitrophic interactions within which
belowground–aboveground interactions are embedded. The red arrows illustrate one possible interaction cascade, where a belowground pathogen affects the preference and density of an aboveground
herbivore, which in turn affects the rate of attack by the parasitoid. The response of the parasitoid may
be density-mediated (i.e., in response to changes in density of the herbivore) or trait-mediated (e.g.,
due to changes in the volatile composition of the plant or changes in behavior of the herbivore). In
panel (b), the roman numerals (in grey font) refer to other chapters within this book

Given the diversity of mechanisms shaping BG–AG interactions among pathogens
and herbivores, and their dependency on abiotic factors, it is obvious that these two
studies need to be backed up by further research.

7.4.1.2

Comparing Within- and Between-Kingdom Interactions

Studies of interkingdom interactions between herbivores and pathogens are relatively few, as a common approach in entomology and pathology has been to isolate
the effect of the focal organism group (insects or pathogens) by the use of insecticides, fungicides, or enclosures (Tack and Dicke 2013). This may be due to the fact
that competition for resources has been assumed to increase with species similarity,
which precluded much enthusiasm for studies of interactions among species with
widely different lifestyles.
While relatively few studies exist on interactions between plant pathogens
(Marçais et al. 2011; Kemen 2014), there is a wealth of literature on the interactions
between insect herbivores (Denno et al. 1995; Kaplan and Denno 2007). Interestingly, the review by Kaplan and Denno (2007) has demonstrated that interactions
among herbivores are highly variable, are similar in magnitude within and among
feeding guilds (e.g., sap-sucking herbivores and chewers), and can range from
negative to positive. Importantly, the effect sizes reported for these herbivore–
herbivore interactions (e.g., Fig. 7.3 in Kaplan and Denno 2007) are within the
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same range as those reported by Fernandez-Conradi et al. (2017) for the effect of
pathogens on herbivores. Barber et al. (2015) showed that root herbivory of cucumber
plants did not affect leaf herbivory, whereas it did reduce infection by downy mildew,
illustrating that between-kingdom interactions can be stronger than within-kingdom
interactions. Hence, we feel conﬁdent to postulate that—from the perspective of
either plant, pathogen, or herbivore—it does not matter whether the partners involved
are pathogens or herbivores. What does matter is the identity, or possibly the lifestyle,
of the attackers involved and the changes that the attackers induce in the plant, which,
among others, can include priming and induction of defenses (see Sect. 7.3).

7.4.2

How Do BG–AG Interactions Among Herbivores
and Pathogens Affect Other Members
of the Community, and Vice Versa?

Plants are associated with a diverse plant-based community of organisms belonging
to different trophic levels (Fig. 7.4b). Moreover, plants are not growing alone, but
are embedded within plant communities. This community context may strongly
mediate the interactions between pathogens and herbivores. At the same time,
interactions between pathogens and herbivores will shape the surrounding community. Clearly, we need a community perspective. So how does the community
context affect BG–AG interactions among pathogens and herbivores? And, vice
versa, how do BG–AG interactions among pathogens and herbivores affect the
surrounding community?

7.4.2.1

Plant Community Structure

The plant community surrounding the focal plant may affect the outcome of single
and dual attack by herbivores and pathogens (Fig. 7.4b). For instance, Damicone
et al. (1987) reported a signiﬁcant interaction between fungicide, insecticide, and
herbicide treatments, such that yield and survival of Asparagus ofﬁcinale was
strongly (and non-additively) reduced by dual-attack of the AG herbivore and BG
pathogen in the absence of competitors, whereas dual attack resulted in additive
effects on asparagus yield in the presence of competitors (Damicone et al. 1987).
This study then suggests that the consequences of single and dual attack by pathogens and herbivores can be modiﬁed by the presence of competitors of the host plant.
Moreover, the surrounding plant community can affect the likelihood and severity of
BG–AG interactions among pathogens and herbivores: the risk of attack by both
herbivores and pathogens on a given plant can be lower (i.e., associational resistance) or higher (i.e., associational susceptibility) in the presence of heterospeciﬁc
neighbors (Underwood 2010; Hantsch et al. 2014; Nguyen et al. 2016). One
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fascinating direction would also be to focus on plant competitors that are attacked by
the same pathogen and herbivore species.
The outcome of single and dual attacks by herbivores and pathogens may also
affect the competitive ability of plants relative to conspeciﬁcs or heterospeciﬁcs and
thereby affect the structure of the plant community (Fig. 7.4b). In one example,
Godfrey and Yeargan (1987) showed how interactions of early season pests and
pathogens changed the density of the surrounding plant community (“weed density”)
within alfalfa ﬁelds. Hopefully, future studies will target natural systems to explore
whether BG–AG interactions among pathogens and herbivores result in changes in
natural plant communities.

7.4.2.2

Herbivore Community Structure

When herbivore species respond differently to attack by a pathogen in the other
compartment, this will result in a change in herbivore community structure. This
may be either due to differences in herbivore preference or performance. As an
example from an aboveground study, Tack et al. (2012) showed that the community
structure of leaf miners and gallers associated with the oak Quercus robur changed
with the intensity of infection by the powdery mildew Erysiphe alphitoides (a foliar
biotrophic pathogen).
Given the highly variable response of herbivores to the presence of a pathogen
within the same compartment (Tack and Dicke 2013), we can a priori expect that
pathogen infection will differentially affect some members of the herbivore community in the opposite compartment, and infection will thereby result in changes in
the herbivore community structure.
Lifestyle of the pathogen and herbivore may underlie some of the differences
among herbivores in their response to infection (Fig. 7.2). In addition, part of the
variability in the cross-talk between AG and BG plant parts could be explained by
the degree of herbivore specialization (Kaplan et al. 2008; Ali and Agrawal 2012).
As generalist and specialist herbivores differ in their effect on, and response to,
qualitative and quantitative defenses (Ali and Agrawal 2012), the nature of changes
in foliar quality induced by BG specialists and generalists may profoundly inﬂuence
the nature of the response of AG specialists and generalists, and vice versa.
No studies have yet addressed how herbivore community structure would affect
BG–AG interactions between pathogens and herbivores.

7.4.2.3

Pathogen Community Structure

No studies in Table 7.1 have measured the response of multiple pathogen species to
herbivore attack. However, as explained in detail in Sect. 7.3, we may expect
differences in response of pathogens to herbivore attack to be affected by the
lifestyle of the pathogen (e.g., necrotrophic vs. biotrophic pathogens). Similar to
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the herbivores, we therefore expect pathogens to respond differently to attack by
herbivores within the other compartment.
No studies have yet addressed how pathogen community structure would affect
BG–AG interactions between pathogens and herbivores.

7.4.2.4

Microbial Community Structure

Soil biota may mediate the interactions between BG and AG attackers. For instance,
root herbivores can affect root colonization by mycorrhizal fungi (reviewed by
Johnson and Rasmann 2015), with consequences for plant nutrition and defense
(Gange 2000). Such changes in the BG community of plant-associated beneﬁcial
organism may provide an indirect link between BG and AG attackers. However, the
direction and strength of the effect of BG herbivores and pathogens on mycorrhizal
fungi was reported to range from negative (Bennett et al. 2013) to neutral (Gange
2001) or even positive (Currie et al. 2006). Hence, predicting the strength and
direction of mycorrhiza-mediated effects of BG herbivores and pathogens on AG
attackers may be difﬁcult (Chap. 5).
Likewise, AG herbivores and pathogens may change the quality and defense of
BG plant tissue, with consequences for the soil biota (Gehring and Bennett 2009;
Heath and Lau 2011). For example, defoliation of mountain birches by geometrid
moths caused subsequent changes in taxonomic and functional composition of root
fungal communities (Saravesi et al. 2015), and resource sequestration in roots
following herbivore damage in AG organs was shown to inﬂuence root exudation
by the grass Poa pratensis (Hamilton et al. 2008), which in turn may impact
associated soil microorganisms (Kostenko et al. 2012). In an interesting study,
Barber et al. (2015) assessed the impact of root herbivory on both root colonization
by arbuscular mycorrhizal fungi and leaf infection by downy mildew; while both
response variables were affected by root herbivory, it seems unlikely that arbuscular
mycorrhizal fungi mediated the response of the pathogen to the root herbivore: root
colonization was lowest at intermediate herbivory, whereas foliar infection was
highest in the absence of herbivory.
We predict that the aboveground microbial community, including bacterial and
fungal endophytes and epiphytes, may act as the aboveground equivalent of the soil
biota and play an equally important role in mediating interactions between the BG
and AG compartments (Jaber and Vidal 2010; Menjivar et al. 2012; Vacher et al.
2016). Overall, the role of microbes in mediating the response of the plant to BG and
AG attack would be a promising avenue for future research.

7.4.2.5

Higher Trophic Levels

BG–AG interactions among pathogens and herbivores may also affect higher trophic
levels (Bezemer et al. 2005). The attack of roots by pathogens and herbivores may
induce volatile organic compounds (VOCs) that attract the natural enemies of
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herbivores, like parasitoids or entomopathogenic nematodes (Rasmann et al. 2005).
Root exudates may play a similar signaling role within the belowground compartment. Notably, the impact of AG pathogens and herbivores on belowground natural
enemies may involve both BG parasitoids and parasitic nematodes, as the latter play
a particularly important role in the soil community (Strong et al. 1999). However,
most of the existing studies taking into account natural enemies focused on withincompartment interactions between pathogens and herbivores (e.g., Cardoza et al.
2003; Tack et al. 2012) or cross-compartment interactions between herbivores (Soler
et al. 2005, 2007).
We hope that future studies will address the impact of cross-compartment interactions between pathogens and herbivores on both natural enemy attack and the
multitrophic community structure. Likewise, future studies may investigate whether
induced changes in plant quality, VOCs, and root exudates also affect the performance of natural enemies of pathogens (e.g., fungal hyperparasites and snails).
To our knowledge, no study has been dedicated to this topic.

7.4.3

How Do BG–AG Interactions Among Herbivores
and Pathogens Affect Ecosystem Dynamics?

Given the strong impact of BG–AG interactions among herbivores and pathogens on
plant performance and community composition, it seems likely that such interactions
will also affect ecosystem processes like carbon dynamics, water dynamics, and
decomposition in the litter layer. Alternatively, even a strong pathogen–herbivore
interaction may leave only a weak imprint at the ecosystem level. We eagerly await
studies that explore this.

7.5

Further Avenues for Future Research

As stated above, the available literature speciﬁcally addressing cross-compartment
interactions between pathogens and herbivores is very small (Table 7.1). Hence,
despite the speculations and predictions provided in this chapter, we think that no
general patterns can be safely inferred, and we refrain from a ﬁnal synthesis. In the
previous section, we already discussed the need to assess the relative importance of
plant–pathogen–herbivore interactions within a community and ecosystem context.
Here, we hope to stimulate future research by outlining additional open questions
with tentative predictions.
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Are the Outcomes of Short-Term Laboratory
Experiments and Observational Studies in Natural
and Agricultural Systems Comparable?

Prediction The evidence seems inconsistent. Focusing on herbivores, Johnson
et al. (2012) reported stronger cross-compartment interactions in short-term experiments than in observational studies. In contrast, Fernandez-Conradi et al. (2018)
reported similar effect sizes for the impact of plant pathogens on herbivores when
studies were conducted under highly controlled experiments or in the ﬁeld. Overall,
we expect that short-term experiments will be reﬂected to some degree in the ﬁeld,
although the effect sizes may generally be lower: short-term experiments do not take
into account all variation or complexity (e.g., neighboring plants, abiotic, and biotic
variation in the environment) and thereby are sometimes informative and
sometimes not.

7.5.2

Can We Predict the Outcome of BG–AG Interactions
Between Pathogens and Herbivores?

Prediction Yes, but only to some degree. Interactions may vary predictably as
based on the pathogen and herbivore lifestyle (Fig. 7.2; Thaler et al. 2012; Biere and
Goverse 2016) and specialization (Ali and Agrawal 2012; Thaler et al. 2012; Biere
and Goverse 2016). Superimposed on this are the idiosyncrasies of the study system
and variation in the outcome due to the abiotic and biotic environment (Sects. 7.3
and 7.4).
Suggestion for Future Studies To improve our understanding of the generality and
mechanisms at play, we recommend studies to consider multiple herbivores or
pathogens within the same study system (e.g., Kaplan et al. 2008; McCarville
et al. 2012; Barber et al. 2015). To facilitate meta-analyses, we ask authors to
systematically report detailed information on the biology of the studied attackers
(notably their degree of specialization and the plant organs they damage) and include
the sample size, the mean, and the variability for each experimental result, even for
differences that are not statistically signiﬁcant among treatments.

7.5.3

What About Other Animals, Like Viruses
and Mammalian Herbivores?

Prediction Other organisms, like viruses and mammalian herbivores, are of major
importance. In particular, there is an extensive literature on vector-transmitted
viruses, which we ignored in this book chapter for two reasons. First, the distinction
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between BG and AG viruses is frequently unclear (admittedly, bacterial and fungal
pathogens can also become systemic). Second, many viruses are transmitted by
vectors, and the interaction between viruses and herbivores becomes very complex.
Hence, we think that viruses are best treated separately. We did not ﬁnd any studies
on BG–AG interactions among pathogens and mammalian herbivores. But as both
BG mammalian herbivores (like meadow voles eating roots) and AG mammalian
herbivores (like grazers) play an important role in plant performance, we do think
that BG–AG interactions between pathogens and mammalian herbivores are worth
exploring. The strong impact of grass endophytes on grazers provides one example
of the potential role of microbes on grazers; conversely, mammals may facilitate the
entrance of pathogens into their plant host.

7.5.4

Are BG–AG Interactions Between Pathogens
and Herbivores Symmetric?

Prediction We predict the absence of a general pattern of symmetry in BG–AG
interactions among pathogens and herbivores. Symmetry in the direction of the
effect may depend on the lifestyle of the pathogen and herbivore (Fig. 7.2).
Symmetry in the strength of the effect (e.g., effect size) has not been studied for
pathogen–herbivore interactions, but was notably absent for herbivore–herbivore
interactions (Kaplan and Denno 2007). Because BG–AG interactions between
herbivores and pathogens partially involve the same signaling pathways and may
have comparable effects on the shared host plant, we expect symmetry in the
strength of the effect to be absent for pathogen–herbivore interactions too. However,
we note that the different metrics of herbivore and pathogen performance makes a
quantitative comparison more difﬁcult.
Most studies investigate unidirectional effects. While this is logical for studies
where the ﬁrst attacker is gone before the arrival of the second attacker, it seems
more surprising for cases where attack by the herbivore and pathogen (partly)
overlap.

7.5.5

Are There AG–BG–AG or BG–AG–BG Feedbacks?

Prediction Feedbacks are—within the context of BG–AG interactions among
pathogens and herbivores—terra incognita. It would be fascinating to explore
whether, for example, an early-season root herbivore can affect a foliar pathogen
later in the season, which in turn affects BG herbivory.
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What Is the Role of the Abiotic and Biotic Environment
in Mediating BG–AG Interactions Among Pathogens
and Herbivores? Can We Predict the Impact of Climate
Change?

Prediction There are several studies showing that not only the strength, but also the
sign, of species interactions can change with the abiotic or biotic environment
(Chamberlain et al. 2014). This may be due to the fact that the hormonal signaling
pathways involved in responses to herbivores and pathogens such as SA, JA, or even
ET are often also involved in, and show cross-talk with hormones involved in
responses to abiotic stresses such as ABA (Pieterse et al. 2012). As such, we predict
that BG–AG interactions among pathogens and herbivores are variable in space and
time. However, we feel it is too early to postulate in what context, and what way, the
environment matters. It would be interesting to explore the relative importance of the
abiotic environment and the biotic environment (and their interactions) on crosscompartment plant–pathogen–herbivore interactions. While it is to be expected that
BG–AG plant–pathogen–herbivore interactions will be modiﬁed by climate change,
we have no explicit predictions for what may happen.

7.5.7

What Are the Evolutionary Consequences of BG–AG
Interactions Among Herbivores and Pathogens?

The outcome of BG–AG interactions among pathogens and herbivores may be
affected by genetic variation within both the plant, pathogen, and herbivore (Biere
and Tack 2013). However, few studies on pathogen–herbivore interactions have
used multiple genotypes. McCarville et al. (2012) used six cultivars of soybean
Glycine max that varied in their resistance to the soybean cyst nematode Heterodera
glycines and showed that the interaction between the AG herbivore Aphis glycines
and the BG pathogen Cadophora gregata varied between resistant vs. sensitive
cultivars.
The non-additivity of single and dual attack on plant performance may affect
selection on plant resistance (Biere and Tack 2013). As a hypothetical example, the
negative impact of a common BG plant pathogen on plant performance may turn
neutral, or even positive, in the presence of an AG herbivore. If so, the plant would
not undergo selection for increased resistance to the pathogen in the presence of the
AG herbivore. Moreover, negative effects of herbivore and pathogen attack on plant
performance may be offset by beneﬁcial indirect effects on other community members. However, in a study on the effects of root herbivory on the associated
community of cucumber, Barber et al. (2015) showed that direct negative interactions on plant ﬁtness were more important than indirect interactions with other
community members: direct damage inﬂicted by a root herbivore was not
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compensated by indirect effects on mycorrhizal colonization, pollination, or foliar
infection rates. The impact of single and dual attack by pathogens and herbivores on
the evolution of plant resistance and tolerance would be an interesting research
direction.
Likewise, BG–AG interactions among herbivores and pathogens may affect
selection on both the pathogen and the herbivore (Biere and Tack 2013). As an
empirical example, the selection pressure exerted by the presence of root-feeding
nematodes on the common bean Phaseolus vulgaris resulted in spider mites
(Tetranychus urticae) adapted to perform better on nematode-infected than
nematode-free plants within the time span of ten mite generations (Bonte et al.
2010). As another example of soil-mediated selection, the perennial herb Plantago
lanceolata showed higher resistance against its specialist powdery mildew
Podosphaera plantaginis when growing in association with its local soil biota
(Mursinoff and Tack 2017).

References
Agrawal AA, Fishbein M (2006) Plant defense syndromes. Ecology 87:S132–S149
Agrios GN (2005) Plant pathology, 5th edn. Elsevier Academic, Amsterdam
Alexander SA, Skelly JM, Webb RS (1981) Effects of Heterobasidion annosum on radial growth in
Southern pine beetle-infested loblolly pine. Phytopathology 71:479–481
Ali JG, Agrawal AA (2012) Specialist versus generalist insect herbivores and plant defense.
Trends Plant Sci 17:293–302. https://doi.org/10.1016/j.tplants.2012.02.006
Barber NA, Milano NJ, Kiers ET et al (2015) Root herbivory indirectly affects above- and belowground community members and directly reduces plant performance. J Ecol 103:1509–1518.
https://doi.org/10.1111/1365-2745.12464
Barton KE, Koricheva J (2010) The ontogeny of plant defense and herbivory: characterizing general
patterns using meta-analysis. Am Nat 175:481–493. https://doi.org/10.1086/650722
Bennett AE, Macrae AM, Moore BD et al (2013) Early root herbivory impairs arbuscular mycorrhizal fungal colonization and shifts defence allocation in establishing Plantago lanceolata.
PLoS One 8:e66053. https://doi.org/10.1371/journal.pone.0066053
Bernays EA (ed) (1994) Insect-plant interactions. CRC Press, Boca Raton
Bezemer TM, van Dam NM (2005) Linking aboveground and belowg ground interactions via
induced plant defenses. Trends Ecol Evol 20(11):617–624
Bezemer TM, De Deyn GB, Bossinga TM et al (2005) Soil community composition drives
aboveground plant-herbivore-parasitoid interactions: plant-herbivore-parasitoid interactions.
Ecol Lett 8:652–661. https://doi.org/10.1111/j.1461-0248.2005.00762.x
Bezemer TM, van der Putten WH, Martens H et al (2013) Above- and below-ground herbivory
effects on below-ground plant-fungus interactions and plant-soil feedback responses. J Ecol
101:325–333. https://doi.org/10.1111/1365-2745.12045
Biere A, Goverse A (2016) Plant-mediated systemic interactions between pathogens, parasitic nematodes, and herbivores above- and belowground. Annu Rev Phytopathol 54:
499–527. https://doi.org/10.1146/annurev-phyto-080615-100245
Biere A, Tack AJM (2013) Evolutionary adaptation in three-way interactions between plants,
microbes and arthropods. Funct Ecol 27:646–660. https://doi.org/10.1111/1365-2435.12096
Blodgett JT, Eyles A, Bonello P (2007) Organ-dependent induction of systemic resistance and
systemic susceptibility in Pinus nigra inoculated with Sphaeropsis sapinea and Diplodia scrobiculata. Tree Physiol 27:511–517. https://doi.org/10.1093/treephys/27.4.511

170

B. Castagneyrol et al.

Boege K, Marquis RJ (2005) Facing herbivory as you grow up: the ontogeny of resistance in plants.
Trends Ecol Evol 20:441–448. https://doi.org/10.1016/j.tree.2005.05.001
Bonte D, Roissart AD, Vandegehuchte ML et al (2010) Local adaptation of aboveground herbivores towards plant phenotypes induced by soil biota. PLoS One 5:e11174. https://doi.org/10.
1371/journal.pone.0011174
Burrill EA, Worrall JJ, Wargo PM et al (1999) Effects of defoliation and cutting in eastern oak
forests on Armillaria spp. and a competitor, Megacollybia platyphylla. Can J For Res 29:
347–355. https://doi.org/10.1139/x99-001
Cardoza YJ, Lait CG, Schmelz EA et al (2003) Fungus-induced biochemical changes in
peanut plants and their effect on development of beet armyworm, Spodoptera exigua Hübner
(Lepidoptera: Noctuidae) larvae. Environ Entomol 32:220–228
Chamberlain SA, Bronstein JL, Rudgers JA (2014) How context dependent are species interactions? Ecol Lett 17:881–890. https://doi.org/10.1111/ele.12279
Cipollini ML, Paulk E, Cipollini DF (2002) Effect of nitrogen and water treatment on leaf chemistry
in horsenettle (Solanum carolinense), and relationship to herbivory by ﬂea beetles (Epitrix spp.)
and tobacco hornworm (Manduca sexta). J Chem Ecol 28:2377–2398
Currie AF, Murray PJ, Gange AC (2006) Root herbivory by Tipula paludosa larvae increases
colonization of Agrostis capillaris by arbuscular mycorrhizal fungi. Soil BiolBiochem 38:
1994–1997. https://doi.org/10.1016/j.soilbio.2005.11.015
Damicone JP, Manning WJ (1987) Inﬂuence of management practices on severity of stem and
crown rot, incidence of Asparagus miner, and yield of Asparagus grown from transplants.
Plant Dis 71(1):81–84
Damicone JP, Manning WJ, Ferro DN (1987) Inﬂuence of management practices on severity of
stem and crown rot, incidence of asparagus miner, and yield of asparagus grown from transplants. Plant Dis 71:81–84
Dawson RF (1941) The localization of nicotine synthetic mechanism in the tobacco plant.
Science 94:396–397. https://doi.org/10.1126/science.94.2443.396
De Roissart A, de la Peña E, Van Oyen L et al (2013) The presence of root-feeding nematodes – Not
AMF – affects an herbivore dispersal strategy. Acta Oecol 52:38–44. https://doi.org/10.1016/j.
actao.2013.07.005
Denno RF, McClure MS, Ott JR (1995) Interspeciﬁc interactions in phytophagous insects: competition reexamined and resurrected. Annu Rev Entomol 40:297–331. https://doi.org/10.1146/
annurev.en.40.010195.001501
Erb M, Flors V, Karlen D et al (2009) Signal signature of aboveground-induced resistance upon
belowground herbivory in maize. Plant J 59:292–302. https://doi.org/10.1111/j.1365-313X.
2009.03868.x
Erb M, Köllner TG, Degenhardt J et al (2011) The role of abscisic acid and water stress in root
herbivore-induced leaf resistance. New Phytol 189:308–320. https://doi.org/10.1111/j.14698137.2010.03450.x
Erb M, Ton J, Degenhardt J et al (2008) Interactions between arthropod-induced aboveground and
belowground defenses in plants. Plant Physiol 146:867–874. https://doi.org/10.1104/pp.107.
112169
Fernandez-Conradi P, Jactel H, Robin C et al (2018) Fungi reduce preference and performance of
insect herbivores on challenged plants. Ecology 99:300–311
Gange A (2000) Arbuscular mycorrhizal fungi, Collembola and plant growth. Trends Ecol Evol 15:
369–372. https://doi.org/10.1016/S0169-5347(00)01940-6
Gange AC (2001) Species-speciﬁc responses of a root- and shoot-feeding insect to arbuscular mycorrhizal colonization of its host plant. New Phytol 150:611–618. https://doi.org/10.1046/j.14698137.2001.00137.x
Gange AC, Brown VK (1989) Effects of root herbivory by an insect on a foliar-feeding species,
mediated through changes in the host plant. Oecologia 81:38–42
Gehring C, Bennett A (2009) Mycorrhizal fungal-plant-insect interactions: the importance of a
community approach. Environ Entomol 38:93–102. https://doi.org/10.1603/022.038.0111

7 Belowground–Aboveground Interactions Between Pathogens and Herbivores

171

Godfrey LD, Yeargan KV (1987) Effects and interactions of early season pests on alfalfa yield in
Kentucky. J Econ Entomol 80:248–256
Godfrey LD, Yeargan KV (1989) Effects of clover root curculio, alfalfa weevil (Coleoptera:
Curculionidae), and soil-borne fungi on alfalfa stand density and longevity in Kentucky.
J Econ Entomol 82:1749–1756
Gutbrodt B, Mody K, Dorn S (2011) Drought changes plant chemistry and causes contrasting
responses in lepidopteran herbivores. Oikos 120:1732–1740. https://doi.org/10.1111/j.16000706.2011.19558.x
Hamilton EW, Frank DA, Hinchey PM et al (2008) Defoliation induces root exudation and triggers
positive rhizospheric feedbacks in a temperate grassland. Soil Biol Biochem 40: 2865–2873.
https://doi.org/10.1016/j.soilbio.2008.08.007
Hantsch L, Bien S, Radatz S et al (2014) Tree diversity and the role of non-host neighbour tree
species in reducing fungal pathogen infestation. J Ecol 102:1673–1687. https://doi.org/10.1111/
1365-2745.12317
Hatcher PE (1995) Three-way interactions between plant-pathogenic fungi, herbivorous insects and
their host plants. Biol Rev 70:639–694. https://doi.org/10.1111/j.1469-185X.1995.tb01655.x
Hauser TP, Christensen S, Heimes C et al (2013) Combined effects of arthropod herbivores and
phytopathogens on plant performance. Funct Ecol 27:623–632. https://doi.org/10.1111/13652435.12053
Heath KD, Lau JA (2011) Herbivores alter the ﬁtness beneﬁts of a plant–rhizobium mutualism.
Acta Oecol 37:87–92. https://doi.org/10.1016/j.actao.2010.12.002
Hong SC, MacGuidwin A, Gratton C (2011) Soybean aphid and soybean cyst nematode interactions in the ﬁeld and effects on soybean yield. J Econ Entomol 104:1568–1574. https://doi.org/
10.1603/EC11084
Huberty AF, Denno RF (2004) Plant water stress and its consequences for herbivorous insects:
a new synthesis. Ecology 85:1383–1398. https://doi.org/10.1890/03-0352
Hunter WB, Backus EA (1989) Mesophyll-feeding by the potato leafhopper, Empoasca fabae
(Homoptera: Cicadellidae): results from electronic monitoring and thin-layer chromatography.
Environ Entomol 18:465–472. https://doi.org/10.1093/ee/18.3.465
Jaber LR, Vidal S (2010) Fungal endophyte negative effects on herbivory are enhanced on intact
plants and maintained in a subsequent generation. Ecol Entomol 35:25–36. https://doi.org/10.
1111/j.1365-2311.2009.01152.x
Jactel H, Petit J, Desprez-Loustau M-L et al (2012) Drought effects on damage by forest insects and
pathogens: a meta-analysis. Glob Chang Biol 18:267–276. https://doi.org/10.1111/j.1365-2486.
2011.02512.x
Johnson SN, Clark KE, Hartley SE et al (2012) Aboveground–belowground herbivore interactions:
a meta-analysis. Ecology 93:2208–2215. https://doi.org/10.1890/11-2272.1
Johnson SN, Rasmann S (2015) Root-feeding insects and their interactions with organisms in the
rhizosphere. Annu Rev Entomol 60:517–535. https://doi.org/10.1146/annurev-ento-010814020608
Kammerhofer N, Egger B, Dobrev P et al (2015) Systemic above- and belowground cross talk:
hormone-based responses triggered by Heterodera schachtii and shoot herbivores in
Arabidopsis thaliana. J Exp Bot 66:7005–7017. https://doi.org/10.1093/jxb/erv398
Kaplan I, Denno RF (2007) Interspeciﬁc interactions in phytophagous insects revisited: a quantitative assessment of competition theory. Ecol Lett 10:977–994. https://doi.org/10.1111/j.14610248.2007.01093.x
Kaplan I, Halitschke R, Kessler A et al (2008) Constitutive and induced defenses to herbivory in
above- and belowground plant tissues. Ecology 89:392–406. https://doi.org/10.1890/07-0471.1
Kemen E (2014) Microbe–microbe interactions determine oomycete and fungal host colonization.
Curr Opin Plant Biol 20:75–81. https://doi.org/10.1016/j.pbi.2014.04.005
Koricheva J, Gange AC, Jones T (2009) Effects of mycorrhizal fungi on insect herbivores: a metaanalysis. Ecology 90:2088–2097. https://doi.org/10.1890/08-1555.1

172

B. Castagneyrol et al.

Kostenko O, van de Voorde TFJ, Mulder PPJ et al (2012) Legacy effects of abovegroundbelowground interactions. Ecol Lett 15:813–821. https://doi.org/10.1111/j.1461-0248.2012.
01801.x
Kutyniok M, Müller C (2013) Plant-mediated interactions between shoot-feeding aphids and rootfeeding nematodes depend on nitrate fertilization. Oecologia 173: 1367–1377. https://doi.org/
10.1007/s00442-013-2712-x
Kutyniok M, Persicke M, Müller C (2014) Effects of root herbivory by nematodes on the
performance and preference of a leaf-infesting generalist aphid depend on nitrate fertilization.
J Chem Ecol 40:118–127. https://doi.org/10.1007/s10886-014-0387-3
Landgraf R, Schaarschmidt S, Hause B (2012) Repeated leaf wounding alters the colonization of
Medicago truncatula roots by beneﬁcial and pathogenic microorganisms: effects of leaf
wounding on root colonization. Plant Cell Environ 35:1344–1357. https://doi.org/10.1111/j.
1365-3040.2012.02495.x
Lazebnik J, Frago E, Dicke M et al (2014) Phytohormone mediation of interactions between
herbivores and plant pathogens. J Chem Ecol 40:730–741. https://doi.org/10.1007/s10886014-0480-7
Leath KT, Byers RA (1977) Interaction of Fusarium root rot with pea aphid and potato leafhopper
feeding on forage legumes. Phytopathology 67:226–229
Lee B, Lee S, Ryu C-M (2012) Foliar aphid feeding recruits rhizosphere bacteria and primes plant
immunity against pathogenic and non-pathogenic bacteria in pepper. Ann Bot 110:281–290.
https://doi.org/10.1093/aob/mcs055
Li Y, Stam JM, Poelman EH et al (2016) Community structure and abundance of insects in response
to early-season aphid infestation in wild cabbage populations. Ecol Entomol 41:378–388.
https://doi.org/10.1111/een.12308
Lucas WJ, Groover A, Lichtenberger R et al (2013) The plant vascular system: evolution, development and functions. J Integr Plant Biol 55:294–388. https://doi.org/10.1111/jipb.12041
Marçais B, Bréda N (2006) Role of an opportunistic pathogen in the decline of stressed oak trees.
J Ecol 94:1214–1223. https://doi.org/10.1111/j.1365-2745.2006.01173.x
Marçais B, Caël O, Delatour C (2011) Interaction between root rot basidiomycetes and Phytophthora species on pedunculate oak. Plant Pathol 60:296–303. https://doi.org/10.1111/j.13653059.2010.02378.x
Martinez-Medina A, Flors V, Heil M et al (2016) Recognizing plant defense priming. Trends Plant
Sci 21:818–822. https://doi.org/10.1016/j.tplants.2016.07.009978-0-471-33145-2
Maurel M, Robin C, Simonneau T et al (2004) Stomatal conductance and root-to-shoot signalling in
chestnut saplings exposed to Phytophthora cinnamomi or partial soil drying. Funct Plant Biol
31:41–51
McCarville MT, O’Neal M, Tylka GL et al (2012) A nematode, fungus, and aphid interact via a
shared host plant: implications for soybean management: interactions among a nematode,
fungus, and aphid. Entomol Exp Appl 143:55–66. https://doi.org/10.1111/j.1570-7458.2012.
01227.x
McNee WR, Bonello P, Storer AJ et al (2003) Feeding response of Ips paraconfusus to phloem and
phloem metabolites of Heterobasidion annosum–inoculated ponderosa pine, Pinus ponderosa.
J Chem Ecol 29:1183–1202
Menjivar RD, Cabrera JA, Kranz J et al (2012) Induction of metabolite organic compounds by
mutualistic endophytic fungi to reduce the greenhouse whiteﬂy Trialeurodes vaporariorum
(Westwood) infection on tomato. Plant and Soil 352:233–241. https://doi.org/10.1007/s11104011-0991-8
Milanović S, Lazarević J, Karadžić D et al (2015) Belowground infections of the invasive
Phytophthora plurivora pathogen enhance the suitability of red oak leaves to the generalist
herbivore Lymantria dispar: Phytophthora infections beneﬁt Lymantria dispar. Ecol Entomol
40:479–482. https://doi.org/10.1111/een.12193

7 Belowground–Aboveground Interactions Between Pathogens and Herbivores

173

Mouttet R, Kaplan I, Bearez P et al (2013) Spatiotemporal patterns of induced resistance and
susceptibility linking diverse plant parasites. Oecologia 173:1379–1386. https://doi.org/10.
1007/s00442-013-2716-6
Mursinoff S, Tack AJM (2017) Spatial variation in soil biota mediates plant adaptation to a
foliar pathogen. New Phytol 214:644–654. https://doi.org/10.1111/nph.14402
Nguyen D, Castagneyrol B, Bruelheide H et al (2016) Fungal disease incidence along tree diversity
gradients depends on latitude in European forests. Ecol Evol 6:2426–2438. https://doi.org/10.
1002/ece3.2056
Orians CM, Thorn A, Gómez S (2011) Herbivore-induced resource sequestration in plants:
why bother? Oecologia 167(1). https://doi.org/10.1007/s00442-011-1968-2
Pieterse CMJ, Van der Does D, Zamioudis C et al (2012) Hormonal modulation of plant immunity.
Annu Rev Cell Dev Biol 28:489–521. https://doi.org/10.1146/annurev-cellbio-092910-154055
Prime-A-Plant Group, Conrath U, Beckers GJM et al (2006) Priming: getting ready for battle.
Mol Plant Microbe Interact 19:1062–1071. https://doi.org/10.1094/MPMI-19-1062
Rasmann S, Köllner TG, Degenhardt J et al (2005) Recruitment of entomopathogenic nematodes by
insect-damaged maize roots. Nature 434:732–737. https://doi.org/10.1038/nature03451
Saravesi K, Aikio S, Wäli PR et al (2015) Moth outbreaks alter root-associated fungal communities
in subarctic mountain birch forests. Microb Ecol 69:788–797. https://doi.org/10.1007/s00248015-0577-8
Soler R, Bezemer TM, Van Der Putten WH et al (2005) Root herbivore effects on above-ground
herbivore, parasitoid and hyperparasitoid performance via changes in plant quality. J Anim Ecol
74:1121–1130. https://doi.org/10.1111/j.1365-2656.2005.01006.x
Soler R, Harvey JA, Kamp AFD et al (2007) Root herbivores inﬂuence the behaviour of an aboveground parasitoid through changes in plant-volatile signals. Oikos 116:367–376. https://doi.org/
10.1111/j.0030-1299.2007.15501.x
Song GC, Lee S, Hong J et al (2015) Aboveground insect infestation attenuates belowground
Agrobacterium- mediated genetic transformation. New Phytol 207:148–158. https://doi.org/10.
1111/nph.13324
Spoel SH, Johnson JS, Dong X (2007) Regulation of tradeoffs between plant defenses against
pathogens with different lifestyles. Proc Natl Acad Sci USA 104:18842–18847. https://doi.org/
10.1073/pnas.0708139104
Stam JM, Kroes A, Li Y et al (2014) Plant interactions with multiple insect herbivores: from
community to genes. Annu Rev Plant Biol 65:689–713. https://doi.org/10.1146/annurevarplant-050213-035937
Strong DR, Whipple AV, Child AL et al (1999) Model selection for a subterranean trophic cascade:
root-feeding caterpillars and entomopathogenic nematodes. Ecology 80:2750–2761
Tack AJM, Dicke M (2013) Plant pathogens structure arthropod communities across multiple
spatial and temporal scales. Funct Ecol 27:633–645. https://doi.org/10.1111/1365-2435.12087
Tack AJM, Gripenberg S, Roslin T (2012) Cross-kingdom interactions matter: fungal-mediated
interactions structure an insect community on oak: fungus-plant-insect interactions. Ecol Lett
15:177–185. https://doi.org/10.1111/j.1461-0248.2011.01724.x
Thaler JS, Humphrey PT, Whiteman NK (2012) Evolution of jasmonate and salicylate signal crosstalk. Trends Plant Sci 17:260–270. https://doi.org/10.1016/j.tplants.2012.02.010
Underwood N (2010) Density dependence in insect performance within individual plants: induced
resistance to Spodoptera exigua in tomato. Oikos 119:1993–1999. https://doi.org/10.1111/j.
1600-0706.2010.18578.x
Vacher C, Hampe A, Porté AJ et al (2016) The phyllosphere: microbial jungle at the plant–climate
interface. Annu Rev Ecol Syst 47:1–24. https://doi.org/10.1146/annurev-ecolsys-121415032238
van Dam NM, Heil M (2011) Multitrophic interactions below and above ground: en route to the
next level: below-ground-above-ground interactions. J Ecol 99:77–88. https://doi.org/10.1111/j.
1365-2745.2010.01761.x

174

B. Castagneyrol et al.

Van Dam NM, Raaijmakers CE, Van Der Putten WH (2005) Root herbivory reduces growth and
survival of the shoot feeding specialist Pieris rapae on Brassica nigra. Entomol Exp Appl
115:161–170. https://doi.org/10.1111/j.1570-7458.2005.00241.x
Van der Putten WH, Vet LE, Harvey JA et al (2001) Linking above-and belowground multitrophic
interactions of plants, herbivores, pathogens, and their antagonists. Trends Ecol Evol
16:547–554
Van Zandt PA, Agrawal AA (2004) Community-wide impacts of herbivore-induced plant responses in milkweed (Asclepias syriaca). Ecology 85:2616–2629. https://doi.org/10.1890/030622
Wainhouse D (2005) Ecological methods in forest pest management. Oxford University Press,
Oxford
White TCR (1974) A hypothesis to explain outbreaks of looper caterpillars, with special reference
to populations of Selidosema suavis in a plantation of Pinus radiata in New Zealand.
Oecologia 16:279–301
White TCR (2009) Plant vigour versus plant stress: a false dichotomy. Oikos 118:807–808. https://
doi.org/10.1111/j.1600-0706.2009.17495.x
Wondafrash M, Van Dam NM, Tytgat TOG (2013) Plant systemic induced responses mediate
interactions between root parasitic nematodes and aboveground herbivorous insects. Front Plant
Sci 4:87. https://doi.org/10.3389/fpls.2013.00087
Wurst S, van der Putten WH (2007) Root herbivore identity matters in plant-mediated interactions
between root and shoot herbivores. Basic Appl Ecol 8:491–499. https://doi.org/10.1016/j.baae.
2006.09.015
Ximénez-Embún MG, Ortego F, Castañera P (2016) Drought-stressed tomato plants trigger
bottom–up effects on the invasive Tetranychus evansi. PLoS One 11:e0145275. https://doi.
org/10.1371/journal.pone.0145275
Yang JW, Yi H-S, Kim H et al (2011) Whiteﬂy infestation of pepper plants elicits defence responses
against bacterial pathogens in leaves and roots and changes the below-ground microﬂora:
leaf insects reshufﬂe root microﬂora and defences. J Ecol 99:46–56. https://doi.org/10.1111/j.
1365-2745.2010.01756.x
Young RA, Giese RL (eds) (2003) Introduction to forest ecosystem science and management,
3rd edn. Wiley, Hoboken

