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Foreword

For long, community ecologists have considered the world from either an above-
ground or a belowground perspective. During most of the twentieth century, above-
ground and belowground studies had their own specific research questions while
apparently ignoring conceptual developments and approaches in the neighboring
subsystem. Certain aspects have been almost exclusively studied in one of the two
subsystems. For example, evolutionary studies and multi-trophic interactions have
been studied mostly aboveground, whereas belowground studies have been strongly
focused on decomposition, mutualistic symbionts, and determining flows and fluxes
of carbon and nutrients through feeding guilds in soil food webs. Already in 1960,
the Green World Hypothesis by Hairston, Smith, and Slobodkin included both
aboveground and belowground components, and in the end of the 1980s, Valerie
Brown, Alan Gange, and coworkers showed how belowground and aboveground
insecticides had differential effects on secondary succession in restored grasslands.
At the same time, research on plant—soil feedback interactions generated interest in
unraveling the contribution of belowground biota to plant community dynamics and
ecosystem development.

Then came the turn of the millennium and work on aboveground-belowground
interactions took off, first mainly driven by soil ecologists and soon joined in by
plant ecologists and entomologists. First studies involved relatively simple experi-
ments with plants, insects aboveground, and insects belowground, soon expanding
complexity with numbers of insect species, types of functional groups, and also other
taxa, such as nematodes, mycorrhizal fungi, and, later, plant pathogens. Most of
these studies were undertaken first by ecologists, followed by molecular biologists
using their model species to unravel how signal transduction pathways and other
molecular mechanisms make aboveground and belowground biota interact. Agron-
omists stepped in relatively late, so that many of the aboveground—belowground
interactions still remain to be tested under farmers’ field conditions. Most likely,
interest will grow and the concept of plant phytobiomes, which has been success-
fully coined by phytopathologists, may further boost the application of
aboveground-belowground interactions in production ecosystems.



vi Foreword

The current multi-authored book, edited by Takayuki Ohgushi, Susanne Wurst,
and Scott Johnson, combines a great variety of highly interesting chapters on aspects
of aboveground-belowground interactions, from plant—soil feedbacks to ecological,
evolutionary, and theoretical aspects of interactions between plants, aboveground
and belowground herbivores, pathogens, mutualistic symbionts, and decomposers.
This is a very timely overview of current approaches of aboveground-belowground
ecology that will stimulate both ecologists to consider these interactions in their own
studies, as well as that it will promote application in crop protection in both agri- and
horticulture, as well as in grassland management. The book also provides interesting
study material to students, thereby stimulating integral thinking about biodiversity
conservation, eco-evolutionary dynamics, and sustainable food and feed production.

Netherlands Institute of Ecology Wim H. van der Putten
Wageningen, The Netherlands
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Chapter 1 ®)
Linking Aboveground-Belowground s
Ecology: A Short Historical Perspective

Richard D. Bardgett

1.1 Introduction

The last few decades have seen an explosion of interest in the topic of aboveground—
belowground interactions, to the point that it is now a major theme in terrestrial
ecology. It is now well established that linkages between aboveground and below-
ground communities play a fundamental role in regulating the structure and function
of terrestrial ecosystems, as well as their response to human-induced global change.
Also, the role of aboveground—belowground interactions as drivers of ecosystem
services is gaining much attention, as is the potential to harness this new under-
standing to address major global challenges, such as sustainable food production,
land restoration, and mitigation of climate change. Put simply, aboveground—below-
ground ecology is now a central theme in community and ecosystem ecology and
has an important role to play in addressing many of the major environmental chal-
lenges that face our planet.

So, how did the topic of aboveground-belowground ecology emerge to be a
major theme in ecology? This is what this chapter is about, in that I explore the
historical developments of this topic, spanning some 30 years, and how the topic
rose in prominence within community and ecosystem ecology. It is in no way an
exhaustive overview; I have missed many key papers, as I simply cannot include
them all. But it is more a personal perspective on how the topic has developed over
the last three decades and of some of the challenges that lie ahead. First, I consider
how the two historically distinct fields of aboveground and belowground ecology
initially came together during the late 1980s and 1990s. Second, I consider some key
developments that served to take the field forward during first decade of the twenty
first century. And third I explore more recent developments, especially in the context

R. D. Bardgett (b<)
School of Earth and Environmental Sciences, The University of Manchester, Manchester, UK
e-mail: richard.bardgett@manchester.ac.uk
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of the role of aboveground-belowground interactions as drivers of ecosystem
responses to global change. Finally, I wrap up with a few thoughts on what the
future holds and the challenges that lie ahead for aboveground and belowground
community ecology.

1.2 The Merging of Aboveground-Belowground Ecology

Historically, the disciplines of aboveground and belowground (soil) ecology have
largely been considered independently of each other. There are of course notable
exceptions to this. For example, the classic work of the Danish forester P.E. Miiller
in the late 1800s demonstrated the powerful influence that plants can have on soils
and their associated animal communities, forming contrasting mull and mor soils
(Miiller 1884). And around the same time, the Russian soil scientist Vasily
Dokuchaev recognized vegetation to be one of the main soil-forming factors,
along with geology, climate, topography, and time (Dokuchaev 1883). Nevertheless,
it is fair to say that these two realms of ecology have traditionally been studied apart,
and it wasn’t until the 1980s and early 1990s when ecologists began to link the two
together in experimental studies. From a belowground perspective, for example, it
was in the late 1980s and early 1990s when soil ecologists first started to carry out
manipulative experiments to explore the role of belowground trophic interactions in
regulating aboveground properties, including plant nutrient supply (Ingham et al.
1985; Setild and Huhta 1991), plant community dynamics (Brown and Gange 1989;
Gange and Brown 1989), and non-nutritional effects on plant growth via animal
grazing affecting bacterial production of plant growth-promoting hormones
(Jentschke et al. 1995; Alphei et al. 1996). And while it has long been known that
plants form symbiotic relationships with soil-borne microorganisms, a wave of new
experimental studies began to demonstrate the importance of mycorrhizal fungi
(Grime et al. 1987; Allen and Allen 1990; Gange et al. 1993; Newsham et al.
1995) and nitrogen fixing symbionts (Vitousek and Walker 1989; OIff et al. 1993;
Chapin et al. 1994) for plant community dynamics and ecosystem processes.
Further, around this time, the first attempts to incorporate information on soil food
webs into ecosystem models of carbon and nutrient cycling were made (Hunt et al.
1987; Moore and Hunt 1988).

Spurred by growing interest in the role of species as drivers of ecosystem
processes (Lawton 1994; Jones and Lawton 1995), ecologists also began to focus
their attention on the issue of biodiversity—function relationships (Naeem et al. 1994;
Tilman et al. 1996). Most of these studies focussed on aboveground processes,
especially primary productivity, but a small group of ecologists also began to look
belowground, testing how plant diversity and composition (including litter) influ-
ences soil organisms and processes, such as decomposition and nutrient cycling
(e.g., Hooper and Vitousek 1998; Bardgett and Shine 1999; Wardle et al. 1997,
1999). Studies also explored how diversity of soil biota influences plant diversity
(Van der Heijden et al. 1998) and how multi-trophic interactions in soil influence
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plant nutrient acquisition and growth (Bardgett and Chan 1999; Laakso and Setild
1999). There was also growing interest in the role of plant litter quality as driver of
ecosystem processes (Cadisch and Giller 1997). It was well known that litter
decomposition rates depend on physicochemical properties of leaves (Swift et al.
1979), but a key development was placing this understanding in the context of plant
functional classification. In particular, comparative studies revealed that variation in
litter decomposition rates across species could be explained on the basis of plant
functional traits related to resource acquisition strategy (Cornelissen 1996;
Cornelissen and Thompson 1997; Wardle et al. 1998), which also served to put a
focus on the importance of plant traits as drivers of ecosystem processes.

Ecologists also began to explore aboveground-belowground interactions from a
multi-trophic perspective. Early studies showed that aboveground insect herbivory
could have indirect consequences for belowground organisms and vice versa (Brown
and Gange 1989; Masters and Brown 1992), and that foliar herbivory could stimu-
late soil microbes due to enhanced root carbon flux to soil (Holland et al. 1996;
Mawdsley and Bardgett 1997), but, in general, reduce root colonization by
arbuscular mycorrhizal fungi (Gehring and Whitham 1994). Studies also showed
that aboveground herbivores indirectly affect belowground processes through selec-
tive foraging, which increases the dominance of less nutritious species that produce
low quality litter, thereby reducing rates of nutrient cycling (Pastor et al. 1993;
Ritchie et al. 1998), or induces the production of secondary metabolites in foliage
which reduce litter quality and decomposability (Rhoades 1985; Findlay et al. 1996).
These studies not only served to increase recognition of the importance of herbivores
as mediators of aboveground-belowground interactions (Masters et al. 1993;
Bardgett et al. 1998), but also they stimulated a new generation of research on
multi-trophic linkages between aboveground and belowground food webs.

The last major development of this time that I want to highlight concerns the
concept of plant—soil feedback, which is now commonplace in the ecological
literature as a determinant of vegetation dynamics. The general idea of plant—soil
feedback is that a given plant species or genotype may increase (positive feedback)
or decrease (negative feedback) its growth rate relative to other plants via its impact
on the soil community (Bever 1994). Agriculturalists had long known about the
importance of negative feedback, in that repeated cropping of a particular crop leads
to the accumulation of specific soil-borne pathogens, which cause declines in crop
yield; such knowledge formed the basis of crop rotation. It was also known that there
is a high degree of specificity between plant species and soil organisms, including
mycorrhizal fungi (Smith and Read 1997; van der Heijden et al. 1998) and root
pathogens and herbivores (Yeates 1979), and that this can affect plant—plant inter-
actions (Turkington et al. 1988; Chanway et al. 1989). But the importance of plant—
soil feedback for vegetation dynamics in natural systems hadn’t been explicitly
considered. Two notable studies redressed this. The first, by van der Putten et al.
(1993), showed in dune systems that the accumulation of soil-borne pathogens under
the pioneer plant species Ammophila arenaria caused a decline in its growth and
enhancement of the coexisting grass species, Festuca rubra, thereby accelerating
vegetation succession. The second, by Bever (1994), showed that “culturing” of the
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soil community by some old-field plants had negative effects specific to that species,
thereby potentially affecting local spatial patterns of vegetation in grassland.

1.3 The Rise of Aboveground-Belowground Ecology

With the new millennium came a period of rapid development for aboveground—
belowground ecology, fueled by an abundance of conceptual reviews and books on
the topic (Wolters et al. 2000; Mikola et al. 2002; Scheu and Setild. 2002; Wardle
2002; Bardgett and Wardle 2003; Wardle et al. 2004a; De Deyn and van der Putten
2005; Bardgett 2005; Bardgett et al. 2005; Bezemer and van Dam 2005). A number
of research themes emerged, which were placed into three broad, but complemen-
tary, categories by Bardgett and Wardle (2010). The first involved aboveground—
belowground interactions at the local scales and their consequences for plant—plant
interactions and ecosystem processes; the second involved the characterization of
aboveground—-belowground interactions over space and time, including contrasting
ecosystems; and the third involved aboveground-belowground interactions in rela-
tion to human-induced global change phenomena, especially climate change.
Regarding the local scale, a key development of this decade was embedding the
concept of plant—soil feedback as a driver of plant community dynamics, including
plant species replacement (Packer and Clay 2000; De Deyn et al. 2003; Kardol et al.
2006), plant species invasion (Klironomos 2002; Reinhart et al. 2005; Callaway et al.
2004), and plant range expansion under global change (Engelkes et al. 2008). While
most studies from this time point to the occurrence of negative feedbacks due to
species-specific accumulation of soil-borne antagonists (Kulmatiski et al. 2008), some
also showed that positive feedback occurs, for example when a given plant species
benefits from interactions with mycorrhizal fungi (Klironomos 2002). Such positive
feedbacks were also shown to result from “home-field advantage,” when a plant
species selects for decomposer communities that preferentially breakdown and min-
eralize nutrients from their own litter versus that of another plant species (Vivanco and
Austin 2008; Ayres et al. 2009), or when litter chemistry of a given plant species
influences nitrogen cycling to maximize nitrogen acquisition by its mycorrhizal roots,
while hindering nitrogen uptake by roots of co-occurring plants (Wurzburger and
Hendrick 2009). Studies also demonstrated that invasive plant species can modify
belowground properties in ways that promote their growth, for instance by producing
high quality litter which decomposes rapidly and accelerates rates of nutrient cycling
(Kourtev et al. 2002) as well as through escape from specialist soil-borne pathogens
(Blumenthal et al. 2009). Research also revealed new mechanisms by which changes
in the diversity and composition of soil animal and microbial communities influence
ecosystem processes and plant growth (Bradford et al. 2002; Heemsbergen et al. 2004;
Setéld and McLean 2004), and how plant species effects on belowground communities
influence species coexistence. For instance, studies demonstrated that certain plants
produce litter rich in soluble polyphenols, which alters microbial nitrogen
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mineralization dynamics and reduces nitrogen availability to coexisting plants (e.g.,
Bowman et al. 2004; Meier et al. 2008).

Another development during this period was the recognition that aboveground—
belowground interactions operate over a hierarchy of temporal scales, with differing
consequences for ecosystem structure and function (Bardgett et al. 2005). For
instance, studies using tracer techniques (e.g., '°C labeling) showed that large
quantities of photosynthetic carbon are transferred to root symbionts and other soil
organisms over short timescale of hours to days, with consequences for belowground
communities and the processes they drive (Hogberg et al. 2001; Hogberg and Read
2006; Pollierer et al. 2007). Further, studies showed that such root carbon transfer to
soil microbes was enhanced by aboveground biotic interactions, such as foliar
herbivory, with feedback consequences for plant growth (Hamilton and Frank
2001; Mikola et al. 2001; Ayres et al. 2004). It also became clear that seasonal
cycling of labile N pools relies on intimate, temporal coupling between plants and
microbes and their resource demands (Bardgett et al. 2005), and that resource pulses
(e.g., from animal carcasses) influence aboveground and belowground interactions
over interannual timescales (Yang 2004). Mechanistic advances were also made
concerning the role of aboveground-belowground interactions in vegetation succes-
sion (De Deyn et al. 2003; Kardol et al. 2006) and ecosystem development over
millennial timescales (Wardle et al. 2004b; Peltzer et al. 2010). It also became clear
that aboveground—belowground interactions operate over a hierarchy of spatial
scales (Ettema and Wardle 2002) and are strongly context dependent (Jonsson and
Wardle 2008; Wall et al. 2008), and also that plant traits act as important drivers of
spatial patterns in belowground communities and ecosystem processes at the com-
munity and landscape scale (Porazinska et al. 2003; Wardle and Zackrisson 2005;
Cornwell et al. 2008; Fortunel et al. 2009).

Another key development was the recognition that human-induced global
change, including climate change, nitrogen deposition, and species invasions, have
both direct and indirect effects on the soil biological communities with feedback
consequences for ecosystem processes. Regarding direct effects, literature accumu-
lated showing that warming (Cole et al. 2002; Gange et al. 2007; Bradford et al.
2008) and nitrogen deposition (Frey et al. 2004; Allison et al. 2008; Treseder 2008;
Ramirez et al. 2010) have strong direct impacts on different components of soil
biological communities, as do extreme climate events such as drought and freezing
(Fierer and Schimel 2002; Freeman et al. 2004; Sharma et al. 2006). Regarding
indirect effects, studies also showed impacts of global change (e.g., elevated atmo-
spheric carbon dioxide concentrations, warming, and nitrogen deposition) on below-
ground communities and processes can be indirect, driven by changes in plant
production and vegetation composition, which alter the amount and quality of
organic matter entering soil from roots, symbionts, and aboveground litter (e.g.,
Hu et al. 2001; Heath et al. 2005; Pollierer et al. 2007; Hawkes et al. 2008). Further,
researchers began to tease apart direct and indirect effects of global change drivers
on belowground processes (Manning et al. 2006; Suding et al. 2008) and demon-
strate the potential for multiple global change drivers to have additive or antagonistic
effects on belowground communities and processes (Mikkelsen et al. 2008;
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Tylianakis et al. 2008). It also became evident that there is interplay between global
change and aboveground consumers with impacts on belowground communities and
processes (Van der Wal et al. 2003; Rinnan et al. 2009). These studies, along with
several others, helped to establish the notion that to understand how terrestrial
ecosystems respond to global change requires a combined aboveground-below-
ground approach.

1.4 Consolidation of Aboveground and Belowground
Ecology

The current decade has been a period of consolidation for aboveground and below-
ground ecology. A new generation of studies have focused on resolving the mech-
anisms that underpin interactions between aboveground and belowground
communities. But also studies have sought to explore the importance of these biotic
interactions for community dynamics across spatial and temporal scales and in the
context of global change. With regard to belowground communities and their
aboveground effects, an area that has attracted much recent attention is testing
how soil biodiversity influences ecosystem processes and plant growth (Bardgett
and van der Putten 2014). Past work had shown that diversity effects on soil
processes of nutrient and carbon cycling are highly variable, and that effects of
species loss are greatest at the low end of the diversity spectrum (Nielsen et al. 2011).
But recent studies have gone a step further, showing that the selective loss of certain
groups of organisms from complex soil communities impairs multiple soil functions,
including plant growth (Wagg et al. 2014), and also that rare soil microbes can have
important roles, for instance in plant defense (Hol et al. 2010). Recent studies have
also shown that impacts of changes in soil faunal complexity differ for different
ecosystem processes (Bradford et al. 2014) and that the structure of competitive
networks within belowground communities ultimately determines whether diversity
effects on function are positive or negative (Maynard et al. 2017).

At larger spatial scales, cross-biome studies have also shown that the loss of key
components of decomposer communities have strong, consistent negative effects on
ecosystem processes, especially litter decomposition (Handa et al. 2014). Cross-site
studies have also shown that the structure of soil food webs determines soil processes
of carbon and nutrient cycling across European countries (De Vries et al. 2013), and
that decomposer (microbial) biomass strongly regulates decomposition at regional
scales (Bradford et al. 2017). Ecologists are also increasingly using molecular tools
to interrogate soil communities, with studies showing in situ that key groups of soil
organisms, such as root-associated fungi, play a key role in regulating forest soil
carbon dynamics (Clemmensen et al. 2013), and that soil microbial diversity posi-
tively relates to multifunctionality across broad spatial scales, even when accounting
for effects of climate and soil abiotic factors on ecosystem processes (Delgado-
Baquerizo et al. 2016). The use of molecular tools has also revealed an enormous
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diversity of microorganisms associated with plant roots, which provide a “frontline
defense” for plant roots against attack by soil-borne pathogens through mechanisms
such as the production of metabolites that inhibit competing microbes (e.g., antimi-
crobial compounds and volatile organic compounds) and through modulating the
plant immune system (Mendes et al. 2011; Berendsen et al. 2012). Together, these
studies have not only advanced understanding of the role of complex belowground
communities in regulating ecosystem processes and plant growth, but also they have
shown that they are of importance across spatial scales.

Another area that has seen significant development during the current decade
concerns plant diversity effects on belowground communities and understanding the
mechanisms involved. Studies have shown, for instance, that plant diversity can
predict beta diversity of grassland soil microbial communities worldwide (Prober
et al. 2015), although the diversity of fungi has been shown to be unrelated to plant
diversity at global scales, being related more to latitude and mean annual precipita-
tion (Tedersoo et al. 2014). At local scales, however, plant diversity effects on
belowground communities have been shown to be relatively strong, and in some
cases stronger than effects of global change drivers, such as elevated CO, and
nitrogen deposition (Eisenhauer et al. 2013). Plant diversity effects on belowground
communities have also be shown to operate across trophic levels, cascading from
decomposers and herbivores to carnivores and omnivores (Scherber et al. 2010), and
it is now known that certain microbial groups, especially AM fungi, are more
sensitive to plant species loss than others, such as decomposer fungi and bacteria
(De Deyn et al. 2011). However, it is also evident that effects of species loss on
belowground communities depend strongly on species identity (Leff et al. 2018),
and that subordinate species can have disproportionate effects on belowground
properties and processes (Mariotte et al. 2013). On a related theme, recent studies
have also demonstrated that variation in soil microbial communities and biogeo-
chemical cycles can be explained, in part, by plant functional traits in ways that are
broadly consistent with the leaf economics spectrum (Laughlin 2011; De Vries et al.
2012a; Freschet et al. 2012; Makkonen et al. 2012; Grigulis et al. 2013), although
this is not always the case (Barberan et al. 2015; Leff et al. 2018). And evidence is
growing that root traits, in particular, have important effects on belowground
communities and processes (Moreau et al. 2015; Prieto et al. 2016; Thion et al.
2016; Bardgett 2017), and that mycorrhizal status can predict the nutrient economy
of terrestrial ecosystems (Phillips et al. 2013) and amounts of carbon stored in soil
(Averill et al. 2014) at large spatial scales.

The use of plant trait-based approaches has also extended to the study of plant—
soil feedback, especially root traits that play an important role in determining
whether feedbacks are positive or negative. For instance, Baxendale et al. (2014)
found that plant traits were able to predict plant—soil feedback across a wide range of
grassland species, in that species performed better in soil conditioned by species with
similar traits when grown in a competitive environment. Also, in a study of grass-
lands, plant—soil feedback was shown to correlate positively with arbuscular mycor-
rhizal fungal colonization (Cortois et al. 2016), as is also the case in Australian
shrublands, where plants with ectomycorrhizal fungi displayed positive feedback,
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and nitrogen-fixers and non-mycorrhizal plants displayed negative feedback (Teste
etal. 2017). Also, in a study of a wide range of North American tree populations and
species, Bennett et al. (2017) discovered that plant-soil feedbacks consistently
depend on mycorrhizal type: AM trees experienced negative feedback, whereas
ECM trees displayed positive feedback, which contributed to forest vegetation
dynamics. While recent research shows that plant—soil feedback and cascading
effects on herbivorous insects are explained by plant community composition rather
than plant traits (Heinen et al. 2017), and also that intraspecific genetic diversity
modulates plant—soil feedback and ecosystem function (Semchenko et al. 2017),
these studies shed new light on the mechanisms by which interactions between
aboveground and belowground communities contribute to the dynamics of terrestrial
ecosystems.

Much recent research has also focused on aboveground-belowground interac-
tions and climate change (Blankinship et al. 2011; Bardgett et al. 2013; Classen et al.
2015). Particular features of recent work have been the use of landscape-level
climatic gradients (e.g., elevation gradients) to explore the role of plant—soil biotic
interactions as drivers of future plant species distributions and ecosystem dynamics
(Sundqvist et al. 2013; Mayor et al. 2017; Van Nuland et al. 2017), and field
experiments to show that effects of climate warming on belowground communities
can be moderated by vegetation diversity and composition (Ward et al. 2015; Thakur
et al. 2017). Another area of focus has been extreme climate events, such as
droughts, floods, and heat waves, which are expected to increase in frequency and
severity in coming years (Reichstein et al. 2013). Not only have recent studies
shown that extreme climate events can strongly impact the structure of soil microbial
communities (Hawkes et al. 2011; De Vries et al. 2012b; Barnard et al. 2013) but
also that microbial responses to changing moisture depend on legacies of historic
climate (Hawkes et al. 2017), which is consistent with research showing that climate
history shapes contemporary belowground functioning (Strickland et al. 2015).

New research has also shown that belowground microbial responses to climate
extremes can feedback to plant growth and community dynamics. For example,
studies have shown that adaptation of soil microbial communities to recurrent
droughts improves plant fitness and their ability to withstand subsequent droughts
(Lau and Lennon 2012). Also, drought has been shown to favor mycorrhizal
associations and mutualistic soil bacteria that enhance the tolerance of plants to
drought via improved access to water and nutrients and hormonal signaling (Mari-
otte et al. 2017; Rubin et al. 2017). Further, recent work has shown that drought can
have long lasting legacy effects on soil microbial communities that can change the
direction of plant-soil feedback and affect plant competitive interactions
(Kaisermann et al. 2017), and that belowground responses to drought impact plant
invasiveness, promoting exotics over natives (Meisner et al. 2013; Schrama and
Bardgett 2016). These are just a few examples, but they demonstrate, along with new
studies on flooding (Sarneel and Veen 2017; Barnes et al. 2018), that extreme
climate events can shape microbial-mediated plant—soil feedbacks with conse-
quences for plant community dynamics and ecosystem function.
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The final topic that I want to mention concerns the application of aboveground—
belowground ecology to major global challenges, such as sustainable food produc-
tion, climate mitigation, and the restoration of degraded land. Indeed, awareness is
growing that there is high potential to integrate knowledge of aboveground—below-
ground interactions in complex natural systems to increase resource use efficiency in
agriculture (Mariotte et al. 2018), while also bringing wider benefits for soil func-
tioning, such as soil carbon storage, soil physical properties, and the retention of
nutrients in soil (Isbell et al. 2017; Bardgett and Gibson 2017). Studies also suggest
that manipulation of aboveground—belowground interactions could provide a tool
for managing plant communities to control plant invasions (de Voorde et al. 2014;
Kulmatiski 2018), and to restore botanical diversity (Wubs et al. 2016; Fry et al.
2017) and the functioning of degraded soils (Gould et al. 2016), which is especially
important given the extent that soils are degraded worldwide.

1.5 Concluding Remarks and Future Directions

The study of aboveground—belowground interactions has come a long way over the
last three decades, and the ecological literature is now replete with studies showing
how they regulate the structure and functioning of terrestrial ecosystems, as well as
their response to global change across a spectrum of temporal and spatial scales. But
many challenges remain. One of the biggest concerns the need to integrate this new
understanding into theoretical frameworks and models of aboveground-below-
ground interactions and their importance for ecosystem dynamics, especially under
global change. Arguably the biggest hurdle here concerns the context dependency of
aboveground-belowground interactions, and the implications of this for understand-
ing their role, relative to other factors, as drivers of plant community dynamics,
ecosystem function, and biogeochemical feedbacks, which remains poorly under-
stood. For instance, the sensitivity of aboveground-belowground feedbacks to
climate varies markedly across ecosystems, and, as such, understanding the under-
pinning mechanisms behind this variability represents a continued challenge.
Another challenge concerns emerging evidence that plant—soil feedbacks have
evolutionary implications via changes in plant fitness (Schweitzer et al. 2014), and
also that global change can trigger altered eco-evolutionary dynamics between
aboveground and belowground communities with potential consequences for eco-
system function (Fischer et al. 2014; terHorst and Zee 2016). As such, studies are
needed to advance understanding of the eco-evolutionary consequences of
aboveground-belowground interactions under global change, which requires incor-
poration of such responses into existing long-term experiments and studies using
climatic gradients. Finally, and as noted above, ecology is becoming increasingly
focused on optimizing land management for the delivery of ecosystem services, such
as food production, climate mitigation, and the storage of nutrients and water. Given
this, a major challenge for the future is to integrate new understanding of
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aboveground-belowground interactions into sustainable land management strategies
for food production and the delivery of multiple ecosystem services.
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Chapter 2 ®)
Belowground Experimental Approaches s
for Exploring Aboveground-Belowground
Patterns

Scott N. Johnson, Felicity V. Crotty, James M. W. Ryalls,
and Philip J. Murray

2.1 Introduction

Experiments involving aboveground and belowground components are now com-
monplace in community ecology but they remain challenging compared to those that
focus solely on either component. Challenges are manifold but mainly stem from the
difficulty in observing and manipulating belowground components. Overcoming
these challenges relies, in part, on techniques and approaches used by soil scientists
whose interest in the aboveground compartment was traditionally confined to plant
growth and health. This is even illustrated in the title of the excellent Soil Conditions
and Plant Growth edited by Gregory and Nortcliff (2013) which is the twelfth
incarnation of Soil Conditions and Plant Growth, first published in 1912 (Russell
1912). Contributors to these volumes rarely considered plant-mediated interactions
between organisms beyond those interactions between microbial communities.
Similarly, community ecologists were either largely unaware of techniques used in
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soil science or unclear of how they could be incorporated experimentally. With
growing emphasis on multidisciplinary research, these barriers have broken down
and researchers have incorporated techniques from different disciplines when
designing and executing experiments.

In this chapter, we consider a range of experimental approaches which have
helped characterise the belowground component of aboveground-belowground
interactions. These experimental approaches have helped advance the field of
aboveground-belowground community ecology. The enormous diversity of inter-
actions between microbes, plants and animals described in the 15 chapters in this
volume prevents us from covering all experimental approaches. Instead, we focus on
particular experimental approaches that may allow researchers to better characterise
and manipulate belowground components of their experiments. Facilitating this
aspect, in particular, should enable researchers to answer key questions in
aboveground-belowground community ecology. We provide examples of each
experimental approach which we readily acknowledge focus on study systems
familiar to the authors (e.g. root herbivores) rather than comprehensive coverage
of all groups that comprise soil communities. Nonetheless, many of the approaches
we discuss are applicable to organisms we don’t specifically mention and we
encourage readers to keep this in mind.

2.2 The Ubiquitous Pot Study

The vast majority of studies in aboveground—belowground community ecology still
rely on pot experiments, whether conducted in controlled or field environments. The
issue of pot size in experiments has been considered extensively, with the problems
and remedies being equally germane to aboveground-belowground experimenta-
tion. These are discussed in general terms elsewhere and we encourage readers to
consult such papers (e.g. Passioura 2006; Poorter et al. 2012) when designing
experiments. The ubiquitous nature of pot studies defies any meaningful classifica-
tion in the context of aboveground—belowground community ecology, but some
experimental issues should be mentioned here. Pot studies are simple, inexpensive
and lend themselves to the widest range of research questions in community
ecology. Nonetheless, pot studies possibly have the most limitations for investigat-
ing aboveground-belowground interactions because they have been well
documented to impose experimental artefacts on both components. A big problem
is that the soil or growing medium becomes saturated with water towards the bottom
of the pot creating hypoxic conditions, particularly in short pots containing field soil
which have fewer, if any, large air pores than in the field (Passioura 2006). In
addition to affecting the plant, these conditions will clearly affect organisms in the
soil and, therefore, how they interact with aboveground organisms. Moreover, pots
in glasshouse experiments are likely to have warmer soil temperatures than organ-
isms would experience under field conditions (Passioura 2006).
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While not concerned specifically with aboveground—belowground community
ecology, a meta-analysis of pot studies suggested that around 65% of experiments
used pots that were too small to permit plants to reach their full growth potential
(Poorter et al. 2012). In their meta-analysis, Poorter et al. (2012) recommended that
researchers use an appropriate pot size in which the plant biomass does not exceed
1-2 g L™'. This value was arrived at by considering plant biomass per given volume
of rooting space from experiments. Researchers wishing to include soil
macroinvertebrates, such as root herbivores or earthworms, should be additionally
aware of avoiding small pots because of negative interactions, such as intra- and
interspecific competition. Confining several root herbivores in small pots, for
instance, can lead to carnivorous behaviour between individuals which would be
much less likely under field conditions (Barnett and Johnson 2013).

2.3 Experiments in Controlled Environments

2.3.1 Manipulating Plant Factors Belowground

Controlled-environment experiments allow researchers to isolate specific environ-
mental factors, which, in natural soil profiles, interact to influence root growth,
chemistry and other belowground characteristics. The ease of handling, manipulat-
ing and replicating the conditions of growth in controlled environments offer a major
advantage over field-based approaches. Three common methods are used to manip-
ulate belowground factors, although their use and application depends on the
hypotheses to be tested.

2.3.1.1 Simulated Root Damage Experiments

Artificial wounding experiments are commonly used to simulate root herbivory by
chewing herbivores. Root boring, galling and sucking insects are considerably more
difficult to simulate (Lehtild and Boalt 2008). In pot experiments, artificial root
damage has been imposed by pruning parts of the root system or piercing roots to
trigger a defensive plant response (Erb and Lu 2013). Other studies (e.g. Hol et al.
2004; Hatch and Murray 1994; Ryalls et al. 2015) have used a sharp steel blade
inserted into a narrow opening cut in plastic pots to sever the root system at a specific
point below the base of the stem. The degree of damage imposed can depend on its
ecological relevance (i.e. the type of herbivory that the study intends to simulate).
Root nodule pruning, for example, has been used to simulate herbivory by Sitona
weevil larvae that specifically target legume root nodules (Quinn and Hall 1992).
The effects of artificial root damage on interactions between aboveground—below-
ground plant responses have demonstrated increases in basal levels of shoot
defences, including terpenoid aldehydes (Bezemer et al. 2004), pyrrolizidine alka-
loids (Hol et al. 2004) and extrafloral nectar (Wickers and Bezemer 2003). Whether
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such studies accurately imitate natural herbivory, however, remains unclear and
while many studies have compared plant responses to artificial and natural herbivory
aboveground (see Lehtild and Boalt 2008), relatively few have compared the two
belowground.

Experiments involving simulated root damage have been criticised for not being
able to precisely simulate the distribution and timing of natural damage by herbi-
vores (Johnson et al. 2016b; Steinger and Miiller-Schirer 1992). Simulations may
fail to induce biochemical responses or capture complex biotic interactions (Hjéltén
2004). Severing whole sections of the root, in particular, could limit the roots’ ability
to supply water and nutrients to the shoots more than natural herbivores would
(Blossey and Hunt-Joshi 2003). In general, simulated root herbivory may lead to
greater aboveground growth reductions than similar root loss imposed by insect
feeding, as demonstrated in a meta-analysis by Zvereva and Kozlov (2012). In
particular, the deleterious effects of simulated herbivory on aboveground traits
were found to be twice as strong as the effects of insect herbivory, associated with
changes in spatial and temporal patterns of root damage as opposed to changes in
damage severity between simulated and natural damage. Griffiths et al. (1994)
compared the responses of forage rape plants under natural and simulated herbivory
by either inoculating plants with turnip root fly (Delia floralis) larvae or clipping
one-third of their root volume. Root clipping and natural herbivory reduced and
increased root glucosinolate content, respectively, suggesting that artificial root
damage was not a reliable proxy for root fly larval herbivory. They also suggested
that the continuous damage caused by larval feeding was significantly less traumatic
than the sudden clipping of roots, demonstrating the importance of mimicking
the intensity of root herbivory. When maize roots were pierced with a needle to
simulate herbivory by western corn rootworm (Diabrotica virgifera virgifera),
(E)-B-caryophyllene (EBC) increased in both mechanically wounded and naturally
damaged roots (Erb et al. 2012). This suggested that herbivore-derived cues were not
required to trigger an EBC response, although the difficulty in effectively simulating
the slow accumulative increase in EBC in herbivore-fed roots over time was clear from
the sudden surge in EBC concentrations in artificially damaged roots.

Natural herbivory and artificial damage have produced similar effects on plant
growth and chemical responses in many other studies (Lehtild and Boalt 2008; Erb
et al. 2008). van Dam et al. (2012) demonstrated increases in a number of volatile
organic damage-elicited compounds in multiple Brassica species, and any differ-
ences between the two types of damage enabled them to identify compounds that
acted as markers for root damage. This demonstrates the benefit of incorporating
both natural and artificial root damage in identifying herbivore- and damage-elicited
compounds. Given the inaccessibility of the belowground environment, root clip-
ping experiments are considerably more tractable and often less time-intensive. By
damaging plants artificially, confounding effects can be minimised, as damage is
standardised. The variability in damage output associated with root herbivore feed-
ing can often make it difficult to assess, for example, the effect of the plant genotype
on the impact of root infestation on leaf-feeders. This can be circumvented by
damaging the roots. While artificial herbivory may not mimic natural damage
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exactly (Blossey and Hunt-Joshi 2003), it enables control of the type, timing and
intensity of damage, which can be especially important in complex systems with
multiple interacting environmental variables (Ryalls 2016). Simulating herbivory
can be especially valuable for selecting effective biological control agents quickly by
narrowing the prospective list of biological control agents (Ehler 1998) and enabling
different types and levels of damage to be integrated into statistical models for
comparison against the performance of biological control agents (Raghu and
Dhileepan 2005). Given the difficulty and time required to assess the damage caused
by belowground herbivores that are hidden in the soil profile, implementing quick
comparisons between biotic agents and artificial damage may serve to limit potential
outbreaks.

Using herbivore elicitors in combination with root clipping may be an even more
reliable way to mimic herbivory. Aboveground studies have applied saliva to
damaged plants with careful imitation of the timing and spatial pattern of damage
to more accurately simulate natural damage (Lehtild and Boalt 2008). Oral secretion
by herbivores is a major cue that regulates the induction of specific tolerance
(i.e. growth and reproduction after damage) or resistance responses of the plant
(Kafle et al. 2017; Walling 2000). However, plant responses to oral secretions by
belowground herbivores have received scant attention despite the role of oral
secretions in manipulating the plant’s gene regulation and metabolism (Vanholme
et al. 2004; Johnson et al. 2016b), and suppressing plant defence responses (Chung
etal. 2013). Erb et al. (2012) suggested the application of insect oral secretions to the
roots in combination with artificial root wounding to determine whether plant
responses are due to the specific perception of herbivores (i.e. herbivore elicitors)
or due to different patterns of damage (i.e. damage elicitors).

In many cases, artificial damage can provide a reliable proxy for herbivory,
although studies should use real herbivores whenever possible (Lehtild and Boalt
2008; Hjaltén 2004). It may be difficult to infer complex biotic interactions from root
clipping experiments (Rasmann et al. 2005; Ali et al. 2010). Where both artificial
and natural root herbivory show similar plant responses (e.g. Quinn and Hall 1992),
however, it may be possible to infer more complex biotic and environmental
interactions (Borowicz 2010; Ryalls et al. 2015).

2.3.1.2 Split-Root Experiments

Split-root experiments divide the root system of an intact plant into multiple
containers and are commonly used to study the influence of different fertiliser
treatments or stress conditions (e.g. abiotic factors and root herbivory) on plant
growth (Bohm 1979). Incorporating root herbivory and other stress factors simulta-
neously in a split-root design eliminates the direct effects of the stress factor on the
herbivore but only systemic effects can be investigated (Erb and Lu 2013). Most
studies (e.g. Thibaud et al. 2010; Pedrotti et al. 2013; Cosme et al. 2016), therefore,
combine split-root designs with other experimental techniques (e.g. sequential inoc-
ulation or transcriptomic analysis) to differentiate local plant responses from
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systemic responses. de la Pefia et al. (2006), for example, identified a reduction in
nematode (Pratylenchus penetrans) abundance in response to arbuscular mycorrhi-
zal fungal (AMF) inoculation of Ammophila arenaria grass roots. This was followed
by a split-root experiment to determine the importance of the presence of AMF and
P. penetrans in the same root compartment of A. arenaria for the outcome of this
interaction. They showed that nematode suppression by AMF did not occur through
a systemic plant response but via local mechanisms.

By inoculating one-half of the roots of rice plants with the wound response
hormone jasmonic acid (in the form of methyl jasmonate, or MeJA) and infesting
both sides of the roots with larvae of the rice water weevil (Lissorhoptrus
oryzophilus), Lu et al. (2015) demonstrated a reduction in larval performance in
response to MeJA irrespective of whether the larvae were in direct contact with the
chemical or not. In other words, MeJA-induced resistance was mediated through the
plant. Some specialist herbivores may manipulate plant resistance and take advan-
tage of induced metabolic changes, leading to ‘induced susceptibility’. Maize roots,
for example, became more susceptible to feeding by western corn rootworm
(Diabrotica virgifera virgifera) when conspecifics were already feeding on the roots
(Robert et al. 2012a), and split-root experiments revealed that this induced susceptibil-
ity was attributable to plant-mediated (i.e. systemic) effects rather than the physical
interaction with conspecifics (Robert et al. 2012b). Systemic changes in plant defence
can alter plant susceptibility to aboveground herbivores depending on the temporal
nature of herbivory. Schoning and Wurst (2016), for example, demonstrated that
continuous (i.e. long-term) herbivory by root-knot nematodes (Meloidogyne incognita)
indirectly increased nitrogen availability and shoot biomass of coyote tobacco (Nico-
tiana attenuata) and reduced the reproductive output of a specialist aboveground
herbivore (Manduca sexta), whereas transient (i.e. short-term) belowground herbivory
had no effect. However, they argued that the split-root design prevented them from
detecting interaction effects of the nematode and M. sexta. Root herbivory on the entire
root system may elicit different aboveground responses compared with root herbivory
on only half of the root system (Kaplan et al. 2008a).

The expression of herbivore-induced plant responses may also depend on the
degree of vascular connectivity that links damaged to undamaged tissues. In a split-
root experiment using aboveground (Spodoptera exigua) and belowground herbi-
vores (M. incognita) feeding on cultivated tobacco (Nicotiana tabacum), Kaplan
et al. (2008b) demonstrated that foliar herbivory-induced changes in root chemicals
were more pronounced in roots that were vertically aligned with insect-defoliated
leaves. Manipulating belowground factors may concentrate resources into specific
sectors of the shoot with, for example, split-roots of tomato grown in nutrient-rich
soil preferentially supplying orthostichous leaves and branches (Orians et al. 2002).
This connectivity is mediated by groups of xylem vessels that branch and fuse
together (Price et al. 1996). Differential sectoriality in trees, mediated by vessel-to-
vessel connectivity, has also been demonstrated by split-root experiments (Ellmore
et al. 2006). If damage is concentrated within one vascularly connected sector,
damage-induced increases in chemical and morphological heterogeneity would be
enhanced. Heterogeneity is also likely to vary with leaf age and herbivore guild, with
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herbivores feeding on older leaves generating more belowground heterogeneity than
those that feed on younger leaves and leaf-chewers generating greater heterogeneity
than phloem-feeders (Orians and Jones 2001).

Split-root designs may prove difficult for some plant species (e.g. milkweed or
lucerne) with a single main tap root, which cannot be subdivided (Erwin et al. 2013).
While this technique may also be time-intensive and costly (Ellmore et al. 2006), its
ability to facilitate the identification of systemic-versus-localised effects and its
application for comparative sectoriality is particularly valuable. Combining isotope
tracers or transcriptomic analysis with split-root experiments while simultaneously
manipulating both aboveground and belowground factors would be particularly
useful for examining the consequences of spatial and temporal variation in plant
resource availability and biotic interactions (Kaplan et al. 2008b; Thorn and Orians
2011; Schoning and Wurst 2016).

2.3.1.3 Aboveground-Belowground Olfactometer Experiments

Olfactometer experiments, in which invertebrates are given a choice between two or
more odour sources, allow identification of behavioural preferences for specific
chemical substances (Ballhorn and Kautz 2013). Six-arm olfactometers have been
designed to identify and quantify the effects of up to six odour sources simulta-
neously and have proven to be highly effective in identifying key attractants
involved in multitrophic interactions (Turlings et al. 2005). Hiltpold et al. (2011),
for example, combined a split-root design with a six-arm olfactometer (Fig. 2.1) to
assess the spatial and temporal activity of (E)-p-caryophyllene within maize roots
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and its systemic effects on the multitrophic interactions between root-feeding larvae
(D. virgifera) and entomopathogenic nematodes (Heterorhabditis megidis). Herbiv-
ory triggered the systemic production of (E)-f-caryophyllene within the root system,
and nematodes were found to be more attracted towards local feeding sites than
systemically induced roots.

Both aboveground and belowground olfactometers (used to determine shoot- and
root-attractants, respectively) can be connected or used individually depending on
the hypotheses being tested. Aboveground plant defence by herbivore-induced plant
volatiles (HIPVs) is now broadly understood, and the role of HIPVs belowground
has become increasingly evident (War et al. 2011; Ali and Davidson-Lowe 2015).
Neveu et al. (2002) studied the plant volatiles involved in host selection in a
multitrophic system belowground. Using a four-arm olfactometer, they showed
that larval endoparasitoids (Trybliographa rapae) were attracted to undamaged
roots of turnip plants (Brassica rapa var. rapa) that were infested with cabbage
root fly (Delia radicum) larvae, potentially due to herbivore-induced
isothiocyanates. Interestingly, artificially damaged plants were only attractive to
T. rapae when they were treated with crushed D. radicum larvae. Moreover,
T. rapae were not attracted to plants that were treated with crushed salivary glands
from D. radicum larvae alone, suggesting that the volatile released originated from
another part of the larvae. Other organisms, including herbivores, hyperparasitoids,
and neighbouring plants can perceive and use HIPVs. Some are even able to exploit
these plant signals to identify competitors and determine the defensive state of the
plant (Dicke and van Loon 2000). Robert et al. (2012a), for example, used dual-
choice olfactometers to determine whether the root feeder D. virgifera could detect
whether a potential host plant is already under herbivore attack (described briefly in
Sect. 2.3.1.2). They showed that the root feeder D. virgifera was more attracted to
plants that were already infested with conspecifics, associated with the release of
(E)-p-caryophyllene. Moreover, D. virgifera avoided plants that were attacked by
larvae of the foliar feeding moth (Spodoptera littoralis) associated with the suppres-
sion of ethylene by S. littoralis. Following these results, Robert et al. (2012b)
demonstrated that D. virgifera increased in small groups compared with larger
groups and were able to use (E)-p-caryophyllene in a dose-dependent manner to
select host plants with a suitable density of conspecifics. Identifying specific vola-
tiles as attractants combined with their site of release is key to understanding their
wide-ranging effects on plants, herbivores and natural enemies. They can serve as
multitrophic, multifunctional signals that confer protection to plants (Rostas et al.
2015) and act as herbivore traps for biological control (Degenhardt et al. 2009).
However, they may have contrasting effects on organisms by, for example, simul-
taneously increasing and decreasing resistance to plant pathogens and herbivores,
respectively (D’Alessandro et al. 2014).

In recent years, olfactometers have been used to determine how belowground
defences mediate higher trophic interactions (i.e. natural enemy responses) above-
ground, and vice versa. Filgueiras et al. (2016a, b), for example, demonstrated how
maize plants fed upon by an adult folivore (cucurbit beetle, Diabrotica speciosa)
attracted the belowground natural enemy (entomopathogenic nematode,
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Heterorhabditis amazonensis) of the root-feeding larval stage of D. speciosa. This
suggests that belowground predators can be highly attuned to plant-mediated
changes in aboveground herbivory. They also showed that H. amazonensis was
attracted to foliar applications of methyl salicylate (MeSA) and MeJA, suggesting
similarities between aboveground herbivory and induction of plant defence path-
ways. By acting as a proxy for aboveground herbivory, herbivore elicitors and the
associated release of plant volatiles could, therefore, be used to augment biological
control of belowground herbivores via the recruitment of natural enemies. The
response of belowground predators or parasitoids to volatile cues, however, may
be genotype and species-specific, with, for example, nematodes showing no attrac-
tion to citrus plants (Citrus paradisi x Poncirus trifoliata) in response to above-
ground herbivory by weevils (Diaprepes abbreviatus). Biological control attempts
should also be considered with caution since the release of nematode-attracting cues
may invoke ecological costs associated with the attraction of other plant-parasitic
species (Ali et al. 2011). Simultaneous feeding by both aboveground and below-
ground herbivores may also attenuate the attraction of natural enemies and thwart
biological control strategies (Rasmann and Turlings 2007), even if both above-
ground and belowground herbivores belong to the same species (Moujahed et al.
2014).

Olfactometer experiments, like most controlled-environment studies, can be used
to determine the effects of multiple factors, including climate change (Tariq et al.
2013), on aboveground-belowground herbivore dynamics, although logistical con-
straints associated with the experimental design may not accurately reflect spatial,
temporal or seasonal changes in the life cycle of the plant, herbivore or natural
enemy and their interactions with other organisms (Ballhorn and Kautz 2013). Insect
age, for example, may affect decision making, which could be an important over-
sight in olfactometer experiments in general and should be considered in future
behavioural studies. While olfactometer studies provide useful information on long-
distance orientation by insects, their exclusive use for analysing insect behaviour is
not recommended for drawing ecologically meaningful conclusions (Ballhorn and
Kautz 2013). As always, an integrated approach combining controlled-environment
and field experiments provides greater insights into the complex interactions
between aboveground and belowground systems.

2.3.2 Observing Belowground Factors

Belowground interactions between soil fauna and the environment have often been
referred to as a “black box” (Wilkinson 2008) or an “enigma” (Anderson 1975),
mainly due to our inability to see these interactions occurring. Direct observational
studies of soil fauna in the field are rare. Gunn and Cherrett (1993) created in situ
rhizotrons (see Sect. 3.2.3) to attempt to see soil fauna feeding interactions, but the
size range of organisms and patchy distribution in time and space has meant this is
not a preferred method. Soil has been referred to as “the poor man’s tropical
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rainforest” (Giller 1996) due to the abundance and diversity of organisms living
within it. These organisms exist at a range of scales from microfauna and microflora
(bacteria, fungi and protozoa) to mesofauna (springtails and mites) and macrofauna
(earthworms, Coleoptera, etc.). Relationships between soil organisms are complex,
and the cryptic nature of the soil environment makes disentangling belowground
interactions between soil fauna problematic. There is a huge diversity of functional
groups coexisting together, but there is also a large amount of functional redun-
dancy. This baffling complexity has been a focus for ecologists over the last century
and still requires greater study.

One of main drawbacks of manipulating belowground components discussed in
Sect. 3.1 is that it is often difficult to validate the nature and success of the
manipulation because it is not readily visualised. For example, experimentalists do
not usually know whether belowground inoculation has been successful until the end
of the experiment when they recover the herbivore destructively (e.g. Torode et al.
2016; Power et al. 2016). Moreover, it’s difficult to establish when root herbivory is
initiated, how long it lasts for, the extent of its effects (e.g. amount of tissue
removed) or which parts of the roots are being attacked. These issues can be easily
validated for shoot herbivores with simple observations. Observing or at least
characterising belowground factors is, therefore, of some importance.

2.3.2.1 Slant Boards, Rhizotrons and Rhizotubes

Because of the opacity of the soil, it is always difficult to fully investigate the
behaviour of both the plant roots and the soil biota. Researchers have developed a
number of techniques to address this in controlled conditions.

Nutrient slant boards (Kendall and Leath 1974) and their derivatives (e.g. Baker
and Byers 1977; Dawson et al. 2002; Murray and Clements 1994) have been used
extensively to study root growth and architecture, to observe the behaviour of soil
dwelling biota, including the effects of insect root herbivory. The concept of this
technique is to force plants to grow in what is essentially a two-dimensional form in a
soilless environment, which allows easy visualisation of the roots and associated
insects. For example, Murray and Clements (1992) used 300 mm x 150 mm trays
lined with capillary matting and polyester cloth. The seedling plant was placed on
the cloth and covered with a second layer of cloth and capillary matting and finished
by adding a stiff plastic cover, clamping the whole assembly together and irrigating
with a nutrient solution at a rate of 2 L h™'. This apparatus allowed regular
measurements to be made of root growth rate and nodulation and the impact root
feeders had on them.

A development of the slant board is the thin-plate rhizotron, which is assembled
in a similar way and allows a thin layer of soil or other growth medium to be held
between two glass plates. This allows the plants to be grown in a more ‘natural’ root
environment whilst still allowing regular observation and measurement. For exam-
ple, Alcantara et al. (2016) used rhizotrons to determine the interactions between a
soil fungus and plant growth. The rhizotrons were constructed from two plates, one
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glass and one plastic (each 120 mm x 240 mm) separated by 5 mm with 10 mm wide
plastic strips and filled with 100 g of air-dried, sieved (to 2 mm) soil, re-wetted with
the top surface of each left open to allow plant growth. The plant species used in the
study were perennial ryegrass (cv. AberMagic) and white clover (cv. AberDai).
These were grown alone and in mixtures. Several seeds were sown in each rhizotron
and covered with a thin layer of soil. After germination, two seedlings among the
best developed per rhizotron were selected and allowed to grow, while the remainder
were removed. The treatments were GR (ryegrass + ryegrass), CL (clover + clover)
and MX (ryegrass + clover) in soil inoculated with Trichoderma hamatum (+T) or
un-inoculated (—T). (Clover plants in the MX treatment are referred to as MX CL
and ryegrass plants as MX GR). The rhizotrons were wrapped in aluminium foil to
keep the roots in the dark and stood in water-filled trays with approximately 20 mm
depth of water that was periodically replaced. The technique allowed the numbers of
Rhizobium nodules on the roots of the clover plants to be counted periodically and
regular measurements of root growth made. The results from these experiments
demonstrated that Trichoderma confers a competitive advantage on white clover
when grown in clover—ryegrass mixtures.

Tubes (often called ‘rhizotubes’) with a detachable side have been used to gain
direct access to roots during an experiment, either to inoculate plants with a root
herbivore or verify the activity of the herbivore. Typically, rhizotubes are
constructed from plastic cable conduits which are used in construction (Fig. 2.2).
For example, rhizotubes were used to establish the plant-mediated effects of a root
herbivore (vine weevil; Otiorhynchus sulcatus) on the European raspberry aphid
feeding aboveground (Amphorophora idaei) (McKenzie et al. 2013). This approach
provided a novel demonstration of reciprocal feeding facilitation between the two
herbivores, whereby both benefitted from each other’s presence on the plant
(McKenzie et al. 2013).

2.3.2.2 X-ray Tomography

Researchers have deployed a number of non-destructive observational techniques,
including X-ray tomography for studying soil organisms (Taina et al. 2008). X-ray
computed tomography utilises X-rays to create cross-sections of a physical object
which then recreates a virtual 3D model. Variations include high-resolution X-ray
tomography and micro-computed tomography (micro-CT or pCT), which basically
reflects the size of pixels in scanned cross-sections (Elliott and Dover 1982). X-ray
tomography has its origins in medical imaging and in industrial computed tomog-
raphy, where it is widely used. Broadly speaking, there are two types of scanners. In
stationary configurations, the specimen is rotated around the X-ray source and
detector whereas the second usually involves a gantry system that involves the
X-ray tube and detector moving around a stationary specimen.

Using X-ray tomography for studying soil organisms, such as root herbivores, is
fairly uncommon but has been successful in the past (Taina et al. 2008). In an early
example, Harrison et al. (1993) was able to observe movement patterns of the fourth
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Fig. 2.2 Example of
rhizotron used by McKenzie
et al. (2013) which allowed
non-destructive access to the
roots to monitor feeding
impacts of vine weevils on
aphids aboveground.
Photograph provided by
Scott Johnson

instar pecan weevil (Curculio caryae). The digging behaviour of the Argentine ant
(Linepithema humile) was similarly quantified using X-ray computed tomography
(Halley et al. 2005). Using higher resolution X-ray micro-tomography, first instar
clover root weevil (Sitona lepidus, now Sitona obsoletus) could be visualised
locating specific parts of the root system (Johnson et al. 2004b) and to distinguish
between host and non-host root systems (Johnson et al. 2004a). In particular, larvae
could be seen to target root nodules of their host plant (white clover, Trifolium
repens) which house N-fixing bacteria (Johnson et al. 2004b) (Fig. 2.3). Early instars
of this species were known to benefit from feeding on this nitrogen-rich tissue
(Gerard 2001), and it has been suggested that they were able to locate these nodules
using chemical cues (Johnson et al. 2005). X-ray tomography was also used to
establish the duration of larval herbivory on root nodules and to determine how this
affected oviposition behaviour of maternal insects living aboveground (Johnson and
Gregory 2012). Intriguingly, maternal insects initially laid eggs equally on plants
with and without larvae, but started to show a preference for plants without larvae
12 h after larvae had started to feed. This simple study suggested that maternal
insects were able to distinguish between occupied and unoccupied plants and
potentially maximise the fitness of their offspring by avoiding future intra-specific
competition between siblings (Johnson et al. 2000).
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Fig. 2.3 X-ray tomographic images of the sequential movement of a neonatal Sitona lepidus (now
Sitona obsoletus) larva towards the lower clover root nodule. Location at (a) 0 h, (b) 3 h, (¢) 6 h and
(d) 9 h. The larva was subsequently recovered from the nodule when the column was dismantled.
The white bar represents 1 cm. Reproduced from Johnson et al. (2004b) with permission

While not used explicitly in the context of aboveground—belowground interac-
tions, X-ray tomography has also been used to study microbial communities and
earthworm behaviour (Zappala et al. 2013; Taina et al. 2008; Ritz 2011). These
organisms have important impacts on organisms aboveground (see chapters in this
volume), so X-ray tomography has the potential to identify linkages between subtle
aspects of microbial communities, earthworm behaviour and the ecosystem above-
ground. The biggest constraints to using X-ray tomography to study aboveground—
belowground interactions are that it is expensive, laboratory-based and can handle
only relatively small experimental units (e.g. pots). Crucially, the size of the exper-
imental unit and the resolution of images that can be obtained is a compromise
between scanning time and X-ray dosage (Mankin et al. 2008; Johnson et al. 2007,
Zappala et al. 2013).

2.3.2.3 Isotope Labelling

Over 50 years ago, radioisotopes were used to measure recolonisation and consump-
tion of fungi by soil fauna (Coleman and MacFadyen 1966; Coleman and McGinnis
1970) and to follow the movement of '*C photosynthate into roots and exudates
(McDougall 1970) and the impact of aboveground herbivory on rhizosphere micro-
bial growth (Coleman et al. 2002). However, due to concern over health and safety
and improvements in measurement capabilities, stable isotopes are now the preferred
labelling technique. Stable isotopes are non-radioactive, do not decay (Hood-
Nowotny and Knols 2007) and occur naturally in the environment at different levels,
increasing the simplicity of studies. Stable isotopes are used to study the diet of
animals as an organism’s tissues retain a fixed isotopic enrichment (or depletion) in
relation to diet and are a measure of assimilated (not just ingested) food (Crotty et al.
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2012b). Different ecosystems can also be distinguished by their isotopic composition
(Tiunov 2007).

Carbon isotopes are thought to be ecosystem specific (France and Peters 1997),
whilst nitrogen isotopes have been shown to increase regularly per trophic level
(Minagawa and Wada 1984). Utilising the step-wise enrichment of >N to infer
trophic position for individual species has occurred for a number of taxa,
e.g. Collembola (Chahartaghi et al. 2005), Oribatid mites (Erdmann et al. 2007),
Elaterid larvae (Traugott et al. 2007) and earthworms (Schmidt et al. 1997). Stable
isotopes at natural abundance have also been used to define the whole soil food web
(Ponsard and Arditi 2000; Scheu and Falca 2000). Stable isotopes have also been
used to differentiate between C; and C, plants—defining whether translocated leaf
litter is being consumed compared to root exudates (Kramer et al. 2012).

Enriching the environment with stable isotopes (through '*CO, or '’N-enriched
nutrients) is another method to define the soil food web (Setdld and Aarnio 2002;
Pollierer et al. 2007). These methods do not trace the passage of energy through the
bacterial or fungal energy channels within the soil food web. However, Crotty et al.
(2011, 2012a) used isotopically enriched organisms (bacteria, then protozoa) to trace
consumption through the different trophic levels within the soil food web, with
results suggesting that omnivory is much more common than expected. While the
majority of work with isotope labelling has largely focussed on belowground food
webs, there is scope for incorporating aboveground components and potentially shed
light on aboveground—belowground interactions.

2.4 Experiments in the Field

2.4.1 Manipulating Belowground Factors in the Field

While reductionist experiments conducted in controlled conditions are essential for
gaining a mechanistic understanding of aboveground-belowground community
ecology, they lack the realism and stochastic variation in environmental conditions
that organisms experience. Field experimentation is, therefore, an important com-
ponent of aboveground—belowground community ecology, particularly considering
that observations from controlled environment studies do not necessarily translate to
field situations (e.g. Vandegehuchte et al. 2010).

2.4.1.1 Supplementation Experiments

Conducting research into aboveground—belowground community interactions in the
field is challenging, especially in terms of manipulating belowground factors.
Broadly speaking, such field experiments can either involve supplementing natural
populations of organisms in the soil (providing ‘ambient’ and ‘increased’ treatments)
or else attempt to remove organisms completely. In the latter case, discussed in
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Sect. 4.1.2, most examples seem to be a hybrid of field and pot approaches whereby
soil is excavated, subjected to some treatment (e.g. sieving and inoculation) and then
reintroduced to contained field plots isolated from surrounding field soil
(e.g. submerged pots or root barriers).

There are examples of supplementation studies using root herbivores in particu-
lar. One study conducted in North East Scotland established 4 field sites of
250 blackcurrant bushes (Johnson et al. 2013). Six plants were selected at random
for monitoring, 3 were inoculated with 50 vine weevil (O. sulcatus) eggs in late
Spring. Bushes were subsequently monitored for occurrence of aboveground inver-
tebrates, including herbivores and natural enemies, in a systematic fashion. Soil
cores were taken at the end of the season to establish that inoculated plants hosted
more vine weevils than plants that were naturally colonised by vine weevils. Weevils
increased field populations of aphids by ca. 700%, which was followed by an
increase in the abundance of aphid natural enemies. In contrast, sawfly populations
were 77% smaller during mid-June and adult emergence delayed by >14 days on
plants with weevils.

A more recent supplementation study, also involving root herbivores, simulta-
neously manipulated rainfall regimes. The experimental platform named DRI-Grass
(Drought and Root herbivore Impacts on Grasslands) comprised 60 grassland plots
in South East Australia, 48 of which were under rain exclusion shelters that
simulated 5 rainfall regimes (Power et al. 2016). Herbivore supplementation was
achieved by applying 27 g of locally collected (with light traps) adult scarab beetles
(Coleoptera: Scarabaeidae) to the herbivore addition plots in December 2013 and an
additional 9 g of adult beetles in February—March 2014. Beetles were placed in mesh
enclosures in the plots and allowed to oviposit for 3 days after which they were
removed. Mesh enclosures were also applied to the insect-free plots. The efficacy of
herbivore treatments was verified 18 months after beetle additions by excavating two
holes (25 cm x 10 cm) per plot to a depth of 20 cm (see Power et al. 2016 for full
details). The study demonstrated that root herbivory induced foliar silicon-based
defences in two grass species Cynodon dactylon and Eragrostis curvula (Power et al.
2016). Induction of silicon defences aboveground by belowground herbivores had
not previously been reported (Hartley and DeGabriel 2016). A number of correla-
tions between the abundances of above- and below-ground invertebrate groups
under ambient rainfall were also observed, suggesting that these communities were
linked, although the mechanisms were unclear (Torode et al. 2016). However, these
correlations dissipated under altered rainfall regimes, which was termed ‘climatic
decoupling’ (Torode et al. 2016).

Field studies have also included additions of earthworms, usually by first
extracting worms from a different site and supplementing experimental plots
(Rhea-Fournier and Gonzélez 2017). This may appear straightforward, but inocula-
tions are frequently unsuccessful because earthworms have been harmed during
extraction and, if applied to the soil surface, they are vulnerable to desiccation and
predation. Five months after inoculation, Subler et al. (1997) found no difference in
the abundances of earthworms from control and supplemented field plots, highlight-
ing that manipulating this aspect of the belowground compartment is more
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challenging than it first appears. Butt (1999) considered a range of factors that may
affect supplementation success, suggesting that researchers establish a ‘“starter
culture” in containers of soil for several months so that inocula include adults,
cocoons and hatchlings.

2.4.1.2 Exclusion Experiments

Field studies that have sought to exclude belowground organisms often use
approaches that reduce the abundance of target organisms, while reducing impacts
on non-target organisms. For belowground herbivores, this usually means applying
soil insecticides (Brown and Gange 1989; Masters 1995). This can be problematic
because insecticides often have compounding effects on plants and non-target
organisms including those living aboveground. Masters (2004) advocated the use
of a granular formation of chlorpyrifos to remove root herbivores, citing evidence for
minimal effects on bacteria, fungi, nematodes, earthworms and small mammals and
birds. Many other studies have excluded above- and belowground herbivores using
insecticides in different field plots, having first assessed their confounding effects on
plants in pilot experiments (e.g. Schidler et al. 2004). In that experiment, the effects
of the insecticides on plant growth were deemed minimal (Schidler et al. 2004).
Nonetheless, chemical interventions may also affect the chemical signalling path-
ways that drive or influence interactions between above- and belowground
organisms.

Studies involving aboveground and belowground components often involve
exclusion of earthworms, which usually relies on electroshock or application of
faunacides (e.g. naphthalene or carbofuran). There are, however, dozens of different
techniques for removing or expelling earthworms from manipulated field plots (see
Rhea-Fournier and Gonzalez 2017 for a recent and comprehensive review). Chem-
ical interventions are problematic in terms of affecting non-target organisms, as
discussed above, and electroshock methods are generally favoured in field experi-
ments. Designs vary, but basically involve metal electrodes or probes being dug
50-60 cm into the ground and a current >0.5 A being applied for 30—60 min. Octet
configurations for the probes are very popular (Rushton and Luff 1984; Bohlen et al.
1995; Eisenhauer et al. 2008), though these studies were not necessarily concerned
with manipulative field experiments (i.e. electroshock was used for sampling rather
than earthworm exclusion). Rhea-Fournier and Gonzédlez (2017) emphasise that
these are unlikely to exclude all earthworms and are best considered reductions
rather than eliminations or exclusions in the strictest sense. In many cases, field plots
are subsequently enclosed with physical barriers buried to some depth with part of
the barrier emerging aboveground (Blair et al. 1995).

Some experiments take this one stage further by first excavating field soil to
remove micro- and macro-arthropods, then returning the soil to holes in the field site
which have been lined with submerged pots. The soil is then inoculated with the
experimental organism under investigation in specific plots, which are then caged to
confine or exclude aboveground organisms. These field mesocosm experiments



2 Belowground Experimental Approaches for Exploring Aboveground-. . . 35

seem especially popular in aboveground—belowground ecological research, with
researchers being able to manipulate both communities. Field mesocosm experi-
ments established that the earthworm Aporrectodea caliginosa promoted
populations of the aphid Rhopalosiphum padi and its parasitoid Aphidius ervi
(Johnson et al. 2011). Root herbivores (Agriotes spp. wireworms), in contrast,
reduced populations of Sitobion avenae, Metopolophium dirhodum and R. padi
(Wade et al. 2017). While soil-dwelling dung beetles (Bubas bison) had significant
impacts on plant (Brassica oleracea) growth and chemistry in field mesocosm
experiments, they did not have any impacts on diamondback moth (Plutella
xylostella) (Johnson et al. 2016c¢).

2.4.2 Observing Patterns in Field Populations

It is important to understand the interactions that are occurring within natural
populations and not just assess biodiversity (Crotty et al. 2014). Soil organisms
play a key role in ecosystem function—cycling nutrients, modifying soil structure,
regulating water levels and often provide resilience to environmental perturbations
within the belowground system (Brussaard et al. 1997). The large diversity of
species that occurs within the soil has created a paradox to some extent, with the
belief that there are not enough individual niches for all the different species found
within the soil (Coleman 2008). It is only by observing patterns in natural
populations that we can start to assess and understand how these organisms coexist
utilising the same resources. Without this understanding, we will not be able to
identify soil fauna at risk of extinction or environments that have deteriorated and
lost the functional redundancy that is one of the main features of soil biodiversity.

2.4.2.1 Chemical and Destructive Sampling

There is a limited number of approaches for sampling soil-dwelling invertebrates,
reviewed in more detail by Coleman et al. (1999) and Gange (2005). In particular,
Coleman et al. (1999) provide very detailed protocols for extracting invertebrates
ranging from microfauna (e.g. protozoa, rotifers), mesofauna (e.g. nematodes),
microarthropods (e.g. collembola) and macrofauna (e.g. earthworms). While chem-
ical application to soils can either force invertebrates to the soil surface
(e.g. potassium permanganate, formalin, mustard) or possibly attract them in the
case of baits (Gange 2005), these are not usually used for addressing research
questions in aboveground-belowground community ecology. Instead, virtually all
approaches start with collection of appropriately sized soil cores, which are returned
to the laboratory for extraction. Invertebrates are then removed from the soil using
different extraction procedures, the exact method being mainly dictated by the size
and behavioural characteristics of the organism. This can range from hand-sorting
(Gange 2005), flotation (Walter et al. 1987) or, more commonly, high-gradient
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extraction which induces invertebrates to leave the soil by subjecting soil to artifi-
cially high temperature and moisture gradients. Various designs of apparatus are
discussed by Coleman et al. (1999), but the preferred ‘Tullgren-type’ extraction
method is that based on Crossley and Blair (1991) which is frequently used in studies
exploring aboveground-belowground community linkages (e.g. Torode et al. 2016;
Nielsen et al. 2010a, b).

2.4.2.2 Non-destructive Methods in the Field

There are several non-destructive methods for assessing the behaviour and abun-
dance of belowground organisms especially those that damage roots (Johnson et al.
2007; Mankin et al. 2008; Dawson and Byers 2008). Rhizotrons, similar to those
described in Sect. 3.2.1, have occasionally been used in field situations. These are
typically much bigger than those used in controlled conditions and installed into an
excavated field plot, often with a transparent interface pressed vertically against the
soil profile. Studying soil food webs, for example, was achieved by establishing a
large rhizotron at the soil interface (Gunn and Cherrett 1993). Including the above-
ground component as well, at least in terms of plant productivity, Wilson et al.
(1995) investigated soil pesticide effects on belowground communities of a
grassland.

Acoustic detection of belowground herbivores has been successfully applied in
both pot and field studies (Mankin et al. 2008). The approach has been widely used
for detecting invertebrate infestations in wood and food, but has now been tested
successfully for soil fauna. Instruments typically involve sensors (e.g. microphones,
accelerometer, piezoelectric probes and geophones) being inserted into the soil. The
soil strongly attenuates vibrations above 200 Hz, so the sensors are exposed to lower
levels of mid- to high-frequency background ‘noise’ than aboveground; experimen-
talists are, therefore, able to detect low amplitude (500-1800 Hz) sounds produced
by many invertebrates above a certain size (Mankin et al. 2008). The attenuation,
however, means that invertebrates need to be 10-30 cm from the sensor to be
reliably detected. Nonetheless, acoustic detection can even allow different types of
behaviour (e.g. feeding or burrowing) to be detected (e.g. Zhang et al. 2003).

Another approach used in the field to track the movement and location of
Melolontha melolontha was to develop a tag-and-trace system (Bont et al. 2017).
This involved fitting larvae with a copper ring tag and monitoring their movements
in relation to a preferred host plant Taraxacum officinale. The authors reported that
the ring weighed only 105 mg, which represented only a 5% increase in mass, which
while larvae moved more slowly when tagged, foraging behaviour was largely
unaffected (Bont et al. 2017).

Moving more towards a field scale, experimentalists have been able to use remote
sensing to detect patterns of root herbivore populations, with reasonable levels of
success. For example, Johansen et al. (2014) used object-based image analysis and
high spatial resolution satellite imagery to map canegrub damage in sugarcane
plantations. Essentially, they used the amount of green leaves and image texture
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within image blocks to identify areas infested with canegrubs. This relationship was
then validated with field observations of canegrub damage, which were made at the
time of satellite image capture. The method had accuracy rates of 53-80% (Johansen
et al. 2014).

Workers have also been able to create ‘risk maps’ which identify high incidences
of root herbivores such as redheaded cockchafer (Adoryphorus couloni; RHC)
(Cosby et al. 2016); these could potentially be useful for identifying linkages with
aboveground fauna. In this particular study, electromagnetic surveys of soil proper-
ties, optical sensor derived estimates of pasture biomass and topography via GPS
elevation survey were combined to predict densities of A. couloni. A combination of
these variables was used to produce ‘risk maps’ with an accuracy of 88% at
predicting likely RHC density-categories (Cosby et al. 2016).

2.4.2.3 Natural Abundance of Isotopes in Aboveground
and Belowground Organisms

Stable isotopes are used to investigate the food source, functional group and trophic
level of organisms, particularly when it is difficult to observe this directly. Stable
isotopes at natural abundance can assess whether faunal communities with similar
taxa are utilising the same or different basal resources. For example, Crotty et al.
(2014) investigated the different feeding preferences within the soil food web of
organisms residing in an agricultural grassland compared to a woodland and found
that the woodland soil fauna utilised litter resources to a greater extent than the
grassland fauna which utilised root derived resources. The isotopic composition can
highlight whether they are consuming algae and lichens (Schneider et al. 2004;
Tiunov 2007) or whether they are predatory (Ponsard and Arditi 2000). Linking
aboveground animals to belowground food sources, Hobson (1999) found "N
natural abundance signatures splitting songbirds into those consuming invertebrates
within agricultural wetlands from those utilising invertebrates in boreal forests. A
greater understanding of the environment being investigated is necessary to group
soil fauna into different feeding groups. For example, Vanderklift and Ponsard
(2003) postulated that the activity of microorganisms may lead to a progressive
shift in the isotopic composition of detritus—potentially affecting the decomposers
consuming them. Isotope studies have found that primary and secondary decom-
posers within the soil appear to form a continuum (Scheu and Falca 2000), from
those feeding on litter to those feeding on the microorganisms utilising the litter
(e.g. Chahartaghi et al. 2005; Erdmann et al. 2007). Unfortunately, the small size of
soil fauna leads to a bulking of many individuals depending on mass spectrometry
methods used (Crotty et al. 2013), which can affect assessments of feeding
preferences.



38 S. N. Johnson et al.
2.5 Closing Remarks

This survey of belowground approaches that may assist community ecologists
interested in aboveground-belowground interactions is not exhaustive. We aimed
to consider those techniques that either had been used in aboveground-belowground
community ecology studies or at least had significant potential to contribute to this
topic. A recent review highlighted how molecular approaches could be useful for
studying root herbivores (Benefer and Blackshaw 2013); such techniques are already
used by soil ecologists. Molecular approaches offer significant potential and we
finish by identifying two promising areas of research.

2.5.1 Belowground Invertebrate Gut Contents

One of the key problems in studying soil invertebrates is identifying their feeding
preferences. Crotty et al. (2014) used stable isotope signatures to determine trophic
interactions, but there is relatively little work on identifying the actual species that
are preyed upon. Despite the importance of these interactions, our knowledge of
belowground herbivory is limited to relatively few species of invertebrates that are
significant crop pests (Johnson and Murray 2008; Johnson et al. 2016a). Many other
species inhabit the soil and directly impact plants. Clements et al. (1990) showed
average forage yield increases of 11% when insecticides were applied to permanent
grassland, despite the absence of the major pest species. Many other species inhabit
the soil and directly impact plants; the lack of knowledge of the feeding habits of the
majority of the soil fauna is mainly due to the methodological constraints for
studying soil biota in situ, as described earlier. Many of the experimental systems
available utilise sieved soils and are artificial in their construction, and very few
experiments (e.g. Murray et al. 2009; Crotty et al. 2012a) use intact soils with their
full complement of biota in feeding studies. One sure way to determine the prove-
nance of food material would be to identify the material in the gut of the insect.
However, this has been extremely challenging. Advances in molecular techniques
have used identification of DNA in gut contents to reveal the feeding activity in
natural conditions. However, the literature is dominated by studies of animal prey
(e.g. King et al. 2008; Wallinger et al. 2013). It is only now that there is a body of
work that is focussed on the identification of ingested plants. One of the more robust
methodologies is the PCR assay developed by Wallinger et al. (2012) which may be
used to screen large numbers of samples. Wallinger et al. (2013) describe an
optimised PCR assay to determine how detectable ingested fresh plant or decaying
plant DNA was in the click beetle Agriotes spp. Both types of litter were detectable,
demonstrating that their consumption could be verified by this technique.
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2.5.2 Meta-Barcoding

The study of Collembola and mites is severely constrained by the lack of taxonomic
expertise needed for identification. High resource demands and lack of experts result
in the grouping of taxa at higher taxonomic levels, e.g. super-families and
sub-orders, rather than at the species level. The development of molecular tech-
niques based on DNA extraction, over the last 10 years, has the potential to
revolutionise the identification of soil fauna (Hebert and Gregory 2005). DNA
meta-barcoding refers to the automated identification of multiple species from a bulk
sample containing entire organisms or from environmental samples containing parts of
organisms (Taberlet et al. 2012), although taxonomic reference libraries need to be
created. Metagenomics has been the focus of microbiology, bypassing the need for
isolation or cultivation of microorganisms (Simon and Daniel 201 1), but only classifies
the DNA/rRNA sequences as ‘OTU’s—operational taxonomic units. Advances in high
throughput sequencing for meta-barcoding and metagenomics now allow soil
mesofauna to be identified along with other soil organisms. For example, nematode
molecular identification has been established since 2006 (Griffiths et al. 2006) and this
technique has been developed further since (Sapkota and Nicolaisen 2015). Arribas
et al. (2016) have recently shown that integrating standard mesofauna extraction
techniques with high-throughput sequencing allowed the characterisation of soil bio-
diversity in a phylogenetic and community ecology context. However, a common
database of soil biodiversity is still needed, and it will take a combined effort of
researchers to fully characterise soil biodiversity (Orgiazzi et al. 2015).
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Chapter 3 )
Modeling Aboveground-Belowground s
Interactions

Katrin M. Meyer

3.1 Introduction

Aboveground-belowground interactions are complex (Wardle 2002), because they
include nonlinear relationships, interconnected feedbacks, scale-dependent dyna-
mics, and an intermediate number of constituents. Large numbers of constituents
can be averaged, small numbers can be addressed individually, but the study of
intermediate numbers can be very challenging in practice (Schaffer 1981). Models
can help to capture the complexity of aboveground—belowground interactions (van
der Putten et al. 2009). They offer a systematic approach to explore consequences of
assumptions where data are scarce, they provide mechanistic, bottom-up system
information that might not be apparent from empirical top-down system samples,
and they can be used to identify knowledge gaps and generate testable hypotheses.
Nevertheless, models are purposeful simplifications of reality and thus always
simplify and always need a specific purpose or question to guide the simplification.
This means that models are not a universal remedy for aboveground—belowground
complexity and need to be applied wisely and where possible in conjunction with
empirical approaches to shed light on aboveground—belowground interactions.
Questions are thus at the heart of all modeling endeavors. Many of the questions
addressed by aboveground—belowground models are not exclusive to modeling, but
models can often include more factors, more interactions, more perspectives, and
more types of data (e.g., qualitative data) than many empirical approaches (Meyer
et al. 2009a). Hence, questions of aboveground—belowground models are typically
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derived from the more complex realms of aboveground—belowground community
ecology, for instance:

* How do all aboveground and belowground functional groups interact to influence
plant performance (Schréter et al. 2004)?

e What is the relative importance of the different relationships in an aboveground—
belowground community (Eisenhauer et al. 2012; Meyer et al. 2012)?

*  Which aboveground-belowground effects are direct and which are indirect (Veen
et al. 2010)?

e What are important thresholds in community dynamics given certain
aboveground-belowground interactions (Fibich et al. 2010)?

e What are the underlying (physiological) mechanisms of aboveground—below-
ground interactions (Biondini 2001)?

* How does global change influence the interactions and feedbacks in aboveground—
belowground communities (Sistla et al. 2014)?

e How are trophic interactions related to competitive interactions (Korner et al.
2014)?

* How do spatial relationships influence aboveground-belowground interactions
(Levine et al. 2006)?

* How do individual properties of aboveground organisms affect plant and herbi-
vore performance belowground and vice versa (Meyer et al. 2009b)?

These questions are reflected in the aims of the models.

Aims of models can generally be description, explanation, or prediction (Grimm
and Railsback 2005, p. 36). Descriptive models identify and represent the character-
istic properties of the system at hand. They can be used to demonstrate principles for
the purposes of clarifying the corresponding relationships. In aboveground-below-
ground community ecology, descriptive models may, for instance, aim to identify and
visualize aboveground and belowground functional types and their interactions
(Schroter et al. 2004). Models that aim at explanation often implement hypotheses
about a system to test them by model analysis. This can involve several model
scenarios representing alternative hypotheses which are then compared by means of
the respective model outputs. For example, such a model could be used to implement
and test the hypothesis that aboveground trophic levels are more important than
belowground trophic levels for plant performance (Meyer et al. 2009b). Models
that aim to make predictions usually require the greatest level of detail and thus
large amounts of data. Validation of model results against independent data is very
important for predictive models, because only successfully validated models generate
credible predictions. Predictive aboveground—belowground models are, for instance,
common in crop sciences, where yields are predicted depending on pest species
dynamics (Tixier et al. 2013).

Many model types are available to pursue the different questions and aims of
community ecology studies (Fig. 3.1). Here, the typology of van der Putten et al.
(2009) is used as a starting point and extended by two model types: statistical
models and functional—structural models (Table 3.1). Conceptual models and graph-
ical models describe and visualize relevant components of a system and their
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relationships. Graphical models additionally rely on mathematical models and often
take the form of isocline graphs. Statistical models describe relationships and can be
used to test hypotheses and make predictions within the limits of the specific
statistical method. This chapter only considers statistical models that go beyond
simple tests such as structural equation models (Eisenhauer et al. 2015). Functional—
structural models are also called plant growth models and simulate plant architecture
arising from physical and/or physiological processes (Guo et al. 2011). They often
take an object-oriented approach to simulate plant modules. Process-based models
capture relevant processes in equations that can be solved analytically or numeri-
cally. Due to their mechanistic nature, they are often applied for explanation and
prediction. Spatially implicit models only address rough spatial differentiations,
such as local versus regional processes. Spatially explicit models consider spatial
relationships at much greater detail. For instance, in cellular automata, neighboring
cells influence the state of a cell. In other grid-based approaches, all cells can
influence any one cell depending on distance and location (Meyer et al. 2010).
Individual-based models or agent-based models simulate interactions between indi-
vidual organisms giving rise to population and community dynamics (Grimm and
Railsback 2005). This bottom-up approach is opposite to the top-down approach of
most process-based models that impose population and community dynamics and

Fig. 3.1 (continued) isoclines that show combinations of x- and y-values for which the model
produces zero net growth of root biomass R, shoot biomass S, or herbivore densities H. (c)
Statistical structural equation model inspired by Veen et al. (2010). Bold arrows correspond to
significant effects, dashed arrows to hypothesized but non-significant effects, and arrow width
reflects effect size. (d) Functional—structural model inspired by Groot and Lantinga (2004). Boxes
represent objects in the model, solid arrows indicate effects, dashed arrows indicate transforma-
tions. Each object can perform actions. (e) Process-based models formalize processes with process
equations (grey boxes) corresponding to the arrows in conceptual models (see a). Process-based
models can be nonspatial (left grey box), spatially implicit (centre grey boxes), and spatially explicit
(right grey boxes). The nonspatial model consists of a possible set of equations for the processes in
the conceptual model in panel (a); S: shoot biomass, R: root biomass, H,: density of herbivore A,
Hp: density of herbivore B, #: time, g: conversion rate of root growth into shoot growth, 7: root
growth rate, a: proportion of shoot biomass eaten by herbivore A, b: proportion of root biomass
eaten by herbivore B, f: conversion efficiency of shoot or root biomass eaten into herbivore
individuals, m: mortality rate of herbivore A and B. Spatially implicit process-based models couple
a set of process-based equations for local dynamics with a set of equations for regional dynamics.
Spatially explicit process-based models (including reaction—diffusion models) are usually based on
a grid whose cells contain local process equations and equations on interactions with neighboring
cells. The grid represents the regional dynamics. (f) Cellular automata are based on grids whose
cells have states such as presence/absence of species or amounts of biomass. The cells interact with
their direct neighbors according to predefined transition rules. These rules can (but do not have to)
be formalized as equations. Thus, cellular automata include spatially explicit process-based models
if these are based on a grid (see e). (g) Individual-based models or agent-based models simulate
individual organisms as objects (Herbivores 1 and 2). Objects have properties whose values change
from individual to individual. Individuals interact with each other and with their environment. The
environment is often implemented as spatial grid cells that can have different properties, e.g.,
amount of vegetation (grey shades). In contrast to cellular automata, interactions can stretch beyond
the direct neighbors and organisms are not only represented as states, but as objects with properties
in individual-based models
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Table 3.1 Overview of model types, basic model aims (description, explanation or prediction),
selected examples from aboveground—belowground community ecology, and the modeled interac-
tions in these examples®

Modeled
Model typesb Model aims® Examples interactions®
Conceptual models | Description Cahill (1999) PC
(explanation) | Schroter et al. (2004) PTIM
Graphical models | Description Fibich et al. (2010) PT,C
(explanation)
Statistical models Description Lamb (2008), Lamb and Cahill PC
(explanation) Jr. (2008), Lamb et al. (2009) PCF
(prediction) Eisenhauer et al. (2012) PT,CF
Veen et al. (2010) PT!
Functional-struc- Description Drouet and Pages (2003, 2007), Postma | P
tural models (explanation) and Lynch (2011)
(prediction) Groot and Lantinga (2004) PT!
Process-based (Description) Cheeseman (1993), van Wijk (2011), P
models explanation Feller et al. (2015), Eid et al. (2016)
prediction Asaeda et al. (2000, 2001), Lazzarotto PC
et al. (2009)
Sistla et al. (2014), Biondini (2001), PT,
Ruget et al. (2002), Brisson et al. (2003),
Scheiter and Higgins (2013)
Van Noordwijk and Lusiana (1998) PT!CF
Bever (2003) PT,C
Tixier et al. (2013) PT’C
Goudard and Loreau (2008) PT?
Jia et al. (2009) PT}
Willocquet et al. (2008) PT{C
Spatially implicit (Description) Huston and DeAngelis (1994) P
process-based explanation
models prediction
Spatially explicit (Description) Barbier et al. (2008) PCF
reaction—diffusion | explanation
models prediction
Spatially explicit (Description) Levine et al. (2006) PT,
cellular automaton | explanation
models (prediction)
Individual-based Description Zhang et al. (2013) PCF
models explanation Bonanomi et al. (2005) PT,
(prediction) May et al. (2009) PTIC
Korner et al. (2014), Pfestorf et al. (2016) PT{ C
Meyer et al. (2009b, 2012) PT5M

“Only those examples are included that explicitly consider root—shoot interactions (and not only
plant-resource interactions)

®Based on van der Putten et al. (2009) except for statistical models and functional—structural models
“Parentheses indicate less importance

4P—pure root-shoot interactions inside the plant, T —trophic interactions between plant and
x belowground trophic levels and y aboveground trophic levels, C—competitive interactions
among plants, F—facilitative interactions among plants, M—mutualistic interactions between
plants and mutualists such as earthworms
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simulate matter or energy fluxes instead of individual organisms (Schroter et al.
2004). Individual-based models are most often used for explanation, i.e., to demon-
strate principles and analyze scenarios.

The origins of aboveground-belowground models are very diverse. Whereas
many empirical aboveground—belowground studies have arisen from pure above-
ground studies (Chap. 2), aboveground—belowground models are not necessarily
extensions of aboveground approaches. Rather, it is the model type that influences
the genesis of an aboveground-belowground model. For instance, functional-struc-
tural aboveground—belowground models have more commonly arisen from pure root
architecture models than from pure aboveground models (Guo et al. 2011; e.g.,
Postma and Lynch 2011). Process-based aboveground—belowground models often
originate from classical physiological models that early on have considered interac-
tions between roots and shoots (e.g., Cheeseman 1993). In cases where
aboveground-belowground process-based models arose from food-web models, it
is more common that these food-web models capture only belowground interactions
and no aboveground interactions (e.g., de Ruiter et al. 1995). Some process-based
models (e.g., Bever 2003) and all graphical aboveground—belowground models
(e.g., Fibich et al. 2010) are based on classic models from ecological theory such
as the Lotka—Volterra model or the Rosenzweig—MacArthur model. These models
are not specific to aboveground or belowground communities and neither are
conceptual or statistical models. Individual-based aboveground-belowground
models are an exception to this rule, because they more commonly originate from
models that focus on aboveground interactions (e.g., May et al. 2009; as basis of
Korner et al. 2014).

In the following, first, a review of model applications that link aboveground and
belowground interactions will show that there are only relatively few approaches
thus far. Then, promising avenues for future application of models in aboveground—
belowground community ecology will be delineated. A practical guide on how to
model aboveground-belowground interactions will conclude this chapter.

3.2 Models of Aboveground-Belowground Interactions

Application examples of models of aboveground-belowground interactions are not
as manifold as the diversity of available model types might suggest. The examples
compiled here (Table 3.1) are representative of all the available models, with a bias
towards studies that involve trophic rather than non-trophic interactions with many
rather than few trophic levels. This focus on trophic interactions reflects the
aboveground-belowground perspective adopted in this book. In the following,
first, simple shoot—root interaction models will be explained, because they are the
core of all models compiled in this chapter. Then, models involving trophic inter-
actions aboveground or belowground will be introduced. Finally, it will be explained
how non-trophic interactions such as plant—plant and plant-mutualist interactions
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are integrated into aboveground—belowground models, either alone or in combina-
tion with trophic interactions.

3.2.1 Shoot—Root Interactions

Shoot-root interactions are the simplest form of aboveground—belowground inter-
actions and are thus the target of most aboveground—belowground models (“P” in
Table 3.1). These models simulate allocation of plant biomass to shoot and root at
various levels of resolution. Most functional—structural models are restricted to pure
shoot—root interactions. Accurate simulation of plant structure already requires great
levels of detail, so computational capacities for additional trophic or non-trophic
interactions are limited. Functional—structural models are often more highly resolved
belowground than aboveground (e.g., Postma and Lynch 2011). However, most
shoot-root allocation models are mechanistic process-based models. One of the
classic shoot-root allocation models is SIMPLE (Cheeseman 1993), which simu-
lates carbon and nitrogen fluxes between shoot and root compartments and can be
used to test physiological hypotheses. Eid et al. (2016) modeled shoot and root
growth as a function of photosynthesis, respiration, mortality, and translocation from
shoots to roots. With his ecohydrological shoot-root-allocation model, van Wijk
(2011) explains plant rooting strategies in dry ecosystems with the maximization of
transpiration. Taking a systems biology approach, Feller et al. (2015) simulate
aboveground-belowground interactions as exchange of sugars and phosphate
between shoot and root compartments to explain the dynamic adaptation of shoot—
root ratios in response to environmental conditions.

3.2.2 Trophic Interactions

Trophic interactions have been considered as implicit effects and as explicit inter-
actions belowground and aboveground (“7” in Table 3.1). Trophic interactions are
much more commonly addressed in the form of implicit effects than as explicit
dynamic interactions in aboveground-belowground models. Implicit effects are
given when, for instance, grazing or cutting aboveground biomass is simulated as
biomass reduction without feedbacks to the herbivore organisms. Taking an object-
oriented functional-structural modeling approach, Groot and Lantinga (2004)
explored the effect of cutting on plant growth and digestibility. They simulated
plant morphology as aggregation of objects such as leaf blade, leaf sheath, stem
internode, and root and found good agreement between field experimental data and
model outputs. Implicit belowground effects have been modeled in the form of
plant—soil feedback effects (Bonanomi et al. 2005; Levine et al. 2006). Implicit
aboveground and belowground effects have been taken into account in a process-
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based model of mowing and root fragmentation effects on an invasive weed species
that aimed at identifying the management interval that maintains shoot biomass at a
constant level (Jia et al. 2009). Explicit belowground interactions are part of the
biogeochemical ecosystem model SCAMPS that simulates interactions between
plant and microbial pools via soil organic matter (Sistla et al. 2014). When the
study systems become more complex, direct and indirect trophic effects can be
revealed with statistical structural equation models. For instance, Veen et al.
(2010) differentiate between alternative hypotheses on direct and indirect effects
of aboveground vertebrate herbivory on belowground nematode herbivores. This
study also exemplifies how effects (here of aboveground herbivores) and responses
(here of belowground herbivores) can be studied, linking aboveground and below-
ground interactions.

3.2.3 Plant—Plant Interactions

Non-trophic interactions between neighboring plants can have negative (competi-
tion) or positive (facilitation) effects on the interacting plants. In their simplest form,
plant—plant interactions have been combined with shoot—root interactions without
considering any trophic interactions (“C” for competitive interactions, “F” for facil-
itative interactions, and “CF” for both in Table 3.1). Conceptual models on compet-
itive asymmetry (Cahill 1999) have inspired a statistical structural equation model
that shows that root competition—even when it is very intense—is unimportant for
plant community structure (Lamb and Cahill 2008). Rather, aboveground competi-
tion affects plant diversity (Lamb et al. 2009). A more mechanistic approach has been
adopted in the process-based model PROGRASS (Lazzarotto et al. 2009). It simu-
lates belowground competition of grass and clover for nitrogen and can be used to
study effects of management such as fertilization and harvesting schemes. One of the
rare aquatic examples in aboveground—belowground modeling captures the compe-
tition between macrophytes and different functional types of phytoplankton (Asaeda
et al. 2001). The spatial nature of competitive and facilitative interactions is reflected
in the zone-of-influence approach adopted to simulate facilitation and size-symmetric
and size-asymmetric competition aboveground and belowground (e.g., Zhang et al.
2013). Another spatially explicit aboveground—belowground model (Barbier et al.
2008) uses kernels to reflect the variation in the decrease in competition strength
around plant individuals of different plant species. Where zones-of-influence or
kernels of different individuals overlap, the resources in the overlapping areas or
volumes must be shared between individuals. The large number of available models
involving plant—plant interactions may be due to three reasons. First, there might be
more questions that require the consideration of plant—plant interactions than ques-
tions requiring trophic interactions. Second, trophic interactions may only recently
have come into the focus of research. Finally, it might simply be easier to incorporate
interactions among plants than interactions between plants and other trophic levels.
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3.2.4 Plant-Plant and Trophic Interactions

Non-trophic interactions between plants have in some cases been combined with
trophic interactions in aboveground—belowground models (“7}” in combination with
“C” or “F” or both in Table 3.1). Interactions between plants are usually competitive
or facilitative, but can also be trophic when (hemi-) parasitic plants are involved.
Along these lines, Fibich et al. (2010) implemented a classic Rosenzweig—
MacArthur predator—prey model for the relationship between a plant and its root
hemiparasite. The model was extended by including aboveground competition for
light between the plant and its hemiparasite. This model was the first to successfully
reproduce the reduction in hemiparasite numbers seen empirically at high environ-
mental productivity. The statistical structural equation model by Eisenhauer et al.
(2012) connects plant communities and decomposer communities, which can be
thought of as implicit competitive, facilitative, and trophic interactions. Based on
their model analysis, Eisenhauer et al. (2012) claim that the role of decomposers in
the relationship between plant diversity and ecosystem functioning has been under-
appreciated. The WaNuLCAS model on tree—soil-crop interactions in agroforests
treats aboveground trophic interactions implicitly (as harvest), but considers com-
petition between plants explicitly. This model allows the inclusion and analysis of
complex management scenarios such as alley cropping, contour hedgerows, park-
land systems, and fallow—crop mosaics. Similarly, a series of individual-based
models (May et al. 2009; Korner et al. 2014; Pfestorf et al. 2016) simulates herbivory
implicitly, but competition explicitly via aboveground and belowground zones-of-
influence. Whether or not an individual plant is affected by grazing depends on a
weighted lottery based on the overall grazing probability, whereas belowground
herbivory is modeled as percentage effect on the total available belowground
biomass.

Competitive and trophic interactions have been considered more explicitly in the
soil feedback model by Bever (2003). This model links two plants by competition
and includes the effects of their soil communities on themselves and on each other as
well as the effects of the plants on the soil communities. The difference between
explicit and implicit inclusion lies in these two-way trophic interactions. By linking a
crop model and a food web model, the banana growth model (Tixier et al. 2013)
benefits from both (usually separate) worlds: explicit population dynamics of three
trophic levels beyond the plant and explicit output of harvestable biomass of the
banana crop and of a cover crop, including explicit competition for nitrogen between
the two crops. Another example of an agrophysiological model that explicitly
includes competitive and trophic interactions is the WHEATPEST model
(Willocquet et al. 2008). Moreover, this model is very flexible in that it has been
parameterized for an exceptionally broad range of aboveground and belowground
pest species.
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3.2.5 Mutualistic and Trophic Interactions

Non-trophic mutualistic interactions between plants and mutualists (often earth-
worms) have been combined with trophic interactions in a few aboveground—
belowground models (“TYM” in Table 3.1). Mutualistic interactions are difficult to
include in classic equation-based models without generating positive feedback
loops. However, mutualistic interactions and also other non-trophic interactions
can be modeled as modifiers of trophic interactions in process-based food web
models (Goudard and Loreau 2008). This means that trophic interactions would
have a less detrimental effect on a plant when a mutualist is present. Mutualistic
interactions have also been considered in the conceptual model for enhancing the
biological realism of dynamic global vegetation models by Schréter et al. (2004).
This conceptual model asks for several trophic levels aboveground and belowground
on top of the mutualistic interactions. However, it might be difficult to implement all
these demands in dynamic global vegetation models due to their already complex
nature and large-scale applications.

If aboveground-belowground interactions of several trophic and non-trophic
levels are to be implemented at a smaller scale such as food chains linked to one
plant individual, individual-based models are very suitable for the task. An
aboveground—-belowground interactions model (Meyer et al. 2009b, 2012) involved
three trophic levels aboveground, two trophic levels belowground, a plant with shoot
and root compartments, and a mutualist. This model showed that belowground
interactions can be more important for plant performance than aboveground inter-
actions. Mutualistic interactions between earthworms and the plant had especially
substantial effects on plant biomass (Meyer et al. 2009b). This model was also used
to demonstrate that the paradox of enrichment can also apply in communities with
multiple aboveground and belowground trophic and non-trophic levels. At high
levels of enrichment at one end of a land-use gradient, there were abrupt destabili-
zations of the multitrophic aboveground—belowground system in the form of high
plant mortalities (Meyer et al. 2012). Moreover, the effects of aboveground trophic
levels on plant performance were more important under enriched conditions,
whereas belowground effects were more important under more natural conditions.

3.2.6 Community Complexity

The complexity of a community is a real challenge for aboveground—belowground
models (as it is for empirical approaches). Only very few of the existing aboveground—
belowground models are community models in the sense that they incorporate more
than three species and more than one type of interaction (e.g., Willocquet et al. 2008;
Meyer et al. 2009b; Tixier et al. 2013; Korner et al. 2014; Pfestorf et al. 2016). Of
course, complexity should not be pursued for complexity’s sake. But modelers should
take advantage of the added value that modeling approaches offer, especially in
complex cases such as aboveground-belowground interactions in communities. For
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instance, where empirical data are scarce and the true value of a parameter is unknown,
models can be used to explore the consequences of many different parameter values
for community dynamics. Moreover, the relative importance of different interactions
for community dynamics can be evaluated with a sensitivity analysis.

Different aspects of complexity pose different kinds of challenges to modeling.
None of the models with more than one trophic level aboveground and belowground
explicitly includes the spatial dimension of the community. Hence, addressing
spatial relationships in aboveground—-belowground interaction models seems to be
a greater challenge than including more species or more interactions. However,
spatial relationships are important for population and community dynamics (Durrett
and Levin 1994). They determine whether a theoretically possible interaction really
takes place or is absent or restricted due to spatial vegetation patterns, limited home
ranges, differential movement speeds aboveground versus belowground, or the
existence of refuges. However, explicitly including space (and time) in a model
also raises questions of scaling.

Scaling in space and time poses a serious challenge to complex aboveground—
belowground models. Sooner or later in the model development process, the ques-
tion arises at which scale or scales the aboveground-belowground model should
operate. For instance, accounting for different spatio-temporal scales has been
pointed out as a problem of models that aim at optimizing ecosystem services (Tixier
et al. 2013). Models that cover multiple spatial or temporal scales have been
developed (e.g., Fig. 3.2), but they are rare. This is because the transfer of informa-
tion between scales is technically challenging and virtually always involves loss of
information. The technical challenge of scaling is due to the heterogeneities, non-
linearities, and feedbacks of the interactions to be modeled and scaled. More
commonly, the modeled processes are integrated at one specific scale. This may
also involve loss of information, but is technically easier once the specific scale has
been identified. Mismatches in the spatial and temporal scales of the real processes
underlying the model (Sayre and Vittorio 2009) aggravate the scaling problems in
aboveground-belowground models, because spatial and temporal scales then have to
be treated separately.

Another dimension of complexity is the fact that models always must be linked to
empirical data for validation. This has been considered a serious bottleneck for crop
models (Meine van Noordwijk 1996). Coupling a model to empirical data does not
necessarily increase the complexity of the modeled system, but it does enhance the
complexity of model analysis. This is especially true when empirical data are scarce
and inverse modeling techniques (Grimm et al. 2005) have to be applied to deter-
mine parameter values. Inverse parameterization compares available empirical data
to the outputs of several model versions that differ in the value of the parameter to be
determined. The parameter value that produces the best match is then chosen. In
spite of these difficulties, aboveground-belowground models and empirical data
from greenhouse experiments or field studies have successfully been coupled in
some cases (e.g., Cheeseman 1993; Meyer et al. 2009b; van der Putten et al. 2009;
Jeltsch et al. 2013; Hol et al. 2016; Pfestorf et al. 2016).
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Fig. 3.2 Multi-scale concept of a model simulating northwards range expansion of Mediterranean
plants that captures abiotic and biotic interactions with aboveground and belowground enemies.
One plot accommodates one plant individual. Biotic interactions occur at the plot and field scale.
The population-level output of the individual-based field-scale simulations is used as input to the
regional-scale model. Based on the probability of a population to reach the northern end of a field,
populations of plants and their aboveground and belowground enemies move northwards in the
region-scale model. The field-scale submodel is run for several scenarios differing, for instance, in
enemy identity or in temperature to provide the required input to the regional-scale model. Such a
multi-scale model can be used to assess intracontinental range expansion speed or the enemy release
hypothesis (Figure design by M. van Oorschot)

3.3 The Future of Aboveground-Belowground Models

Future modeling endeavors can advance aboveground—belowground community
ecology threefold: first by providing more complete analyses, second by filling
gaps in knowledge, and third by inspiring new perspectives. Examples of gaps in
knowledge that models can help filling are:

e How do competitive, facilitative, trophic, and mutualistic interactions influence
and modify each other in their effect on the involved organisms?

*  Which roles do positive and negative feedbacks play for aboveground—below-
ground interactions?

* How important are interactions between plants and microorganisms relative to
other aboveground-belowground interactions in a community?

e How do different types of aboveground-belowground interactions affect the
invasibility of a community?

* What is the role of intraspecific interactions and intraspecific variability in the
context of aboveground—belowground interactions?
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* How do interactions of plants with the environment influence community dynam-
ics relative to interactions with other organisms?

Technically, these advancements correspond to three main avenues for future
aboveground-belowground modeling: first to improve and simplify current models,
second to develop more complex models, and third to adopt entirely new modeling
approaches. The following sections explore how these avenues look like and how we
can advance aboveground-belowground community ecology when going along
these avenues.

3.3.1 The First Avenue: Model Simplification

The first avenue is to improve current models by updating their data basis,
implementing more efficient algorithms, and simplifying model structure where
possible. This may involve reformulating the original research question and adapting
model structure accordingly. Such continuous model updating is also known as the
modeling cycle (Grimm and Railsback 2005) (Fig. 3.3), but is not very often put into
practice because it requires extra investment in an apparently completed model
project. However, the investment is worthwhile because newly available data may
open up new topics for investigation with the model and more efficient model
structure may make more complete analyses or other types of analyses possible. In
the most extreme case, the original model and its outputs turn out to be wrong, which
makes updates mandatory. This first avenue of improving current models also
encourages further data collection targeted at filling gaps in the input parameters
and reference data for the validation of aboveground-belowground models.

3.3.2 The Second Avenue: Model Expansion

The second avenue for future aboveground-belowground modeling is to take
advantage of increasing computing power to expand research questions and models
to include more factors. Model expansion can help to fill current gaps in knowledge.
However, caution should be taken to not make a model unnecessarily complex with
respect to the research question and the available empirical data for parameterization
and validation. Unnecessary model complexity can be avoided by starting with the
simplest possible model with the fewest variables, parameters, and processes,
iterating through the modeling cycle (Fig. 3.3) and always considering to further
simplify rather than adding model structure. Where question and data allow for
model expansion, there are several factors that can be included in future
aboveground-belowground models to fill knowledge gaps. These factors can be
grouped into three directions of interaction: interactions between species,
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Fig. 3.3 The modeling cycle detailing the steps from question to model and back (modified based
on Grimm and Railsback 2005)

intraspecific interactions and variability, and interactions between species and the
environment.

In the first interaction direction, more different types of interactions such as
trophic, competitive, facilitative, mutualistic, or other interspecific interactions
could be combined to provide a more complete picture of a community. To this
end, Tixier et al. (2013) suggested linking soil-plant models that stress plant—plant
interactions with food web models that focus on trophic interactions. Moreover,
negative and positive feedbacks should be considered explicitly (van der Putten
et al. 2009), because they can enhance mechanistic understanding of aboveground—
belowground interactions. It should also be explored under which conditions nega-
tive feedbacks become positive feedbacks and positive feedbacks become negative
ones. Where applicable, special roles of selected functional groups in an interaction
network should be implemented, as in the case of ecosystem engineers (Schroter et al.
2004). Some groups of organisms are underrepresented in aboveground—below-
ground models, among them microorganisms that colonize plant leaf and root
surfaces (Meyer and Leveau 2012; Esser et al. 2015). Considering interactions with
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microorganisms may fill gaps in the understanding of the mechanisms of
aboveground-belowground interactions. When these interactions are more fully
reflected in future aboveground-belowground models, these models can also be
used to investigate the invasibility of communities and to test interaction-related
hypotheses such as the enemy release hypothesis (see also Fig. 3.2). Here, models
have the great advantage over experimental approaches that they allow for countless
manipulations and scenarios that can be run with very high replication (Meyer et al.
2009a).

In the second interaction direction, intraspecific interactions and variability may
also be benefits of future aboveground—belowground models (Pfestorf et al. 2016).
Intraspecific interactions mainly refer to intraspecific competition, i.e., density-
dependent reproduction or mortality that give rise to positively or negatively
density-dependent population growth. This is particularly important where coexis-
tence of species is investigated, because classical ecological theory in the form of the
Lotka—Volterra model predicts that intraspecific competition needs to be stronger
than interspecific competition to promote stable coexistence of two species (see also
Gause 1934). In terms of intraspecific variability, it is especially important that
greater resolution of root traits is included in future approaches (May et al. 2009).
Along similar lines, physiological and ecological aspects should be linked more
tightly and different pathways of information flow should be considered, for instance
in the form of volatiles (Meyer et al. 2012).

In the third interaction direction, interactions with the environment could be
included more explicitly in future aboveground—belowground models. Such models
with more detailed representations of the relevant environmental conditions such as
temperature, pH, soil moisture, or nutrient availability could be used to study how
context-dependent the outcomes of aboveground-belowground interactions are
(Meyer et al. 2009b). These models will also allow agronomists to address the full
complexity of agricultural questions, which requires models with great environ-
mental detail (Tixier et al. 2013). One of these questions is, for instance, how large
are the trade-offs between pesticide use and environmental risks (Tixier et al. 2006).
Fortunately, there are also some types of models that require only a coarse spatial
resolution and thus less detail, such as decision models in agricultural applications
(Tixier et al. 2013). When environmental conditions are more explicitly covered,
their changes can also be explicitly simulated to investigate the responses of
aboveground-belowground interactions to, for instance, global climate change or
to the abiotic components of land-use change. Of course, biotic components of land-
use change should also be considered when land-use change is modeled. This
involves replacing plant species identities by those of the species planted in the
new land use and adapting the whole network of associated species aboveground and
belowground. This will provide a more complete perspective on the relative impor-
tance of abiotic and biotic interactions for the implications of land-use change.
Changes in environmental conditions also have consequences for ecosystem ser-
vices. Hence, more aboveground-belowground model applications that produce
output on ecosystem services are called for (Schroter et al. 2004; Tixier et al. 2013).
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3.3.3 The Third Avenue: New Modeling Techniques

The third avenue towards future aboveground—belowground models is to explore
entirely new technical approaches as bases for the modeling endeavors. These
approaches also encompass empirical approaches that help to provide more complete
or more finely resolved data on which to base parameterization or validation of the
models. For example, molecular tools such as stable isotope analysis should be used
more frequently in order to obtain full food web data for complex aboveground—
belowground models (Tixier et al. 2013). For aboveground—belowground models
that focus on plant morphogenesis and the genetic regulation of plant development,
cell-based simulation approaches have been advocated to capture different types of
plant cells (Dupuy et al. 2007). Game theory offers new techniques that have not yet
been applied in aboveground—belowground modeling. These techniques can be used
to model plant defense strategies or plant allocation responses to global change
(McNickle and Dybzinski 2013). Similarly, static or dynamic Bayesian network
models have not yet been frequently applied in aboveground—belowground model-
ing. However, they can be very useful where food web modelers want to include
stochasticity (Tixier et al. 2013). Adopting new modeling techniques can thus also
open up new ecological perspectives on aboveground-belowground community
ecology.

3.4 Practical Guide to Modeling
Aboveground-Belowground Interactions

How can you now make your own model of aboveground—belowground inter-
actions? Whether you are an experienced modeler or a modeling novice, all your
modeling endeavors (not only the ones related to aboveground—belowground inter-
actions) will usually follow the same general principles that make up the modeling
cycle (Fig. 3.3) (Grimm and Railsback 2005). These principles are derived from the
definition of a model as a purposeful simplification of reality. Thus, the first step of
the modeling cycle is to define the purpose of a model in form of the model question.
This question needs to be as specific as possible to be useful as a decision tool for
simplification (see the examples of model questions in the introduction to this
chapter). Often, model questions arise either explicitly or implicitly from the explo-
ration of empirical data. This is an explicit process when data give rise to questions
on the underlying mechanisms, and these mechanisms are more amenable to model-
ing than empirical approaches. This can for instance be due to logistic constraints.
Implicitly, the data that we process influence our preconceptions about the
mechanisms that shape and drive community dynamics and thus also influence the
questions that we ask about them.

The second step is to develop a conceptual model based on data assembly. The
conceptual model is a collection of hypotheses about the factors, influences, and
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interactions that may be relevant for answering the model question. These hypoth-
eses might only be mental hypotheses, but they are in fact often expressed in the
form of graphics with factors in boxes and arrows representing influences or
interactions. A conceptual model is a crucial milestone for a successful model of a
system, because it makes explicit the knowledge, assumptions, and intuition about
the system. Note that conceptual models can be a step in the modeling cycle or a self-
contained model type (Fig. 3.1). The quality of the conceptual model strongly
depends on the available data. Data are explicitly required for parameterization
and validation of a model, but also more implicitly as a guideline during the
definition of model structure. Data quality obviously varies, but any type and quality
of data related to the model question is welcome at the conceptual modeling stage.
This includes quantitative data obtained from literature sources or from experiments
and observations carried out by the modelers themselves, as well as qualitative data
in the form of expert knowledge or “guesstimates.” If the model concept is trans-
parent about the nature of the data and the estimated uncertainty in the data, even the
most uncertain data can be useful in the modeling process if it is related to the model
question. It is good practice go back and forth between question formation and data
assembly/model conceptualization in several iterations to sharpen and synchronize
question and concept until the next step can be taken.

In the third step, the model structure is fixed, i.e., concrete model equations, rules,
and algorithms are devised, the set of parameters and variables is defined, and the
temporal and spatial scales are determined. Parameters are the input values of a model
that stay constant in any one model run, whereas variables express different states of
the modeled system and vary accordingly. Scale is composed of grain and extent, i.e.,
the smallest and the largest spatial or temporal unit to be distinguished in the model. A
careful definition of the model scales is especially important in aboveground—below-
ground interaction models, because the dynamics of aboveground—belowground
interactions is often scale-dependent. Deciding to choose a particular model structure
may have as a consequence that the conceptual model and sometimes even the model
question have to be modified.

The fourth step is to implement and parameterize the model. This means that the
model structure is turned into a set of spelled-out equations in the case of equation-
based models such as process-based and reaction—diffusion models and into pro-
gramming code in the case of rule-based models such as most cellular automata and
individual-based models (Table 3.1). Additionally, standard parameter values and
the initial values of the variables need to be defined based on data from the second
step. This requires a certain degree of technical knowledge in mathematics or
software design, which can of course also be outsourced to mathematicians or
software experts. Literature on equation-based modeling in biology abounds; classic
references are Adler (2005) and Edelstein-Keshet (2005). For rule-based models, the
free software NetLogo (Wilensky 1999) is highly suitable for programming novices,
because it offers ample self-learning material and an extensive library with ready-
made models as starting points. This software is specialized on agent- or individual-
based models, but can also be applied to implement any other rule-based model
structure. Grimm and Railsback (2005) line out the theoretical basis of agent- and
individual-based modeling in ecology, and Railsback and Grimm (2012) provide a
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practical introduction to agent-based modeling for beginners. Once all obvious
mistakes have been eliminated from the set of equations or from the code and the
model is running smoothly, the next step can be taken.

The fifth step involves model analysis, testing, and revision. For model analysis,
scenarios need to be defined in the form of sets of parameter values that reflect
different aspects of the model question. Parameter values can also be defined beyond
the scope of the model question to test how the model responds to more extreme
parameterizations. Testing should also include checking the plausibility of all model
results and explicit model validation against reference data that were not used during
parameterization. Once the model is successfully validated, model analysis can also
include a sensitivity analysis to determine the relative importance of the input
parameters with respect to model output (Cariboni et al. 2007). A sound model
analysis usually takes ten times as much time as all previous steps taken together
(Grimm and Railsback 2005). A particularly efficient and systematic way to test a
rule-based model is pattern-oriented modeling (Grimm et al. 2005), which can also
be used for inverse parametrization. Patterns for which reference data exist need to
be discerned in the model output. These patterns can be spatial patterns, but can also
be nonspatial patterns, e.g., size-frequency distributions or number and identity of
species in an aboveground-belowground food web. The model is then run with
several different model structures and sets of parameter values, and the resulting
patterns are compared with the reference patterns from reality. The model version
that produces the best fit between modeled and real patterns can then be considered
as most realistic model structure and parameterization. Thereby, pattern-oriented
modeling can also be used to identify unknown parameter values in an inverse
parameterization where data for the unknown parameters are scarce, but data for
reference patterns abound. During the process of model analysis, there is often cause
for model revision, sometimes back to the modification of the original model
question. This can either be because errors or uncertainty in important model parts
have emerged and force the discarding of the current model and starting anew or
because the results of the model analysis have inspired entirely new questions.

As the last step after successful model analysis, the model can be communicated
in presentations and publications. This requires precise documentation of the model
(e.g., Grimm et al. 2010, 2014). Ideally, documentation accompanies the whole
model building process right from the start at the model question. Finally, spin-offs
of the model can be considered, so that the modeling cycle starts again.

3.5 Conclusions

Models can capture parts of the complexity of aboveground-belowground interac-
tions with the aim to describe, explain, and predict aboveground-belowground
community patterns. Models come with the advantage of broad independence of
logistic constraints, except, of course, for computing power limitations. Many of the
existing aboveground—belowground models have been developed in applied fields
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such as the agricultural sciences, but classic community ecology and theory is
underrepresented. Similarly, community models that address the full range of pos-
sible interactions are rare in aboveground—belowground ecology. One reason for this
might be that in aboveground—belowground community ecology expertise from
many different disciplines is required. Another reason is that models must simplify,
by definition, so that at least initially not all factors or interactions should be included
in a model. Once the simple initial models are understood, more factors and
interactions can be added by iterating the modeling cycle. A broad range of model
types is available to implement these models, but their full potential is yet to be
exploited. This is particularly true for game theoretical approaches and Bayesian
network models. One of the challenges that future modeling endeavors face is the
appropriate representation of spatial and temporal scales including methods for
scaling up and down between different scales. All these challenges require concerted
efforts of modelers and empiricists in the future. Ideally, modelers and empiricists
should work closely together right from the start of a project, defining question, data
requirements, and methods together (Jeltsch et al. 2013). Along the same lines,
greater emphasis should be put on targeted data collections to fill gaps in para-
meterization and validation of models. With these efforts, more facets of the com-
plexity of aboveground-belowground interactions will be elucidated in future
aboveground-belowground models.
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Chapter 4 )
Intraspecific Plant-Soil Feedbacks Link e
Ecosystem Ecology and Evolutionary

Biology

Jennifer A. Schweitzer, Michael Van Nuland, and Joseph K. Bailey

4.1 Introduction

Beavers build lodges, prairie dogs build towns, and birds build nests, all of which
feed back to reinforce the engineering behavior of the organism via the fitness conse-
quences of building the structure (i.e., representing the extended phenotype;
Dawkins 1982, 2004). Trees can also be considered “engineers” that build nests.
“Nests” are built through the accumulation of leaf/root organic matter or root exu-
dates that alter the soil nutrient environment; likewise microorganisms respond to
variation in plant traits altering microbial diversity, activity, and function in soil.
Variation in the interaction between plants and soil biota alters how energy flows
through ecosystems and how nutrients are cycled. Moreover, the response of
soil biota to plants and plant responses to soil biota have fitness and performance
consequences (Hoeksema and Thompson 2007; Friesen et al. 2011; Lau and Lennon
2012; Hoeksema et al. 2012; Wagner et al. 2014; terHorst et al. 2014; Evans et al.
2016; Rua et al. 2016; Van Nuland et al. 2016). Such above- and belowground
linkages are often referred to as an “extended phenotype” and have a foundation in
evolutionary theory associated with “indirect genetic effects” (indirect genetic
effects occur when traits of one individual affect traits in other individuals; Moore
et al. 1997; Odling-Smee et al. 2003; Whitham et al. 2006; Schweitzer et al. 2008,
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2012; terHorst and Zee 2016; Van Nuland et al. 2016). For example, plants possess
genetically based traits that affect biotic interactions and that condition biotic and
abiotic properties of soil (Madritch et al. 2009; Schweitzer et al. 2008, 2012;
Bezemer et al. 2010; Waring et al. 2015). Heritable variation in plant susceptibility
or resistance to pathogens and the quantity and quality of above- and belowground
plant inputs to the soil influences the soil community.

Specifically, plants affect a diverse group of belowground biota, including mutu-
alists, root herbivores, pathogens, and saprotrophs (Schweitzer et al. 2008; terHorst
etal. 2014; Busby et al. 2014; Lamit et al. 2015), which can feed back to have fitness
consequences of both (Pregitzer et al. 2010; Smith et al. 2012; Rda et al. 2016; Van
Nuland et al. 2016). In this way, plants can condition the environment their offspring
and other plant species may encounter (Schweitzer et al. 2012, 2014; terHorst and
Zee 2016; Van Nuland et al. 2016). Building on the growing literature showing the
genetic basis to plant conditioning of soil via biotic and abiotic means (simplified to
plant—soil for simplicity) and the role of plant—soil feedback (PSF) in determining
plant performance and fitness, the goal of this chapter is to: (1) review evolutionary
theory relevant to plant—soil interactions; (2) provide examples of genetically based
variation in PSF; and (3) identify the evolutionary consequences of PSF.

4.2 Evolutionary Theory Relevant to Plant-Soil
Interactions

The theory associated with the concepts of the extended phenotype, community
genetics, and niche construction are fundamental to understanding the evolutionary
consequences of plant—soil linkages and PSF (see Table 4.1 for glossary of terms).
While the subtle definitions and evidence for these terms have been debated (Hunter
2009; Dawkins 2004; Odling-Smee et al. 2013; Laland et al. 2015), the terms share
the underlying premise that ecological and evolutionary processes can influence one
another (often described as “eco-evolutionary dynamics”; Hendry 2017). Impor-
tantly, these terms also share a common theoretical framework built on phenotypic
models of indirect genetic effects (Moore et al. 1997; Wolf et al. 1998; Mutic and
Wolf 2007; McGlothlin and Brodie 2009; Bailey 2012; Bailey et al. 2014). Indirect
genetic effects (IGE) occur when the fitness and phenotype of one individual
changes due to the genetic and phenotypic identity of interacting individuals
(Moore et al. 1997; Wolf et al. 1998, 2011; Wolf 2003). In quantitative genetics,
trait values or phenotypes of individuals are a consequence of both the genotype and
the environment. When IGE occur, a portion of the environment term is due to
interactions with another individual and can have effects that alter the direction and
strength of response to selection (Bijma 2014). A growing literature is showing the
importance and magnitude of IGE in agricultural and natural environments with
models developing interaction coefficients and approaches that allow for the
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Table 4.1 Glossary of ecological and evolutionary terms used in the chapter

Community genetics Study of the genetic interactions that occur between species and
their biotic and abiotic environment in complex communities

Ecosystem processes Processes that transfer energy or materials from one pool to
another

Extended phenotype Concept whereby the genes of an organism can also be expressed

beyond the individual

Geographic mosaic theory of | The process by which variation in species interactions varies
co-evolution geographically, leading to evolutionary “cold-" and “hotspots” of
coevolution

Indirect genetic effects Interacting phenotype model whereby the genes in one individual
of a species affect the expression of traits in another individual

Interspecific indirect genetic | Interacting phenotype model whereby the genes in one individual
effects of a species affect the expression of traits of an individual of
another species

Niche construction The process whereby an organism’s metabolism, activities, or
behavior modify their own niche leading to feedbacks

Plant-soil feedback Process by which plants alter the abiotic or biotic properties of soil
that influences plant growth or fitness

estimation of IGE in the field (Bailey 2012; Bailey and Zuk 2012; Bijma and Wade
2008; Wolf et al. 2011; Costa e Silva et al. 2013; Bailey et al. 2014).

IGE theory has many important implications across levels of biological organi-
zation. At the individual and population level, IGE have been shown to be funda-
mental for social evolution and coadaptation, mate choice and sexual selection,
evolution of aggression, and parental care (Schneider et al. 2016 and references
therein). At the community level, interspecific indirect genetic effects (IIGE) repre-
sent the fundamental unit of the coevolutionary process and are important in plant—
plant, plant-herbivore, plant—pollinator, microbe-microbe, and plant-microbe link-
ages and feedbacks (Crespi 2001; Shuster et al. 2006; Wolf et al. 1998, 2011; Allan
et al. 2012; Costa e Silva et al. 2013; Genung et al. 2013). IIGE occur when genes
that are expressed in the focal genotype of a species (e.g., a mycorrhizal fungal
species) map to the phenotypes of an individual of another species (e.g., a tree
genotype; Shuster et al. 2006; Wolf et al. 2011). For example, one of the first studies
to map genotype—phenotype functions among co-occurring individual plants found a
functional relationship between the genotypes and phenotypes of Arabidopsis
thaliana and the expression of similar traits in their conspecific neighbors (Wolf
et al. 2011). Specifically, using a combination of quantitative trait loci (QTL) and
structural equation model (SEM) approaches, the authors found that a QTL of large
effect (controlling plant size and development) in focal plants affected size and
development phenotypes in neighbor plants. In a study using genotypic interactions
of two species, Solidago altissima and Solidago gigantea, Genung et al. (2013)
tested whether IIGE (i.e., the interactions of individual plant genotypes from two
species grown together) that had affected living focal plants would also affect leaf
litter decomposition rate, as well as nitrogen (N) and phosphorus (P) dynamics after
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the focal plant senesced. Genetic interactions of two co-occurring plant genotypes
while the plants were living had afterlife consequences, which affected N and P
immobilization and release. These results indicated that the effects of IGE were
present at the ecosystem level and did not diminish across levels of organization.

Plant genotype interactions with diverse taxa in the soil also represent IIGE as
plant genotype—soil biota interactions influence plant and biota resource acquisition,
protection from other pathogens/herbivores and myriad other physiological effects
that have fitness consequences for both the plant genotype and interacting soil biota.
Thus, the interactions of plants and soil biota that lead to plant—soil conditioning
have the same evolutionary potential as plant—plant interactions whereby interacting
genotypes can impact plant phenotype. For example, when Andropogon gerardii
ecotypes collected from phosphorus P- and N-limited grasslands were grown with all
possible “home” and “‘away” combinations of soils and mycorrhizal communities,
local adaptation between plants and mycorrhizal communities was found that
resulted in maximum exchange of the most limiting soil nutrient resource for each
(Johnson et al. 2010). Reciprocal transplant experiments such as those used in
Johnson et al. (2010) consistently indicate that varying selective pressures from
soil microbes or nutrients lead to patterns of local adaptation and geographic mosaics
of plant-microbe interactions that vary in strength (Hoeksema and Thompson 2007,
Piculell et al. 2008; Pregitzer et al. 2010; Smith et al. 2012; Andonian et al. 2012;
Rda et al. 2016). Such IGE and IIGE are increasingly appreciated as common
evolutionary mechanisms that provide a theoretical basis for the evolutionary con-
sequences of species “social” interactions, such as those between plants and soil
communities (Wagner et al. 2014; Panke-Buisse et al. 2014; Van Nuland et al.
2017). Additionally, a growing literature in Eco-Evo dynamics in a range of
contexts is using the Price equation to integrate ecological and evolutionary theory
that is also applicable to plant—soil interactions (Collins and Gardner 2009; Fox and
Kerr 2012; Genung et al. 2011; Govaert et al. 2016). With this foundation in
evolutionary theory, it is possible to show how genetic interactions among species
lead to genetic divergence based on PSF that vary on the landscape.

4.3 Genetically Based Variation in PSF

Recent reviews show the genetic basis to plant—soil linkages that are critical to
demonstrating evolution due to PSF (Schweitzer et al. 2012; Waring et al. 2015;
terHorst and Zee 2016; Van Nuland et al. 2016). Plant—soil linkages at the level of
plant species have been shown to result in feedbacks that influence many aspects of
plant communities, including invasion by exotic species, plant competitive interac-
tions, and successional dynamics (van der Putten et al. 1993, 2001, 2013, 2016;
Reynolds et al. 2003; Bever 2003; Casper and Castelli 2003; Callaway et al. 2004;
Kardol et al. 2006, 2013; Kulmatiski et al. 2008; de la Pena et al. 2010). For
example, a classic example demonstrates the role of primary succession in plant
species in facilitating late successional species (Kardol et al. 2006). Feedbacks
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among plants, biotic communities, and soil can also be found within species that can
impact plant species persistence, local adaptation, range expansion, and community
shifts in forests (Pregitzer et al. 2010; Felker-Quinn et al. 2011; Van Nuland et al.
2017; Semchenko et al. 2017; Pfennigwerth et al. 2017). For example, the net effects
of diverse components of the soil community that interact with the living plant or
plant detritus can result in either positive, neutral, or negative feedback to plant
performance or persistence that can vary through time. Negative plant—soil feed-
backs prevent genotypes or populations from persisting in certain locations or at high
abundances while positive plant—soil feedbacks are mechanisms for persistence or
local adaptation (Johnson et al. 2010; Pregitzer et al. 2010; Smith et al. 2012; Rda
et al. 2016). For example, positive feedbacks within populations of invasive Ailan-
thus altissima lead to persistence while negative feedbacks within some populations
lead to populations of the invasive tree that may not persist over time (Felker-Quinn
etal. 2011; see below). While our ecological understanding of PSF is growing, there
are few examples focused on the genetic basis of plant—soil feedback or their
evolutionary consequences.

When PSF within a species have been studied, positive, neutral, and negative
feedbacks have been found and models have shown that this variation in PSF
responses have different evolutionary consequences (Bever et al. 1997; Eppinga
et al. 2011; Schweitzer et al. 2014). Schweitzer et al. (2014) developed a simple
mathematical model of plant evolution to explore the relationship between the sign
and magnitude of feedback and the divergence of plant traits and the ecosystem
functions they support along a soil gradient. Additionally, an individual-based
simulation model was constructed to study the conditions under which plant—soil
feedbacks occurred, niche construction (i.e., soil conditioning) evolved, and plant
traits diverged. These models addressed the relationship between positive and
negative PSF with variation in plant conditioning of soils, the strength of selective
gradients, and the relative importance of local adaptation. The models suggest that
feedbacks (in any direction) between soils and plants may commonly result in
divergence of plant traits and ecosystem function across environmental gradients
due to a range of feedback responses resulting in positive fitness outcomes. The
simulation model indicated that plant traits can diverge with niche construction, and
traits can be selected for in response to niche construction. However, the magnitude
of feedbacks and how strongly they evolve depends on the amount of gene flow and
the strength of selective gradients over time. Specifically, the divergence of the trait
responsible for the evolution of feedback was highest when the conditioning poten-
tial of plants on soil was high, plant gene flow was intermediate, and selection was
strong.

4.3.1 Intraspecific Feedbacks

Understanding the causes and consequences of genetic variation in PSF is a major
frontier for plant evolutionary biology. Schweitzer et al. (2014) mathematically
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showed that positive, neutral, and negative feedbacks within a species can all arise,
dependent upon the degree of conditioning and the strength of environmental
gradients. This directly contrasts with previous work that has largely focused on
PSF at the species-level (Kulmatiski et al. 2008; Anacker et al. 2014; Bennett et al.
2017; Fitzpatrick et al. 2017), and recent empirical results support this model
prediction. For example, using soils collected from beneath replicates (n = 3-5) of
three female genotypes of 20-year-old Populus angustifolia trees grown in a com-
mon garden, half-sibling seed families collected from those maternal genotypes
performed differently when they were grown in soils that contained either a live or
sterilized 10 mL inoculation of soil conditioned by their mother compared to other
mothers (soil inocula represented <5% of the total volume of soil to minimize
differences in soil nutrient content resulting from sterilization, following methods
in Pregitzer et al. 2010; Fig. 4.1). Results showed positive, neutral and negative
feedbacks that were consistent with “parental care” by trees. Importantly, when these
soils were autoclaved and sterilized, the strength and direction of the feedbacks
changed. These results are notable because the soils were collected from replicated
maternal genotypes that were randomly planted in a common garden. Overall, the
results demonstrate: (1) variation in soil conditioning by maternal genotypes (i.e.,
trees build nests as in Schweitzer et al. 2008 which used the same replicate
genotypes); (2) seed families collected from maternal genotypes perform differently
in soils collected from their mothers relative to other maternal soils; and (3) variation
in the response of seed families to maternal soils is likely related to the biotic
response of the soil to variation in maternal genotypes because the inoculum was
too small to impact soil nutrient conditions. While feedbacks such as this show
variation in the level of “maternal care,” only recently have studies begun probing
whether PSF might vary among populations and divergent environments.

Variation in PSF across populations of a species is a valuable, but rarely consid-
ered, metric to assess how ecosystem ecology and evolution are connected. Felker-
Quinn et al. (2011) found that population-level genetic variation of three geograph-
ically distinct populations of an invasive tree, Ailanthus altissima, grown in soil that
had been conditioned by these populations resulted in genetic families that varied in
growth patterns and traits. When seedlings from each half-sibling family and
population were reciprocally grown in soils from each population, with both a live
soil and sterile soil treatments, feedbacks from population origin differentially
influenced the performance of seedlings. Two populations showed positive feed-
backs, whereby seedling performance was enhanced in “home” soils rather than
“away” soils, consistent with local adaptation of the populations to soil conditions.
In contrast, one population performed better in “away” soils than “home” soils,
indicating negative feedback effects. Moreover, the population genetic variance was
lost when the seedlings were grown in a sterile control soil for a range of plant traits
indicating that how we understand evolution of plants on the landscape is related to
the soil microbiome. These results show variation in PSF responses among
populations (i.e., both positive and negative PSF were found) and the expression
of additive and population level genetic variation that depended upon the presence of
the soil biotic community.
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Fig. 4.1 A range of plant—soil feedback (PSF) responses can be found across individual genotypes
(or populations) of a riparian species, Populus angustifolia, leading to different evolutionary
consequences. Results from a replicated (n = 3-5) reciprocal transplant study of three maternal
genotypes (with half-sibling seeds and their associated soils grown for 20 years in a common
garden) show that positive feedbacks (i.e., local adaptation) as well as neutral and negative feed-
backs occurred due to maternal conditioning of soils (i.e., conditioning by female genotypes).
Symbols represent plant responses growing in either live (closed) or sterile (open) soils implicating
the soil microbiome as the primary driver maintaining these feedbacks (Maternal soil x Tree
Genotype x Soil Sterilization p = 0.0455, F = 3.16). Positive PSF, whereby plant fitness is higher
in “home” soils relative to “away” soils, is indicative of local adaptation (genotype 1008).
Neutral and negative PSF effects may indicate maladaptation that may lead to different evolutionary
trajectories (genotypes 1000 and 1019, respectively). Soil and seed collection, inoculum appli-
cation, and greenhouse growth conditions as in Pregitzer et al. (2010). Points represent mean height
+1 standard error
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Lastly, positive, neutral, and negative feedbacks among populations in different
environments show the potential for geographic mosaics in how plant—soil interactions
respond to warming climates. Using seven field populations of Populus angustifolia
along elevation gradients in the western USA, Van Nuland et al. (2017) examined the
strength of plant—soil conditioning on soil chemistry and biotic communities as well as
subsequent patterns in PSF, experimentally, across the interior, edge, and areas beyond
current range boundaries. They found positive, neutral, and negative PSF effects when
plants were reciprocally grown in each of the soil types such that trees growing in the
interior portion of a populations range showed positive feedbacks, trees grown along
the edge of the elevation distribution showed neutral feedbacks, and trees grown in
soils beyond current range limits showed negative feedbacks. Moreover, the
populations varied in their overall growth responses to soils that were collected
beneath trees versus random locations away from trees. Three of the seven populations
showed positive feedback effects (larger growth in “home” vs. “away” soils) that are
likely related to soil biotic effects, while the remaining four populations showed
neutral PSF. Collectively, these experimental results show that plant conditioning
can lead to multiple feedback outcomes with implications for potential range shifts
with climate change. From an evolutionary standpoint, the populations showing
positive feedback at the center of their distributions are more likely to be locally
adapted to their specific soils. In contrast, the populations at the edge of their
distribution showing neutral feedback may show little co-evolutionary interactions.
Overall, these examples support model predictions that genetically based positive,
neutral, and negative feedbacks may all occur among genotypes within a population,
among populations, and among populations along environmental gradients (see also
Semchenko et al. 2017) (Fig. 4.2).

4.3.2 PSF and Plant Trait Divergence

The model from Schweitzer et al. (2014) also predicts that the conditioning effects of
species interactions can themselves act as a selective agent driving divergence in
plant traits and ultimately how ecosystems function. This parallels a previous model
that revealed how plants can adaptively regulate their soil nutrient environment
(Kylafis and Loreau 2008). It is this dynamic aspect of conditioning that is funda-
mental to integrating ecosystem ecology and evolutionary biology through PSF.
Importantly, the Van Nuland et al. (2017) study, described above, provides some of
the first empirical evidence that confirms these model predictions. Specifically, they
related the strength of soil conditioning on soil N pools to the degree of PSF across
seven populations in the western USA and found a positive relationship between the
degree of soil N conditioning in the field and the direction and magnitude of
feedbacks mediated by soil communities (Fig. 4.3). Importantly, differences in
PSF were driven by among-population level differences in growth. These results
indicate that plant traits that strongly impact soil nutrients will lead to more positive
PSF’s and stronger patterns of local adaptation, and specific members of the soil
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Fig. 4.2 Populations within a species can geographically vary in their response to conditioned soil
biota across large environmental gradients. Results of plant growth responses to conditioned versus
unconditioned soils, in combination with live (closed symbols; total n = 286) and sterile (open
symbols; total n = 284) treatments, show that three of the seven populations perform better with
their “home” population soil biota than random “away” soil biota. Such positive PSF suggest these
populations may be locally adapted to their soil communities, whereas the remaining four
populations showed neutral feedback effects and may be affected more strongly by other environ-
mental factors. Figure modified from Van Nuland et al. (2017). Points represent mean biomass
growth +1 standard error

biotic community (i.e., those closely tied to N-cycling) may be responsible for
mediating these outcomes. Though we highlight this example of a positive relation-
ship, it is not difficult to see how this concept could extend to negative relationships.
Pathogens (or other interactions such as reduced mycorrhizal function) may respond
positively to soil conditioning by plants creating poor conditions for offspring and
negative fitness effects locally, but increase plant fitness in “away” soils.
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Fig. 4.3 The act of “nest” building is related to how plants respond to their nests. For trees within
the interior of elevation ranges (n = 104), a positive relationship exists between the strength of
plant—soil conditioning [calculated as the difference in “home” vs. “away” total soil nitrogen (N)]
and the magnitude and direction of plant—soil feedback (PSF) (calculated as the growth response of
cuttings to “home” vs. “away” live soil inoculum treatments). However, there was no correlation
between soil N conditioning and feedbacks for trees at the range edge (n = 34). These results
emphasize the consequences of geographic variation in plant—soil interactions, provide support for
theoretical models (Kylafis and Loreau 2008; Schweitzer et al. 2014), and show how positive
conditioning effects lead to stronger patterns of local adaptation (positive feedbacks).
Figure modified from Van Nuland et al. (2017). Points represent mean biomass growth £1 standard
error

Together these recent model advances, backed by empirical studies, show that
intraspecific positive, neutral, and negative feedbacks can arise due to variation in
soil conditioning that may vary geographically. These results indicate that both local
adaptation and maladaptation are equally likely to occur which can drive divergence
in plant traits and ecosystem function in different ways. The soil sterilization
components of these studies show that the cumulative effect of the biotic community
due to plant conditioning mediates this response.
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4.4 Synthesis and Conclusions

Examination of the role of interspecific indirect genetic interactions among species
and their ecosystem level effects and feedbacks allows for the examination of
ecosystems within an evolutionary framework that could transform our understand-
ing of the factors that affect the strength and direction of natural selection (Schoener
2011; Matthews et al. 2011, 2014). The data to date show all of the important
elements required for plant—soil feedback to be an evolutionary force on the land-
scape: (1) heritable variation in plant traits that condition the physical and chemical
properties of soils and alters soil biotic communities; (2) variation in the degree to
which plants condition soils and change biotic communities and ecosystem proper-
ties (i.e., soil N or phenology, Schweitzer et al. 2008; Wagner et al. 2014; Panke-
Buisse et al. 2014); and (3) intraspecific variation in the direction of feedback at the
individual, within- and among-populations, across gradients that leads to positive
fitness outcomes. These results are in contrast to recent assertions that specific
groups of soil communities will lead to specific directions in PSF (e.g., that
ectomycorrhizal communities lead to positive feedback and arbuscular mycorrhizal
communities lead to negative feedback; Bennett et al. 2017) and demonstrate
equivocally that plant soil linkages and feedbacks not only have ecological conse-
quences but may also play under-appreciated and critical roles in evolutionary
processes.

In support of model predictions, new advances in PSF (described above) within a
plant species show that there is variation in the degree that plants condition soils,
leading to differences in the magnitude and direction of PSF (Mangan et al. 2010;
Van Nuland et al. 2017). These results are important as variation in degree of
conditioning (i.e., niche construction) and the direction of feedback can lead to
divergence over time such that the trait responsible for plant soil feedback can evolve
(Schweitzer et al. 2014). The model, now supported by empirical data, shows that
the magnitude and direction of PSF by a genotype is dependent upon the degree a
genotype alters a soil, the strength of selection, and the mismatch between soils and
the ecological traits of the “home” genotype. Variation in the ability to alter soils can
alter the magnitude of PSF, depending on the strength of selection for the soil-
altering trait, making it paramount to better understand specific traits or community
members that determine conditioning. Over time this result can lead to the diver-
gence of the niche construction trait, meaning that the ecosystem function may
diverge among populations due to differences in feedbacks. Elucidating the trait
responsible for the soil N conditioning would allow for specific examination of
divergence with selection experiments or Fsr—Qgt comparisons that allow for the
determination of selection versus drift for this trait. This could be paired with next-
generation sequencing to identify particular soil taxa that respond to conditioning
and impact plant phenotypes.

The documentation of positive, neutral, and negative feedbacks within a species
with the examples above provides evidence of strong selective gradients within and
among populations that can lead to matches or mismatches in ecological traits and
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soils that can change the selective landscape. Matches can lead to local adaptation
due to soil conditioning that can reinforce traits while mismatches represent mal-
adaptation that could lead to reductions in population size or genetic diversity. These
data also provide support for the role of geographic variation and environmental
gradients on species interactions that can allow hot- and cold-spots of co-evolution
in particular species interactions (Thompson 2005; Hoeksema and Thompson 2007;
Hoeksema et al. 2012). Pathogens (or other interactions such as reduced mycorrhizal
function) may respond positively to soil conditioning by plants creating poor con-
ditions for offspring and negative fitness effects locally, but increase plant fitness in
“away” soils.

Together, the genetic interactions among plant genotypes and soil biotic commu-
nities that lead to soil conditioning (IIGE) and PSF along environmental gradients
provide the theoretical background, mechanisms, and selective environment that can
lead to divergence on the landscape. Importantly, either positive or negative feed-
backs can affect fitness leading to divergence; thus, the manner and magnitude of
soil conditioning (i.e., “nest-building”) can have legacy effects that impact the evol-
utionary trajectory of a population regardless of direction of the feedback. Ongoing
and future work to understand the details of the genetic and genomic relationships
among plants, their associated soil biotic communities, and soil properties is a
critical frontier to better understand IIGE among plants, biotic communities, and
soils (Long 1996; Baker et al. 1997; Herrera Paredes and Lebeis 2016). Likewise,
understanding how PSF varies across gradients (Smith-Ramesh and Reynolds 2017,
Pfennigwerth et al. 2017) and how PSF might reinforce environmental conditions
that exist on the landscape remains an important frontier that will provide critical
evidence of evolutionary processes at work in natural ecosystems. In conclusion, the
“nests” that trees build represent important “extended phenotypes” that link eco-
system ecology to evolution via either positive or negative plant—soil feedbacks,
connecting important fields of study that will greatly benefit from more overlap.
Future work to continue elucidating this relationship has the potential to provide a
predictive framework for understanding the evolutionary consequences of plant—soil
ecological linkages in a changing world.

Acknowledgements Thanks for T. Ohgushi, S. Wurst, and S. Johnson for the opportunity to
contribute to this volume. We are also grateful for the helpful comments and edits of Casey terHorst
and an anonymous reviewer. Support for MVN was provided by a National Science Foundation
Graduate Research Fellowship DGE-0929298.

References

Allan GJ, Shuster SM, Woolbright S et al (2012) Perspective: interspecific indirect genetic effects
(IIGEs): linking genetics and genomics to community ecology and ecosystem processes. In:
Ohgushi T, Schmitz OJ, Holt RD (eds) Trait-mediated indirect interactions: ecological and
evolutionary perspectives. Cambridge University Press, New York, pp 295-323



4 Intraspecific Plant-Soil Feedbacks Link Ecosystem Ecology and. . . 81

Anacker BL, Klironomos JN, Maherali H et al (2014) Phylogenetic conservatism in plant-soil
feedback and its implications for plant abundance. Ecol Lett 17:1613-1621

Andonian K, Hierro JL, Khetsuriani L et al (2012) Geographic mosaics of plant—soil microbe inter-
actions in a global plant invasion. J Biogeogr 39:600-608

Bailey NW (2012) Evolutionary models of extended phenotypes. Trends Evol Ecol 27:561-569

Bailey NW, Zuk M (2012) Socially flexible female choice differs among populations of the
Pacific field cricket: geographical variation in the interaction coefficient psi (C). Proc R Soc
Lond B Biol Sci 279:3589-3596

Bailey JK, Genung MA, Ware I et al (2014) Indirect genetic effects: an evolutionary mechanism
linking feedbacks, genotypic diversity and coadaptation in a climate change context. Funct Ecol
28:87-95

Baker B, Zambryski P, Staskawicz B et al (1997) Signaling in plant-microbe interactions.
Science 276:726-733

Bennett JA, Maherali H, Reinhart KO et al (2017) Plant-soil feedbacks and mycorrhizal type
influence temperate forest population dynamics. Science 355:181-184

Bever JD (2003) Soil community feedback and the coexistence of competitors: conceptual frame-
works and empirical tests. New Phytol 157:465-473

Bever JD, Westover KM, Antonovics J (1997) Incorporating the soil community into plant popu-
lation dynamics: the utility of the feedback approach. J Ecol 85:561-573

Bezemer TM, Fountain MT, Barea JM et al (2010) Divergent composition but similar function of
soil food webs of individual plants: plant species and community effects. Ecology 91:
3027-3036

Bijma P (2014) The quantitative genetics of indirect genetic effects: a selective review of
modeling issues. Heredity 112:61-69

Bijma P, Wade MJ (2008) The joint effects of kin, multilevel selection and indirect genetic effects
on response to genetic selection. J Evol Biol 21:1175-1188

Busby PE, Newcombe G, Dirzo R et al (2014) Differentiating genetic and environmental drivers of
plant-pathogen community interactions. J Ecol 102:1300-1309

Callaway RM, Thelen GC, Rodriguez A et al (2004) Soil biota and exotic plant invasion.
Nature 427:731-733

Casper BB, Castelli JP (2003) Evaluating plant-soil feedback together with competition in a ser-
pentine grassland. Ecol Lett 10:394-300

Collins S, Gardner A (2009) Integrating physiological, ecological and evolutionary change: a price
equation approach. Ecol Lett 12:744-757

Costa e Silva J, Potts BM, Bijma P et al (2013) Genetic control of interactions amongst individuals:
contrasting outcomes of indirect genetic effects arising from neighbour disease infection and
competition in a forest tree. New Phytol 197:631-641

Crespi BJ (2001) The evolution of social behaviour in microorganisms. Trends Ecol Evol 16:
178-183

Dawkins R (1982) The extended phenotype. Oxford University Press, New York

Dawkins R (2004) Extended phenotype — but not too extended. A reply to Laland, Turner and
Jablonka. Biol Philos 19:377-396

de la Pefia E, de Clercq N, Bonte D et al (2010) Plant-soil feedback as a mechanism of invasion by
Carpobrotus edulis. Biol Invasions 12:3637-3648

Eppinga MB, Kaproth MA, Collins AR et al (2011) Litter feedbacks, evolutionary change and
exotic plant invasion. J Ecol 99:503-514

Evans JA, Lankau RA, Davis AS et al (2016) Eco-evolutionary feedbacks in the invasive plant
Alliaria petiolata. Funct Ecol 30:1053-1061

Felker-Quinn E, Bailey JK, Schweitzer JA (2011) Geographic mosaics of plant-soil feedbacks in a
highly invasive plant: implications for invasion success. Ecology 92:1208-1214

Fitzpatrick CR, Gehant L, Kotanen PM et al (2017) Phylogenetic relatedness, phenotypic similarity,
and plant-soil feedbacks. J Ecol 105:786-800



82 J. A. Schweitzer et al.

Fox JW, Kerr B (2012) analyzing the effects of species gain and loss on ecosystem function using
the extended price equation partition. Oikos 121:290-298

Friesen ML, Porter SS, Stark SC et al (2011) Microbially mediated plant functional traits. Annu Rev
Ecol Evol Syst 42:23-46

Genung MA, Ubeda F, Fitzpatrick B et al (2011) Genetic variation and community change-
selection, evolution and feedbacks. Funct Ecol 25:408-419

Genung MA, Bailey JK, Schweitzer JA (2013) The afterlife of interspecific indirect genetic effects:
ecosystem processes as the gene-less products of genetically-based interactions. PLoS One 8:
e53718

Govaert L, Pantel JH, De Meester L (2016) Eco-evolutionary partitioning metrics: assessing the
importance of ecological and evolutionary contributions to population and community change.
Ecol Lett 19:839-853

Hendry AP (2017) Eco-evolutionary dynamics. Princeton University Press, Princeton

Herrera Paredes S, Lebeis SL (2016) Giving back to the community: microbial mechanisms of
plant-soil feedback. Funct Ecol 30:1043-1052

Hoeksema JD, Thompson JN (2007) Evolved geographic structure in a widespread plant-
ectomycorrhizal interaction: pines and false truffles. J Evol Biol 20:1148-1163

Hoeksema JD, Hernandez JV, Rogers DR et al (2012) Geographic divergence in a species-rich
symbiosis: interactions between monterey pines and ectomycorrhizal fungi. Ecology
93:2274-2285

Hunter P (2009) Extended phenotype redux. How far can the reach of genes extend in manipulating
the environment of an organism? EMBO Rep 10:212-215

Johnson NC, Wilson GWT, Bowker MA et al (2010) Resource limitation is a driver of
local adaptation in mycorrhizal symbioses. Proc Natl Acad Sci USA 107:2093-2098

Kardol P, Bezemer MT, van der Putten WH (2006) Temporal variation in plant-soil feedbacks
controls succession. Ecol Lett 9:1080-1088

Kardol P, Deyn GB, Laliberté E et al (2013) Biotic plant—soil feedbacks across temporal scales. J
Ecol 101:309-315. https://doi.org/10.1111/1365-2745.12046

Kulmatiski A, Beard KH, Stevens J et al (2008) Plant-soil feedbacks: a meta-analytical review.
Ecol Lett 11:980-992

Kylafis G, Loreau M (2008) Ecological and evolutionary consequences of niche construction for its
agent. Ecol Lett 11:1072-1081

Laland KN, Uller T, Feldman MW et al (2015) The extended evolutionary synthesis: its structure,
assumptions and predictions. Proc Biol Sci 282:20151019

Lamit LJ, Holeski LM, Flores-Renteria L et al (2015) Tree genotype influences ectomycorrhizal
fungal community structure: ecological and evolutionary implications. Funct Ecol 24:124-134

Lau JA, Lennon JT (2012) Rapid responses of soil microorganisms improve plant fitness in
novel environments. Proc Natl Acad Sci USA 109:14058-14062

Long SR (1996) Rhizobium symbiosis: nod factors in perspective. Plant Cell 8:1885-1898

Madritch MD, Greene SL, Lindroth RL (2009) Genetic mosaics of ecosystem functioning across
aspen-dominated landscapes. Oecologia 160:119-127

Mangan S, Schnitzer SA, Herre EA et al (2010) Negative plant-soil feedback predicts tree-species
relative abundance in a tropical forest. Nature 466:752-755

Matthews B, Narwani A, Hausch S et al (2011) Toward an integration of evolutionary biology and
ecosystem science. Ecol Lett 14:690-701

Matthews BL, De Meester L, Jones CG et al (2014) Under niche construction: a bridge between
ecology, evolution and ecosystem science. Ecol Monogr 84:245-263

McGlothlin JW, Brodie ED (2009) How to measure indirect genetic effects: the congruence of trait-
based and variance-partitioning approaches. Evolution 63:1785-1795

Moore AJ, Brodie ED, Wolf JB (1997) Interacting phenotypes and the evolutionary process.
I. Direct and indirect genetic effects of social interactions. Evolution 51:1352-1362

Mutic JJ, Wolf JB (2007) Indirect genetic effects from ecological interactions in Arabidopsis thaliana.
Mol Ecol 16:2371-2381


https://doi.org/10.1111/1365-2745.12046

4 Intraspecific Plant-Soil Feedbacks Link Ecosystem Ecology and. . . 83

Odling-Smee J, Laland KN, Feldman MW (2003) Niche construction: the neglected process in
evolution. Princeton University Press, Princeton

Odling-Smee J, Erwin DH, Palkovacs EP et al (2013) Niche construction theory: a practical guide
for ecologists. Q Rev Biol 88:3-28

Panke-Buisse K, Poole AC, Goodrich JK et al (2014) Selection on plant microbiomes reveals
reproducible impacts on plant function. ISME J 9:980-989

Pfennigwerth AA, Van Nuland M, Bailey JK et al (2017) Plant-soil feedbacks may mediate shrub
expansion in declining forests, but only in the right light. J Ecol 106:179-194

Piculell BJ, Hoeksema JD, Thompson JN (2008) Interactions of biotic and abiotic environmental
factors on an ectomycorrhizal symbiosis, and the potential for selection mosaics. BMC Biol 6:23

Pregitzer CP, Bailey JK, Hart SC et al (2010) Soils as agents of selection: feedbacks between
plants and soils alter seedling survival and performance. Evol Ecol 24:1045-1049

Reynolds HL, Packer A, Bever JD et al (2003) Grassroots ecology: plant-microbe interactions as
drivers of plant community structure and dynamics. Ecology 84:2281-2291

Ruia MA, Antonika A, Anunes PM et al (2016) Home field advantage? Evidence of local adaptation
among plants, soil, and arbuscular mycorrhizal fungi through meta-analysis. BMC Evol Biol
16:122

Schneider J, Attalah J, Levine JD (2016) Social structure and indirect genetic effects: genetics of
social behaviour. Biol Rev 92:1027-1038

Schoener TW (2011) The newest synthesis: understanding the interplay of evolutionary and eco-
logical dynamics. Science 331:426-429

Schweitzer JA, Bailey JK, Fischer DG et al (2008) Soil microorganism-plant Interactions: heritable
relationship between plant genotype and associated microorganisms. Ecology 89:773-781

Schweitzer JA, Bailey JK, Fischer DG et al (2012) Functional and heritable consequences of plant
genotype on community composition and ecosystem processes. In: Ohgushi T, Schmitz O, Holt
R (eds) Trait-mediated indirect interactions: ecological and evolutionary perspectives aspects of
trait-mediated indirect interactions. British Ecological Society Ecological Reviews. Cambridge
University Press, Cambridge, pp 371-390

Schweitzer JA, Juric I, van der Voorde T et al (2014) Are there evolutionary consequences of plant-
soil feedback? Funct Ecol 28:55-64

Semchenko M, Saar S, Lepik A (2017) Intraspecific genetic diversity modulates plant soil feedback
and nutrient cycling. New Phytol 216:90-98. https://doi.org/10.1111/nph.14653

Shuster SM, Lonsdorf EV, Wimp GM et al (2006) Community heritability measures the evol-
utionary consequences of indirect genetic effects on community structure. Evolution 60:
991-1003

Smith DS, Schweitzer JA, Turk P et al (2012) Soil-mediated local adaptation alters seedling sur-
vival and performance. Plant Soil 352:243-251

Smith-Ramesh L, Reynolds HL (2017) The next frontier in plant-soil feedback research:
unraveling context dependence across biotic and abiotic gradients. J Veg Sci 28:484-494

terHorst CP, Zee PC (2016) Eco-evolutionary dynamics in plant-soil feedbacks. Funct Ecol 30:
1062-1072

terHorst CP, Lennon JT, Lau JA (2014) The relative importance of rapid evolution for plant-
microbe interactions depends on ecological context. Proc R Soc Lond B Biol Sci 281:20140028

Thompson JN (2005) The geographic mosaic of co-evolution. University of Chicago Press,
Chicago, IL

van der Putten WH, Van Dijk C, Peters BAM (1993) Plant—specific soil-borne diseases contribute to
succession in foredune vegetation. Nature 362:53-56

van der Putten WH, Vet LEM, Harvey JA et al (2001) Linking above- and belowground multi-
trophic interactions of plants, herbivores, pathogens, and their antagonists. Trend Ecol Evol 16:
547-554

van der Putten WH, Bardgett RD, Bever JD et al (2013) Plant-soil feedbacks: the past, the present and
future challenges. J Ecol 101:265-276


https://doi.org/10.1111/nph.14653

84 J. A. Schweitzer et al.

van der Putten WH, Bradford MA, Brinkman EP et al (2016) Where, when and how plant-soil
feedback matters in a changing world. Funct Ecol 30:1109-1121

Van Nuland ME, Wooliver RC, Pfennigwerth A et al (2016) Plant-soil feedbacks: connecting eco-
system ecology and evolution. Funct Ecol 30:1032-1042

Van Nuland ME, Bailey JK, Schweitzer JA (2017) Divergent plant-soil feedbacks could alter future
elevation ranges and ecosystem dynamics. Nat Ecol Evol 1:0150. https://doi.org/10.1038/s41559-
017-0150

Wagner M, Lundberg D, Coleman-Derr D et al (2014) Natural soil microbes alter flowering pheno-
logy and the intensity of selection on flowering time in a wild Arabidopsis relative. Ecol Lett
17:717-726

Waring BG, Alvarez-Cansino L, Barry KE et al (2015) Pervasive and strong effects of plants on
soil chemistry: a meta-analysis of individual plant ‘Zinke’ effects. Proc R Soc Lond B Biol Sci
282:1812

Whitham TG, Bailey JK, Schweitzer JA et al (2006) A framework for community and ecosystem
genetics: from genes to ecosystems. Nat Rev Genet 7:510-523

WolfJB (2003) Genetic architecture and evolutionary constraint when the environment contains genes.
Proc Natl Acad Sci USA 100:4655-4660

WolfJB, Brodie ED, Cheverud JM et al (1998) Evolutionary consequences of indirect genetic effects.
Trends Ecol Evol 13:64-69

Wolf JB, Mutic JJ, Kover PX (2011) Functional genetics of intraspecific ecological interactions in
Arabidopsis thaliana. Philos Trans R Soc B Biol Sci 366:1358-1367


https://doi.org/10.1038/s41559-017-0150
https://doi.org/10.1038/s41559-017-0150

Chapter 5 )
Fungal-Mediated Above-Belowground e
Interactions: The Community Approach,
Stability, Evolution, Mechanisms,

and Applications

Alison E. Bennett, Peter Orrell, Antonino Malacrino, and Maria José Pozo

5.1 Introduction

Within this chapter, we will focus on above-belowground interactions in which
belowground organisms influence aboveground organisms (or vice versa) primarily
via a shared host plant associated with a fungus (for ease throughout the chapter, we
will refer to these as “fungal-mediated above—belowground interactions”). Almost
exclusively, the fungi studied mediating these above—belowground interactions are
belowground and commonly considered to be mutualistic (e.g. mycorrhizal fungi,
plant-growth promoting fungi (PGPF), or endophytes), and the aboveground organ-
isms are insects (e.g. herbivores and pollinators) visiting host plants. Arbuscular
mycorrhizal (AM) fungi associate with over 80% of plant species, obligately depend
on plants, and act as root mutualists whose hyphae exploit soil areas that plants
cannot access themselves, and deliver nutrients (predominantly phosphorus, but also
nitrogen and trace minerals) to plant roots in return for carbon. Ectomycorrhizal
(ECM) fungi are facultative root mutualists that associate with root tips and whose
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hyphae deliver predominantly nitrogen for their primarily coniferous hosts (Smith
and Read 2008). PGPF consist of a number of fungal species, such as Trichoderma
spp., which have been shown to promote plant growth and defence (Pieterse et al.
2014), and endophytes are organisms that live within host plant tissues without
causing harm to the plant (Clay and Schardl 2002). Technically, AM fungi qualify as
endophytes because they live inside host plant tissues. Very little research has been
conducted on belowground fungal pathogen effects on aboveground insects
(Shikano et al. 2017) despite our knowledge from aboveground systems that fungal
pathogens can have equally strong influences on insects (Hauser et al. 2013), and
that fungal-plant associations of any kind could prime plants for greater insect
defence (see Sect. 5.5), both above- and belowground.

Fungi have been shown to have a wide array of surprising effects on host plant
interactions with aboveground insects. A number of foliar endophytes produce toxic
compounds (such as alkaloids) that can directly influence herbivores (Saikkonen
et al. 2013), but this has so far not yet been demonstrated in root endophytes. Other
endophytes, including root endophytes, have been shown to alter plant defences
(Gill et al. 2016; Shikano et al. 2017), and AM fungi and ectomycorrhizal fungi
(Gehring and Bennett 2009) and PGPF (Pieterse et al. 2014) have been shown to
alter both direct and indirect plant defences. Direct plant defences involve changes in
secondary chemistry or structures that can be constitutive (present early in develop-
ment before herbivory) or induced (altered after herbivore feeding), and indirect
plant defences (which can also be constitutive or induced) typically involve volatile
organic compounds (VOCs) that recruit herbivore natural enemies (Rasmann et al.
2017). Alteration of direct plant defences appears to have the greatest effects on
generalist chewing herbivores and beneficial or no effects on specialist sap sucking
herbivores (Koricheva et al. 2009), but at least AM fungi have been shown to also
alter VOCs and indirect defences in favour of host plants: the volatile blends released
by plants associated with AM fungi (vs. no AM fungi) can be more attractive to
natural herbivore enemies of specialist herbivores (Babikova et al. 2014a; Bennett
et al. 2016; Bezemer et al. 2005; Gange et al. 2003; Guerrieri et al. 2004; Hempel
et al. 2009; Hoffmann et al. 201 1a, b; Schausberger et al. 2012), although it should
be noted that, to date, fungal-mediated signalling to enemies of generalist herbivores
has not been tested. AM fungi have also been shown to promote plant tolerance to
herbivory (Borowicz 2013). Thus, belowground fungi can clearly influence above-
ground herbivores.

Most beneficial fungi are also known to promote the growth and nutritional status
of plants, but both growth and plant defence effects often depend on microbial
species and plant species or genotype (Bennett et al. 2016; e.g. Kempel et al. 2010,
2013), plant age (Tomczak and Miiller 2017), herbivore identity (Koricheva et al.
2009; Schweiger et al. 2014b), and the abiotic environment (Pineda et al. 2013).
Beneficial fungi can also promote plant phenotypic plasticity in traits that improve
resistance or tolerance to both abiotic and biotic stress (e.g. root and shoot architec-
ture, flowering, and stress responses) (Goh et al. 2013; Millar and Bennett 2016), but
this depends on the biotic and abiotic context (e.g. water, nutrient, and light
availability; temperature; soil chemical composition; and biotic interactions).
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Therefore, the effect of any fungus on herbivore performance will be due to a
balance between a positive effect via the improved quality and quantity of the host
plant and a negative effect due to changes in plant defences (Gehring and Bennett
2009; Koricheva et al. 2009) but will be modified by a variety of external factors.
Our goal within this chapter is to review the literature, but to also highlight what
we feel are the biggest areas for future research within this field: the community
approach, stability, evolution, mechanisms, and application of these interactions.

5.2 The Community Approach

Above-belowground ecology has shown that organisms living above and below the
soil surface influence each other. These effects mainly occur via plants, which exist
in both above (shoot) and belowground (roots) compartments and, by interacting
with both communities, act as link between the two compartments. In the last
ecology review published on the influence of mycorrhizal fungi on above-below-
ground interactions, Gehring and Bennett (2009) emphasized the need for a com-
munity approach to studies of fungal-mediated above—belowground interactions.
The community approach examines multiple simultaneously interacting species and
is referred to as the community approach because these interaction species form
communities. In particular, they pushed for future studies incorporating a greater
number of species and potential interactions and, most importantly, communities of
organisms (fungi, plants, and insects). This approach is based on evidence that plants
rarely interact with a single fungus or insect species, but rather interact with a
community of organisms, and this greater diversity of interactions (via competition,
facilitation, or predation) will likely reveal more varied outcomes that better match
observed patterns in nature than when a smaller suite of species is considered.

With the arrival of new -omics techniques, which are a powerful tool to finely
investigate above-belowground interactions using a culture-independent
(e.g. molecular) approach (Zhang et al. 2010), we have the opportunity to truly
use a community approach to understand fungal-mediated above—belowground
interactions (Fig. 5.1). -Omics techniques can produce large amounts of complex
data, and the next step after data collection is to analyse these complex data in a
meaningful way. A growing number of researchers are combining meta-omics tools
with network analyses (models of species interactions between organisms of differ-
ent guilds) to analyse how shifts in above—belowground interactions occur (e.g. Toju
et al. 2015). We expect these advanced techniques to increase the level of detail and
rapidly expand the number of studies of fungi and other organisms within above—
belowground interactions.

Within this section, we highlight current advances in fungal-mediated above—
belowground interactions and focus on how -omics techniques could expand our
knowledge of the influence of interactions along the trophic ladder.
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5.2.1 |Interactions Throughout the Trophic Ladder

While most studies of fungal-mediated above-belowground interactions have
focused on fungal effects on insects or vice versa, there is growing awareness that
aboveground fungi (e.g. endophytes) can influence belowground fungi
(e.g. mycorrhizal fungi) and vice versa. Aboveground endophytes negatively impact
AM fungal colonization in grasses (Mack and Rudgers 2008; Omacini et al. 2006)
while the impact of AM fungi on endophytes is less clear. In one study, there was no
reverse effect on foliar endophytes (Mack and Rudgers 2008), while in a second
study the presence of AM fungi altered the foliar endophyte community composition
(Eschen et al. 2010). In order to determine the impacts of these interactions within
communities, we propose further studies to determine whether these changes in
fungal abundance translate to changes in function or ecosystem services provided by
these partners.

How do fungal-mediated above-belowground influences at one trophic level
translate to the next trophic level? For example, if AM fungi or endophytes suppress
insect herbivory, does this negatively impact parasitoids feeding on those herbi-
vores? A growing number of studies are examining these questions in fungal-
mediated and non-fungal-mediated above—belowground interactions (reviewed in
van Dam and Heil 2011). AM fungi often appear to increase parasitism of herbivores
feeding on host plants in several systems (Babikova et al. 2014a; Bennett et al. 2016;
Gange et al. 2003; Guerrieri et al. 2004; Hempel et al. 2009; Hoffmann et al. 2011a,
b; Schausberger et al. 2012; but see Bezemer et al. 2005), and endophytes have been
shown to alter release of volatiles and herbivore enemy attraction (Lugtenberg et al.
2016). In contrast, fewer studies have examined the reverse: whether higher trophic
level aboveground organisms can alter fungi belowground. In one set of studies, an
endosymbiont within the gut of an herbivore reduced plant root allocation (Bennett
et al. 2016; Hackett et al. 2013), which could possibly affect belowground commu-
nities. Can higher trophic level aboveground organisms (e.g. parasitoids) influence
belowground fungal trophic interactions? We are not aware of any studies that have
addressed this question in above—belowground interactions. Whilst the mechanisms
that drive many of these interactions are still unknown, -omics tools now allow us to
take a whole picture of our study systems at multiple spatial and temporal scales,
allowing us to more clearly understand fungal-mediated above—belowground inter-
actions—even in previously difficult to manipulate environments such as soil or
inside plant tissues.

5.3 Stability

How stable are above—belowground interactions? Are they common interactions that
occur repeatedly throughout systems or are they transient and occur under only the
right circumstances? We know that systems can have multiple stable states
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influenced by a host of different factors (e.g. season and climate, presence or absence
of organisms, etc.). Are above-belowground interactions common interactions
occurring across most stable states or do they occur infrequently across stable states?
These are major questions that are just beginning to be answered.

Throughout this section, we use the definition of stability proposed by Pimm
(1984): whether, once disturbed, a system returns to its original equilibrium (or state)
or is shifted to a new equilibrium (or state). As proposed by Pimm (1984), this
definition has five aspects: asymptotic stability (whether, after disturbance, a system
returns to its equilibrium following a predictable pattern), variability (how time and
space influence the coefficient of variation of a trait in the system), persistence (how
long a disturbance must be to shift a system away from its equilibrium), resistance
(a measure of the change in a system before and after disturbance), and resilience
(the rate at which a system returns to its equilibrium following disturbance)
(reviewed in Donohue et al. 2016). Applied to fungal-mediated above—belowground
interactions, stability refers to the likelihood that disturbances (natural or anthropo-
genic) will cause these interactions to dissolve. In other words, are above—below-
ground interactions likely to persist despite disturbance or do they only occur under
specific environmental conditions?

To our knowledge, only a small proportion of the literature has tried to address
this question despite earlier papers highlighting this gap (e.g. van der Putten et al.
2004). Most studies manipulated plant species or functional diversity and found
plants and plant functional group play a big role in ecosystem stability, creating top
down effects on belowground organisms (Eisenhauer et al. 2011; Kowalchuk et al.
2002; McElroy et al. 2012; Wardle et al. 2000) and bottom up effects on above-
ground organisms (Eisenhauer et al. 2011; Wardle et al. 2000). In some cases,
however, plant associations with both above- and belowground organisms can
decouple spatial and temporal stability within plant communities because these
organisms can influence the plant community in different ways (Eisenhauer et al.
2011). It is not surprising, given their approach, that the above examples found a
primary influence of plants on system stability. By instead manipulating the below-
ground community, we see AM fungi can promote plant community temporal
stability (Yang et al. 2014), but the bottom up influence of fungi on aboveground
plant—insect interactions has yet to be explored. Thus, it seems likely that more
balanced designs (manipulation of below- and aboveground organisms in addition to
plants) will allow for a greater understanding of the forces that influence stability in
fungal-mediated above—belowground interactions.

Several disturbance factors could alter fungal-mediated above—belowground
interactions. Abiotic variables, such as temperature, nutrient availability, water
availability, pH, and even sunlight, can influence the composition of soil fungal
communities (e.g. Mulder and de Zwart 2003). These variables can directly influ-
ence fungal communities or influence them indirectly through changes in host plant
composition. Many of these factors also lead to changes in fungal community
composition (Gehring et al. 2014), suggesting that any disturbance may result in
reshuffled fungal communities. Many of the same abiotic variables alter above-
ground communities. For example, increasing nitrogen availability reduces insect
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diversity but increases insect abundance in grassland systems (Haddad et al. 2000)
while pH can interact with plant diversity to alter arthropod diversity (Brandle et al.
2001; Choi 2015; but see Sanderson 1992). Thus, any disturbance that alters these
variables (e.g. N and pH) would also alter above—belowground interactions, and
disturbances (particularly due to environmental change) could threaten the stability
of above-belowground interactions.

Thus, we have yet to sufficiently answer the question: How does the influence of
environmental change alter the stability of above—belowground interactions? This is
a major question because it influences whether we can continue to utilize above—
belowground interactions in agriculture, against invasive species, and to promote
conservation. Below we examine the influence of abiotic and biotic disturbance
factors (many caused by environmental change) on the stability of fungal-mediated
above-belowground interactions.

5.3.1 Influence of Abiotic Environmental Change on Stability

Given that most research on the influence of abiotic environmental change on
stability has occurred in only aboveground or only belowground systems, in this
section we explore conclusions from these separate compartments and draw pre-
dictions, based on the current limited literature, on how abiotic environmental
change will alter combined above and belowground systems.

There is a growing literature focusing on how fungal interactions belowground
will respond to abiotic environmental change. A meta-analysis focused on the
influence of climate changes (elevated CO,, drought, nitrogen, and temperature)
on the function of fungal symbionts found that influences were dependent upon the
symbiont and the climate change factor measured (Kivlin et al. 2013). For example,
dark septate endophyte, but not AM fungi, promoted plant growth under elevated
temperatures. Focusing on community stability (and not only plant growth), AM
fungi have been shown to increase temporal stability even in the presence of
increasing phosphorus availability (Yang et al. 2014). This research creates an
interesting contrast to the work of Gehring et al. (2014) in which environmental
changes (drought, competition, parasitism, and herbivory) altered community com-
position similarly, suggesting that possibly environmental change selects for more
plastic fungal species that can alter their phenotype (and function) in response to
multiple stresses.

Aboveground in non-fungal-mediated systems, there is evidence that manage-
ment and abiotic change can have dramatic effects on insect communities—stronger
effects than due to solely plant community diversity (Hudewenz et al. 2012).
Pollinators have been shown to increase yield in agro-ecosystems faced with heat
stress or warming (Bishop et al. 2016; Rader et al. 2013) and thereby contribute to
ecosystem stability. There is more conflicting evidence about the influence of
climate change factors on herbivores and their enemies (e.g. Pincebourde et al.
2017). Similar patterns to pollinators have been demonstrated for trophic chains
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(e.g. plants, herbivores, and their predators) exposed to warming in some systems—
together they seem to buffer the influence of change and promote stability (Sentis
et al. 2013). But in other systems increases in warming, water, and nitrogen
availability have been shown to increase herbivore abundance but induce greater
variability in herbivore enemy feeding and abundance (and even declines in abun-
dance) thereby potentially reducing community stability (de Sassi and Tylianakis
2012; Haddad et al. 2000; Hentley and Wade 2017; Liman et al. 2017). Thus, it is
difficult to draw general conclusions about the influence of climate changes above-
ground on insects, particularly insects in higher trophic levels (Hentley and Wade
2017).

Here, we combine our knowledge of how separate below- and aboveground
systems respond to abiotic changes to predict how stability of fungal-mediated
above-belowground systems might be altered. For example, the variation in stability
of aboveground trophic chains (plants—herbivores—herbivore enemies) could be
driven by the influence of nutrient stoichiometry on herbivores and their enemies
(Abbas et al. 2014)—and we know that belowground interactions can influence
(Spohn 2016) and be influenced by nutrient stoichiometry as well (Johnson et al.
2015). Thus, the relative availability of nutrients in a system could play a large role
in predicting the stability of several above—belowground interactions. In a second
example involving elevated CO,, significant previous research has identified that
CO; can alter defence signalling pathways in host plants leading to changes in direct
defences that influence herbivory (reviewed in Hentley and Wade 2017; Zavala et al.
2013). Fungal associations can also alter plant secondary chemistry (Gehring and
Bennett 2009; Ludwig-Miiller 2015; Lugtenberg et al. 2016) directly and indirectly.
Thus, in the case of elevated CO,, we may see no change (and thus stability) in
fungal-mediated above—belowground interactions if CO, and fungi counteract each
other’s influence, or we could see great instability if their interaction has multipli-
cative effects. Alteration of defence signalling pathways by changes in other atmo-
spheric gases (e.g. Oz, SO,, and NO,) (reviewed in Boullis et al. 2015) or fungi
(reviewed in Rasmann et al. 2017) can also alter the production of secondary
chemicals for indirect defence, which may further confuse results as recent research
has shown that increases in temperature (often expected to co-occur with changes in
atmospheric gases) can alter the perception of volatiles by insects (Sentis et al.
2015). Change in secondary compound perception could reduce system stability if
it alters the ability of herbivore enemies to find hosts or maintain stability if reduced
perception additively interacts with increased production of volatiles. Thus, while
we can make predictions, many factors need to be tested before we can draw
concrete conclusions about the influence of environmental change on the stability
of fungal-mediated above—belowground interactions.

While immediate abiotic changes may alter interactions, the legacy of that change
may also be important for later generations. Extreme climate events, such as drought,
can reduce the function of soil communities [e.g. reduce decomposition and resto-
ration (Bloor and Bardgett 2012)], but how does this reduction in function (or any
other legacy effect) influence the next generation of organisms? Wurst and Ohgushi
(2015) hypothesize that there are two factors likely to produce legacy effects:
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changes in plant traits and changes in soil characteristics. They discuss both short-
term (up to days) and long-term (weeks to years) influences of changes in plant and
soil traits. For example, changes in defensive compounds within plants can alter the
communities of herbivores feeding on plants both in the short- and long term,
whereas in the short term changes in fungal activity in the soil could lead to changes
in decomposition that lead to long term changes in nutrient availability. Limited
research in this area has revealed that plant—soil feedbacks can alter plant-herbivore
interactions in the next generation of plants (Kos et al. 2015; Morrien et al. 2011),
although longer term feedbacks (i.e. with field collected soils) do not influence
plant-herbivore interactions (Williams et al. 2014). Belowground, root herbivory
can produce legacy effects for plant—AM fungal associations in the next generation
in the same soil (Sonnemann et al. 2013). More experiments incorporating legacy
effects will help predict the long-term stability of above—belowground interactions.

Could changing climates create phenological mismatches in above—belowground
interactions? Climate changes are already influencing phenology of plants (Parme-
san and Hanley 2015) and common organisms in above—belowground interactions
(Cooper 2014), which could lead to phenological mismatches in above—below-
ground interactions. The change in interaction intensity between herbivores and
herbivore enemies under increased temperature and precipitation in North America
(Diehl et al. 2013) is a potential example of climate change driven phenological
mismatch. Are phenological mismatches occurring belowground as well? Due to the
difficult nature of observing interactions belowground, we are decades behind on
collecting the needed phenological data to answer this question for most below-
ground organisms, including fungi (Miller-Rushing et al. 2010). As a result, abiotic
change could drive phenological mismatches in above-belowground systems, yet
we do not have the data to test for this question.

Alterations in abiotic factors associated with changing climates are also pushing
changes in species ranges. This has been relatively well documented above ground
(reviewed in Chuang and Peterson 2016), but, aside from invasive fungi (Dickie
et al. 2016), is less well documented in belowground systems. There is evidence
suggesting that AM fungi and endophytes vary in their temperature tolerances
(Barrett et al. 2014; Bunn et al. 2009; Corbin et al. 2017; Heinemeyer and Fitter
2004; Klironomos et al. 2001), so increasing temperatures may exclude some fungal
species from some habitats or may temporally shift when a fungal species is
associated with plants. Some fungi disperse more slowly than plants (e.g. AM
fungi), so loss of fungal symbionts may select for plants with less dependence on
fungal partners at their range edge (van Grunsven et al. 2007). The effects of reduced
fungal dependence (or reduced negative plant—soil feedbacks) appear to have an
additive interaction with above ground herbivory (Morrien et al. 2011). Thus,
changes in species ranges may allow above-belowground partners to become
spatially or temporally separated leading to decreased stability in these interactions.

Aside from abiotic climate changes, habitat fragmentation and disturbance can
also have strong influences on the prevalence of organisms in any environment. If
disturbance and habitat fragmentation spatially or temporally separate fungi, insects,
and their plant partners, we are likely to see similar influences on the stability of
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fungal-mediated above—belowground interactions as might be observed in the case
of shifting species ranges and phenological mismatches. For example, belowground
soil disturbance and habitat fragmentation alter the species composition and diver-
sity of fungi (reviewed in Crowther et al. 2014; Lenoir et al. 2016; Uroz et al. 2016).
Specifically, tillage is well known to reduce AM fungal composition and diversity
(reviewed in Verbruggen and Kiers 2010). Aboveground both soil disturbance and
habitat fragmentation have been shown to alter plant species diversity and compo-
sition (Kershaw and Mallik 2013; Paillet et al. 2010), and this influence alone can
alter both belowground and aboveground interactions (e.g. Cahill et al. 2008).
Independent of the influence on plant communities, we know that habitat fragmen-
tation can also alter insect species diversity and abundance (reviewed in Joern and
Laws 2013; Vasconcelos and Bruna 2012). As a result, it seems likely that habitat
fragmentation will threaten the stability of fungal-mediated above—belowground
interactions by removing key partners within interactions.

5.3.2 Influence of Biotic Environmental Change

One of the major factors influencing the stability of any interaction is the introduc-
tion of a novel species into the interaction. The vast majority of research into this
area in above—belowground interactions has been focused on the influence of
invasive plants, insects, and microbes (reviewed in Bennett 2013; van der Putten
et al. 2007). Invasive species can lead to the loss of organisms important for stability
(van der Putten 2012) and can strongly influence interaction strengths (Rodriguez-
Echeverria and Traveset 2015). For example, invasive plants can influence both
above and belowground systems, but the influence of invasive species on above and
belowground systems differs and varies by habitat (McCary et al. 2016). Invasive
plant species are well known to both interact differently with fungi (Inderjit and van
der Putten 2010; Kulmatiski et al. 2008; Rout and Callaway 2012) and alter
belowground fungal diversity (e.g. Vogelsang and Bever 2009). Invasive plants
can reduce the abundance of many arthropods, particularly herbivores (Litt et al.
2014). The presence or absence of a belowground fungal partner has been hypoth-
esized to promote the success of some invasive species (Levine et al. 2004; Menzel
etal. 2017; Pringle et al. 2009; Reinhart and Callaway 2006; Richardson et al. 2000).
As a result, introduced species are likely to dramatically alter above—belowground
interactions involving fungi—but this has rarely been addressed quantitatively (van
der Putten 2012).

Genetic variation within partners may be a biotic factor limiting stability within
above-belowground interactions. This is particularly important for managed sys-
tems (e.g. agriculture) where the genetic make-up of partners may be well-defined
and limited. For example, within potato aphids some but not all aphid holobionts
(aphid genotype plus endosymbiotic bacterial genotype) have been shown to reduce
allocation belowground (Bennett et al. 2016; Hackett et al. 2013), while below-
ground AM fungi have been shown to promote parasitism success of aboveground
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aphids, but this depends on potato genotype (Bennett et al. 2016). Genetic variation
in AM fungi has also been shown to alter aboveground tobacco-herbivore interac-
tions (Wooley and Paine 2007). Thus, genetic variation likely alters stability of
above-belowground interactions, but how has yet to be clarified.

All of the above topics raise another important question for understanding the
stability of above—belowground interactions: Is species identity or species function
more important for maintaining fungal-mediated above—belowground interactions?
In other words, if we replace species within interactions with species of the same
function, is stability maintained? Plant functional group has been suggested to have a
stronger influence on soil microbial diversity (Milcu et al. 2013) while above we
suggest stress may select for more phenotypically plastic fungal partners. This
suggests that plant and fungal function may be more important than species identity
for stability of systems, so is plant and fungal functional diversity also more
important than species identity for herbivores in above—belowground interactions?
Only one study has tested this in a plant—soil feedback experiment and found that the
plant functional group had a greater effect on aphids in the next generation than plant
species identity (Kos et al. 2015). Thus, early indicators suggest that functional
diversity may be more important than species diversity, but future studies in this area
will provide a greater understanding of the importance of species identity and species
function.

As a result, we are just beginning to address the factors that will lead to an
understanding of stability in fungal-mediated above—belowground interactions.

5.4 Evolution

While we can be confident that natural selection is acting in fungal above-below-
ground systems, we have very little research documenting evolution in these sys-
tems. To date the only known specific publication on the topic is not data driven, but
developed hypotheses for how AM fungi might alter plant responses to antagonists
(such as insect herbivores) and in turn how that might alter the population dynamics
of antagonists (Bennett et al. 2006). There have been broad brush evolution exper-
iments in which soil communities and plants have been exposed to selection
pressures and changes in response documented (e.g. Bonte et al. 2010; Lau and
Lennon 2012; Panke-Buisse et al. 2015), but these studies have not looked at fungi
themselves or documented how selection altered the organisms involved. However,
they present a first step for documenting the effect of selection in fungal above—
belowground interactions.

Here, we present three basic areas in which we expect selection to influence
fungal above—belowground interactions: simple (one-way) evolutionary responses
driven by fungi or aboveground organisms; evolutionary feedbacks and
co-evolutionary arms races; and the relative strength of direct and indirect interac-
tions on selection. We hope that these discussions promote future research in these
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areas that will further enhance our understanding of fungal above—belowground
interactions.

5.4.1 Simple (One-Way) Evolutionary Responses

The simplest means of determining whether fungi can alter evolution within above—
belowground communities is to assess whether the outcome of selection changes in
the presence and absence of fungal partners by measuring changes in heritability or
traits associated with interactions. For example, if a fungal partner alters plant
chemistry, selection might favour herbivores with a greater tolerance for plant
secondary chemicals. In tall fescue (Festuca arundinacea (syn., Schedonorus
arundinaceus, and Lolium arundinaceum)), the production of alkaloids by the
endophyte (Neotyphodium coenophialum) in the leaves negatively impacts herbi-
vores allowing endophyte-colonized tall fescue to escape herbivory, outcompete
uninfected neighbours, and become dominant in the environment (Clay 1988; Clay
and Holah 1999). The influence of endophytes in tall fescue has knock-on effects on
other interactions throughout the system (Finkes et al. 2006; Lemons et al. 2005;
Mack and Rudgers 2008; Rudgers and Clay 2008). However, to date there are no
tests of whether herbivores in endophyte-infested tall fescue systems have been
selected for greater tolerance to alkaloids or higher fitness than naive herbivores. In
contrast, previous research has shown that increased herbivory can increase the
heritability (h%) of the endophyte in tall fescue (Clay et al. 2005), but we do not
know if higher herbivore pressure leads to an increase in alkaloid production by the
endophyte. “Simple” selection experiments like those described above require
multiple generations of growth under experimental conditions using a combination
of greenhouse and field approaches and present the first step to demonstrating
patterns of selection within fungal-mediated above—belowground interactions.

5.4.2 Evolutionary Feedbacks, Co-evolutionary Arms Races,
and Selection Mosaics

Selection at one end of the fungal-mediated above—belowground interaction “chain”
influences selection at the other end. Returning to the above example, if endophyte
colonization of fescue selects for herbivores with increased alkaloid tolerance, could
increased herbivory by alkaloid tolerant herbivores promote selection for greater
alkaloid production (or alternate alkaloid compounds) within the endophyte? Thus,
do evolutionary feedbacks occur within above—belowground interactions? Also can
fungi in above-belowground interactions alter co-evolutionary arms races? Most
beneficial plant—fungal associations prime plant defence response pathways (see the
Sect. 5.5), which has been suggested to increase constitutive or inducible plant
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defences. If fungi increase secondary chemicals in host plants, could this promote
faster selection for tolerance within insects or overcome insect tolerance to these
defences and reduce the opportunity for selection to promote tolerance within
insects? This is a research area ripe for exploration. Many of the indirect selective
influences on fungal-mediated above-belowground interactions are likely to pro-
duce diffuse patterns of co-evolution [an interaction that occurs with the addition of
multiple organisms to a system which alters the pattern of selection on traits of focal
species (Haloin and Strauss 2008)] and are thus likely to be more complicated than
simple one-way evolutionary responses. Also, selection mosaics like those first
described by Thompson (2005) likely also influence these interactions, but have
never been studied. Both fungal partners (e.g. Wolfe et al. 2007) and herbivores
(e.g. Thompson 1994) can be very patchy in the landscape, and this patchiness
should produce patches where the feedbacks and arms races described above are
stronger, weaker, or non-existent.

5.4.3 Direct or Indirect Influences

Here, we focus on whether fungal influences on selection within above—below-
ground interactions are driven predominantly by direct or indirect interactions. In
the fescue—endophyte example, endophytes have a direct influence on herbivores via
the production of alkaloids within host plant tissues (Clay 1988; Clay and Holah
1999). However, many other fungal influences on above-belowground interactions
occur indirectly via changes in host plant phenotypes. Defence priming by beneficial
microbes (see Sect. 5.5) can indirectly alter plant interactions aboveground. Thus,
the nature of these interactions, be they indirect or direct, produces a number of
questions: Do direct or indirect interactions more commonly influence, and which
has the greatest influence, on selection in above—belowground systems? While we
expect direct selection to be strong, we know that indirect interactions can also have
strong, and sometimes unexpected, selective influences (Haloin and Strauss 2008).
To test for direct versus indirect influences, we recommend comparing across
generations the influence of plants hosting fungi that produce their own toxins
versus those that alter plant chemistry on a common herbivore. Thus, we can clearly
see the potential for fungi to alter selection within above-belowground interactions,
but there are future opportunities to document that selection.

5.5 Mechanisms

The vast majority of research into mechanisms driving the indirect interactions
observed via host plants in fungal-mediated above—belowground interactions has
focused on aboveground pathogens and insects and belowground on Endophytes
and AM fungi. As a result, we will focus on these two sets of organisms, and we
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highlight new areas of research needed to further describe the mechanisms leading to
the influence of fungi in indirect above—belowground interactions.

5.5.1 What Are the Mechanisms That Influence Fungal
Above-Belowground Interactions?

Soil fungal communities and insects can influence each other by affecting plant
metabolic pathways thereby altering the phenotype of the shared host plant. Endo-
phytic and AM fungi can influence aboveground insects via changes in the nutri-
tional status, in the architecture, and in the accumulation of defence-related
metabolites in plants. The leaf metabolome has been shown to be a product of
plant species identity and fungal partners below- (Schweiger et al. 2014a; Schweiger
and Miiller 2015) and aboveground. Fungi can change plant phenotypes independent
of interactions with insects, but in multiple systems belowground fungi have been
shown to alter plant responses to aboveground herbivory by reallocating resources
and activating inducible defence mechanisms (Gehring and Bennett 2009; Pineda
et al. 2013).

Inducible defences allow plants to flexibly manage their resources towards
defence or growth by triggering defences only when necessary, and priming,
which reduces the lag time from defence activation to fully functional defences, is
key for the efficiency of these defence responses (Martinez-Medina et al. 2016).
Beneficial soil microbes commonly prime plant defences, increasing the readiness of
induced defences through changes in the plant immune system (Selosse et al. 2014).
The fitness benefits of priming have been shown to outweigh their costs under stress
(Martinez-Medina et al. 2016). Specifically, the cost and underlying mechanisms
have been well established in plant—pathogen interactions (Conrath et al. 2015;
Mauch-Mani et al. 2017), but priming of antiherbivore defensive responses by
beneficial fungi in plants has been less well studied (Bandoly et al. 2016; Frost
et al. 2008; Kim and Felton 2013; Mauch-Mani et al. 2017; Fig. 5.2). Priming
against herbivores has, however, been mostly studied at the molecular level, espe-
cially with regard to herbivore induced volatiles (VOCs), insect oviposition
(reviewed in Hilker and Fatouros 2015), and treatment with plant defence elicitors
(reviewed in Conrath et al. 2015).

The mechanisms regulating plant interactions with and priming by beneficial
microbes are shared by taxonomically different groups of beneficial microbes
(Partida-Martinez and Heil 2011; Pieterse et al. 2014; Van Wees et al. 2008).
There are multiple examples of beneficial rhizobacterial or fungal primed defences
in plants including endophytes such as Piriformospora indica, Trichoderma spp.,
and AM fungi (Pieterse et al. 2014; Pineda et al. 2013), and may be a consequence of
the modulation of the plant immune system associated with root colonization and the
establishment of the symbiosis that results in defence-related signalling (Selosse
et al. 2014; Zamioudis and Pieterse 2012). A molecular dialogue between the
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symbionts and plants modulates host defences to favour the beneficial interaction,
and, in the case of AM fungi, a symbiotic programme is triggered for mycorrhizal
development (Genre and Russo 2016). We expect this modulation of the immune
system to act in two ways. First, it should enhance local tolerance to endophytic
fungi (like AM fungi) promoting colonization. For example, small secreted fungal
peptides injected into root cells block specific regulators of plant defence signalling
locally, resulting in a partial local desensitization that allows colonization (Plett and
Martin 2015). Second, this modulation should prime plant defences placing the plant
into a readiness state. During attack by soil pathogens, mycorrhizal fungal primed
plants accumulate more pathogenesis-related proteins, callose, and phenolics com-
pared to non-mycorrhizal plants, and this early and strong reaction is pivotal for
successful defence (Jung et al. 2012). This primed state extends to the shoots and
primes responses to foliar pathogens (Sanchez-Bel et al. 2016) and primes responses
to herbivorous insects via differential transcriptional regulation of herbivore
defence-related genes, accumulation of insect anti-feedant compounds (Babikova
et al. 2014a, b; Bennett et al. 2009; Fontana et al. 2009; Song et al. 2010) and VOCs
(reviewed in Rasmann et al. 2017).

Inducible plant defences and their coordination with growth and development is
orchestrated by a complex signalling network in which plant phytohormones play a
central role (Khan et al. 2015; Okada et al. 2015; Piasecka et al. 2015). Among them,
jasmonates are key regulators of direct and indirect plant defences to wounding and
insects, including the production of toxic and anti-feedant compounds and volatile
signals (Okada et al. 2015). Typically, defence priming by beneficial microbes is
dependent on jasmonate signalling pathways (Pieterse et al. 2014), as has been
shown for Trichoderma spp. and AM fungi (Jung et al. 2012; Martinez-Medina
et al. 2013; Sanchez-Bel et al. 2016; Song et al. 2014). Although the mechanisms of
induced resistance against herbivores also involve priming of jasmonic acid (JA)-
dependent responses (Song et al. 2014; Van Oosten et al. 2008), other mechanisms,
still uncharacterized, are also likely operating (Pineda et al. 2013).

Mycorrhizal fungi tend to negatively affect generalist leaf chewers and have a
neutral or positive effect on specialist leaf chewers and phloem feeders (Gehring and
Whitham 2002; Koricheva et al. 2009), and this pattern correlates with the plant
defence responses these herbivores trigger (Pozo and Azcdén-Aguilar 2007).
Attacker-specific signal signatures (determined partly by temporal and spatial pat-
terns of mechanical tissue injury), intricate crosstalk among the different signalling
pathways, and potential attacker-mediated suppression of host defences through
effector proteins shape the plant response to herbivores (Howe and Jander 2008;
Pieterse et al. 2014; Plett and Martin 2015). For example, induced resistance
frequently consists of changes in secondary metabolites that are toxic for generalist
herbivores but rarely affect specialist herbivores, because leaf chewers rupture cells
thereby releasing and ingesting toxic metabolites while also triggering the plant
jasmonate-dependent wound response. By contrast phloem feeders avoid cell dam-
age and feed on phloem sap, which contains lower levels of toxic compounds. Thus,
fungi which prime plants may also positively impact aphid growth and fecundity by
making plants better-quality hosts through improved nutrition (Gehring and Bennett
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2009; Koricheva et al. 2009). This priming effect can also be transmitted through
common mycorrhizal mycelial networks (Babikova et al. 2013; Johnson and Gilbert
2015; Song et al. 2010, 2014) influencing jasmonate signalling that promotes direct
defence against generalists (Song et al. 2014) and indirect defence against phloem
feeders (Rasmann et al. 2017) in neighbouring plants. Thus, there is growing
evidence that priming influences both direct and indirect defences, but that this
priming influence may have different functions based on the herbivorous pest.

Remarkably, similar patterns have been also found in non-fungal-mediated
above-belowground interactions involving rhizobacteria (e.g. Pseudomonas
fluorescens) (Pineda et al. 2013). P. fluorescens root colonization induces systemic
Arabidopsis thaliana resistance against the generalist caterpillar Spodoptera exigua,
but not the specialist caterpillar Pieris rapae (Van Oosten et al. 2008). In this system,
Induced Systemic Resistance (ISR) was associated with priming for an enhanced
expression of genes regulated by the jasmonic acid/ethylene (JA/ET)-signalling
pathway (Van Oosten et al. 2008). In contrast, rhizobacterial colonization did not
affect the performance of the specialist aphid Brevicoryne brassicae, whereas it
enhanced the intrinsic growth rate of the generalist aphid Myzus persicae despite
evidence of priming for JA responses (Pineda et al. 2012). Thus, rhizobacteria
influence direct defence priming aboveground in plants similarly to beneficial
fungi, but research is still needed to confirm if fungi and rhizobacteria use the
same mechanisms.

5.5.2 Context Dependency in Mechanisms of Fungal-
Mediated Above—Belowground Interactions

The impact of belowground plant—fungal interactions on aboveground insects is
highly context dependent, because plant responses to most abiotic and biotic factors
are regulated to some extent by phytohormone signalling (Pozo et al. 2015). Plants
can also often regulate their interaction with microbes using phytohormone signal-
ling (Lakshmanan et al. 2014). For example, nearly all phytohormones studied to
date appear to play a role in AM fungal formation and/or functioning (Boivin et al.
2016; Gutjahr 2014; Zwanenburg et al. 2016). Since phytohormones mediate plant
responses to both environmental changes and the mycorrhizal symbiosis, the impact
of the AM fungal symbiosis on plant—insect interactions will vary with environmen-
tal conditions. Thus, the final outcomes of fungal-mediated above—belowground
interactions are highly context dependent (Pineda et al. 2013; Pozo et al. 2015).
Another source of context dependency is plant species or genotypic variation, as
the degree of fungal priming in individual plant species or genotypes may depend on
plant genetic variation in the JA pathway, the accumulation of related forms, or the
degree of upregulation of JA biosynthetic or response genes. Testing for genetic
variation in immunity priming will require the development of molecular markers
associated with priming. Molecular markers associated to priming have been
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characterized in model plants (Conrath et al. 2015; Mauch-Mani et al. 2017) leading
the way for equivalent markers to be developed in a wider array of plant species in
the future.

Insect herbivores can also influence soil fungal communities through changes in
carbon allocation (e.g. Frost and Hunter 2004), altering photosynthesis levels, or
root exudation (Bardgett et al. 1998) which may combine with plant defence
signalling to affect mycorrhizal colonization—but to date no one has demonstrated
whether these changes influence plant defence or whether priming influences are
irreversible following fungal colonization. Aboveground herbivory alters the allo-
cation of carbon compounds to roots (Orians et al. 2011), and the activation of
defence-related gene expression and accumulation of defence metabolites in roots
has been reported within minutes of aboveground herbivory: the increase of
jasmonate-related gene expression in roots has been shown to occur within 24 h
after aboveground herbivores begin feeding on plants (Fragoso et al. 2014). Thus,
aboveground herbivory effects on fungi depend on the interplay of opposite forces:
increased allocation of carbon compounds should benefit soil fungal communities
but defoliation reduces plant photosynthates (and, therefore, fungal symbiont
resources) and activation of hormonal signalling pathways may also affect fungal
endosymbionts. The influence of hormonal signalling will likely depend on the
pathways activated (as each pathway has a different regulatory role on the coloni-
zation of roots by fungi) and on the intensity of herbivory. For example, abscisic acid
(ABA) and JA signalling, commonly activated by chewing insects, are positive
regulators of the AM fungal-plant symbiosis (Pozo et al. 2015). These signalling
pathways are also activated in response to abiotic stress (reviewed in Meena et al.
2017), so that environmental conditions will also influence AM fungal root coloni-
zation (Pozo et al. 2015). However, no study has tested whether a negative impact of
herbivory on fungal associations leads to changes in phytohormone signalling in
attacked plants.

Thus, while there are still big gaps in our understanding, the central role of
phytohormones is well established. Most of the mechanisms behind fungal-mediated
above-belowground interactions are regulated by phytohormones, so that crosstalk
in signalling in response to different cues explains much of the context dependency
of interactions, and there are common patterns that may help explain fungal and
plant responses to insects. Thus, understanding of the mechanisms behind fungal-
mediated above-belowground interactions is still in its infancy, but, based on recent
discoveries, is likely to develop rapidly in the future.

5.6 Applications

Here we explore if fungal-mediated above- and belowground interactions could be
used as novel biotechnologies to improve agricultural production (Orrell and Ben-
nett 2013), restore natural and degraded habitats, promote ecosystem services, and
mitigate climate change impacts. We consider how these interactions can be utilized
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and controlled to promote positive effects. Potentially, within agro-ecosystems,
these interactions could improve crop yields, reduce pest and pathogen effects, and
improve pollination services, while in restoration they could improve the speed and
stability of the restoration efforts and promote associated ecosystem services. Fungi
can have both positive and negative impacts on aboveground systems. However, by
altering the microbial species (Bennett et al. 2009; Gange et al. 2003; Hu et al. 2010)
and genotype (Angelard et al. 2010) composition and/or changes in environmental
management (Fitter 1991; Johnson et al. 2015), we can identify specific interactions
with positive effects in a range of systems. Currently, direct evidence is largely
unavailable for real world applications of fungal-mediated above—belowground
interactions; however, here we propose a range of applications and review the
technology that will make these applications possible (Fig. 5.2).

The easiest means of promoting fungal-mediated above—belowground interac-
tions is adding fungal inocula to managed systems. In agricultural environments,
fungal inocula can influence both the quantity and quality of crop yields
(e.g. Ceballos et al. 2013) and could promote plant—pollinator interactions (reviewed
in Barber and Gorden 2015), as well as promote defence against herbivores (Gehring
and Bennett 2009; Pineda et al. 2013) and pathogens (reviewed in Borowicz 2001).
However, current fungal inocula on the market are not typically designed for specific
crops, growing systems, or environments (Middleton et al. 2015) nor do these
inocula provide management advice to promote interactions or evidence of their
effectiveness. Thus, for successful uptake of these inocula products, we need to
collect data on their performance in commercial agriculture (e.g. Ceballos et al.
2013).

These same ecosystem services (nutrient delivery, pest and pathogen defence, and
pollination) are also important in natural systems. For example, soil fungal commu-
nity diversity and plant—soil feedbacks are hypothesized to be needed for rare plant
establishment and persistence (Bothe et al. 2010). As a result, fungi are also
important for restoration (Bever et al. 2003; McCain et al. 2011; Middleton et al.
2010), and invasion by non-native plant species (Suding et al. 2013). Thus, fungal
inocula are increasingly promoted in restoration (Jayachandran and Fisher 2008;
Quoreshi 2008) and are being applied through methods such as hydroseeding
(e.g. Vogelsang and Bever 2010) or via fertilizer spreaders.

Promoting plant—fungal interactions should cascade through to aboveground
plant interactions with insect communities (Bennett 2010). For example, native
plant species promote the restoration of native aboveground plant—pollinator inter-
action networks (Menz et al. 2011; Morandin and Kremen 2013), and beneficial
fungi can promote plant pollinator interactions through improvements in floral
rewards, plant architecture, floral display, and volatile release (reviewed in Barber
and Gorden 2015). Soil fungal communities may also influence pollination through
changes in plant community composition (Cahill et al. 2008) which also alters the
availability of floral rewards, plant architecture, floral display, and volatile release.
Plant—fungal interactions also likely influence other ecosystem services such as
attraction of herbivore enemies (Rasmann et al. 2017). Thus, manipulating soil
fungal diversity in restoration by adding soil inocula (Bever et al. 2003; Middleton
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et al. 2010) or fungicide (McCain et al. 2011) can cascade up the trophic ladder to
promote ecosystem services in restoration efforts.

5.6.1 Technological Advances Promoting the Application
of Fungal-Mediated Above—Belowground Interactions

To determine the value of adding beneficial fungi in agriculture or restoration, we
must weigh the benefits provided versus the cost of application (Fig. 5.2). Recent
significant technological advancements in the production, application, and use of
beneficial microbes (including fungi) have reduced the cost of fungal inocula. For
example, improvements in application techniques include multiple novel encapsu-
lation techniques and entrapment in polymers like alginate beads and hydrogels
(De Jaeger et al. 2011; Declerck et al. 1996b; Plenchette and Strullu 2003; Vassilev
et al. 2005; Vemmer and Patel 2013), seed coatings (McQuilken et al. 1998), sprays
(Lohse et al. 2015), irrigation systems (e.g. Offyougrow Mycodrip, Symbiom s.r.o.,
Czechia), and large-scale application techniques such as hydroseeding (Vogelsang
and Bever 2010). Producers are also now creating inocula with elicitors or multiple
microbe beneficial species or taxa (De Jaeger et al. 2011; Nzanza et al. 2012) that
provide additional plant benefits (Nzanza et al. 2012) or promote the interaction
(Garbaye et al. 1992; Tarkka and Frey-Klett 2008). Advances in production tech-
niques include novel fermentation processes (Lohse et al. 2015), fully automated
large-scale and micro-bioreactors [RoboLector™ with an integrated BioLector™ Pro
(m2p-labs GmbH, Baesweiler, Germany)], and in vitro mycorrhizal fungal produc-
tion techniques (Akhtar and Abdullah 2014; Declerck et al. 1996a, 1998, 2005; Ijdo
et al. 2011), and these new production techniques are significantly reducing costs of
inocula production. Finally, advances in storage techniques allow us to now store
target microbes and formulations in a stable product form for several years (Vassilev
et al. 2005; Vemmer and Patel 2013) while cryo-preservation can maintain individ-
ual fungal lines long term (Lalaymia et al. 2012, 2013, 2014). The combination of
these novel application, formulation, production, and storage techniques are dramat-
ically driving down costs thereby allowing research groups and commercial compa-
nies to create cost-effective species, environment, and site-specific solutions.

Once the cost of fungal inocula is known, we should conduct a cost-benefit
analysis to determine whether inocula application is both financially and practically
feasible for end users. To date, the only cost-benefit analysis of fungal inocula
application used twice the recommended inocula application rate (Ceballos et al.
2013), and thus additional studies are needed. The uptake of fungal inocula usage in
managed systems also depends on the perception of end users of these products, as
practical uptake will largely depend on whether end users are receptive to this new
technology.
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5.6.2 Overcoming Limitations to the Application of Fungal-
Mediated Above—Belowground Interactions

We also need to test the application of these inocula for different plant species,
habitats, and stresses to determine their reliability in the face of mitigating factors
such as climate change, alterations in management practices, or invasive species. In
addition, we can use data from these tests to provide information for land managers
on how to manage their systems to promote these interactions [e.g. through a
reduction in nutrient inputs (Johnson et al. 2015), and careful application of agro-
chemicals (reviewed in Baar 2008)].

Competition between fungi and other microbes in the rhizosphere may also
suppress the potential benefits provided by fungal inocula. For example, above-
ground endophytes that promote herbivore defence have been shown to be nega-
tively correlated with AM fungi in roots (Mack and Rudgers 2008; Omacini et al.
2006) and surrounding soils (Chuchou et al. 1992). The PGPF Trichoderma
harzianum has been shown to mycoparasitize AM fungi, decreasing AM fungal
hyphal viability (De Jaeger et al. 2010). More competitive AM fungi can also
compete for root space to the detriment of plant growth (Bennett and Bever 2009)
and potentially herbivore defence (Bennett et al. 2009). Thus, no one inoculum is
likely to work in every environment due to these interactions, so a suite of products
will need to be developed for a range of environments with different competitors.

Currently, there is little research on the use of fungal inocula to promote fungal-
mediated above-belowground interactions, cost—benefit analyses of inocula use, or
the potential uptake of these inocula by and perception of end users. Thus, further
research is needed on potential fungal inocula to develop evidence-based advice on
their usage. Further advances in production, storage, and application techniques are
also needed to deliver cost-effective solutions that can be applied to a wide range of
situations. We also recommend breeding crop species to further take advantage of
these interactions and using genetic markers to match combinations of fungi and
plant species that result in positive interactions. While agricultural intensification,
natural habitat loss and degradation, land use change, and climate change will not be
remedied by fungal-mediated above-belowground fungal interactions alone, pro-
motion of fungal-mediated above-belowground interactions could form part of a
vital toolset of biotechnologies to mitigate these pressures and promote sustainable
agricultural intensification, restoration of natural habitats, and mitigation of climate
change.

Thus, our knowledge of fungal-mediated above-belowground interactions is
expanding revealing large areas still in need of exploration (communities, stability,
evolution, and mechanisms), but also identifying application of these interactions in
managed systems.
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Chapter 6 )
Interactions Involving Rhizobacteria e
and Foliar-Feeding Insects

Kiran R. Gadhave and Alan C. Gange

6.1 Introduction

The term “Rhizosphere” was coined and defined by Lorenz Hiltner as a soil
compartment influenced by plant roots (Hiltner 1904). It is the largest habitat in
the nature (Hinsinger et al. 2009). The coexistence of a wide variety of microorgan-
isms in the rhizosphere facilitates numerous multitrophic interactions, below- as well
as aboveground (Mendes et al. 2013). Rhizobacteria comprise the predominant
group that influences soil health and plant biology to a significant extent. Here, we
focus on two beneficial parts of the plant-associated bacteria group: rhizobia and
Plant Growth-Promoting Rhizobacteria (PGPR or ‘“Rhizobacteria”). Rhizobia have
long been known to provide growth benefits to legumes, through their N-fixing
abilities. PGPR is a term that covers a disparate set of bacterial species that exist in
the rhizosphere and which provide growth benefits to plants via a variety of mech-
anisms. The majority of these reported benefits occur in major food crop systems and
have been the subject of several reviews (Johri et al. 2003; Lugtenberg and Kamilova
2009; Parray et al. 2016). However, a feature of these reviews is that the interactions
between rhizobacteria and foliar-feeding insects are rarely mentioned (but see Pineda
et al. 2013a, 2015, 2017 for an exception). An examination of the literature shows
that this is a situation in which ecology lags behind plant biochemistry and molecular
biology (Gange et al. 2012). While the effects of PGPR on plant biochemical
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pathways and signaling is well documented (particularly in Arabidopsis), the eco-
logical consequences of these interactions are poorly known and their effects at the
community level unexplored. Our aim here is to document some of the pertinent
interaction studies and their mechanisms and to show that many more of them are
needed to develop the broader understanding of these interactions in an ecological
and evolutionary context. We review whether and how PGPR specifically interact
with insect herbivores from chemical, molecular, and ecological standpoint, beyond
their conventional, well-documented applications as biofertilizer, phytostimulator,
and plant stress controller. More specifically, we dissect these effects on the basis of
diverse herbivore-feeding guilds (generalist vs. specialist, phloem feeders
vs. chewers); constitutive and induced plant defenses; plant, insect, and rhizo-
bacterial species; lab versus greenhouse studies; and the outcome of effects (positive,
negative, or neutral). An array of these aspects form the focus of this chapter.

6.2 Rhizobia and Foliar-Feeding Insects

Given the importance of rhizobia in agricultural production and crops such as
soybean (Glycine max), it is perhaps surprising that the first demonstration of
rhizobia affecting foliar insect herbivores was performed with Trifolium repens
and Lotus corniculatus. Insect herbivores can broadly be categorized into
(1) chewing versus phloem feeders based on the feeding mechanism, (2) generalist
versus specialist feeders based on host plant range, and (3) foliage versus root
feeders based on the site of feeding. Kempel et al. (2009) found that rhizobia
increased the growth of the generalist Spodoptera littoralis larvae in acyanogenic
strains of 7. repens, but not in cyanogenic strains, suggesting that the extra nitrogen
provided by the rhizobia may be used for the production of N-based defense
compounds. Enhanced production of cyanogenic defense compounds caused by
rhizobia and leading to reduced chewing herbivore performance was also shown
by Thamer et al. (2011) using Mexican bean beetle (Epilachna varivestis) feeding on
lima bean (Phaseolus lunatus). Rhizobia were also reported to trigger plant defense
via increase in jasmonic acid-induced volatiles in lima bean—Mexican bean beetle
system (Ballhorn et al. 2013). Unlike mycorrhizal fungi, showing negative effects on
generalist leaf-chewing herbivores while positive effects on specialist sap-feeders,
effects of Rhizobia on insect herbivores appear to be context-dependent. Further-
more, Rhizobium, despite being one of the most extensively studied genera with
regards to nitrogen cycling, has been sparsely explored with regard to its bottom-up
effects on plant herbivores (van der Heijden et al. 2008). A few studies in this regard
suggest that Rhizobium mediated bottom-up effects on insect herbivores with no
clear and coherent effects on generalist versus specialist feeders or chewers versus
phloem feeders. However, as with many above—below ground interactions involving
microbes and insects, the outcome is often context-dependent, particularly affected
by soil nitrogen levels (Dean et al. 2014). The symbiosis of Rhizobia with legumes
can directly as well as indirectly influence the plant-herbivore interactions (Friesen
etal. 2011; Lau and Lennon 2012). The context-dependency in these interactions is
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apparent, as the outcome may be influenced by the strain of rhizobia employed
(Dean et al. 2009), the presence of other (non N-fixing) bacteria in the rhizosphere
(Brunner et al. 2015), and feeding guild of herbivore involved (Dean et al. 2014). For
instance, Bradyrhizobium japonicum conferred resistance to aphids feeding on
soybean thus demonstrating direct manipulation of plant defenses by Rhizobia.
Although such direct manipulation is less frequent, indirect effects of Rhizobia, in
which Rhizobia trigger physiological changes in plant herbivores, have been
reported. For instance, Whitaker et al. (2014) found that aphids (Aphis glycines)
feeding on a nodulating strain of soybean produced honeydew with almost twice as
much total sugar content than those feeding on a non-nodulating strain. Such
differences in honeydew composition could have important feedback consequences
for nutrient cycling in natural systems.

Katayama et al. (2014) showed that aphid honeydew added significant amounts
of carbon to a soil, resulting in increased microbial growth and immobilization of
soil N. The role that such interactions play in natural plant and insect communities is
currently unknown, but one study (again with soybean) suggests that it may be very
influential. Katayama et al. (2011) grew nodulating and non-nodulating strains of
G. max in a garden experiment and found that the species diversity and abundance of
herbivorous arthropods was higher on the nodulated plants. Furthermore, predatory
insects were also more abundant on these plants. Overall, the community compo-
sition of foliar feeders differed greatly between the nodulated and non-nodulating
plants. If such effects are repeated in natural plant communities, then it is likely that
rhizobia play a significant role in the structure of insect communities. It is known that
the presence of rhizobia and arbuscular mycorrhizal fungi (AMF) lead to increased
plant diversity and productivity (Van der Heijden et al. 2016), which even if no
direct (i.e., via plant chemistry) effects occurred, would still be expected to alter the
composition of the associated insect communities (Siemann 1998).

6.3 PGPR and Insect Herbivores

Only a few rhizobacterial species have been studied for their effects on insect
herbivores (Gange et al. 2012). Most of these studies seem to show negative effects
of PGPR on pests in different crops and involve either individual Bacillus or
Pseudomonas species or their combination with other microbial species (Fig. 6.1).
The majority of studies have taken place in controlled conditions and have involved
a limited range of insect orders, principally Lepidoptera and Hemiptera (mainly
aphids) (Fig. 6.1). For instance, the growth, consumption rates, and digestive ability
of cotton bollworm, Helicoverpa armigera, was reduced in Pseudomonas gladioli-
treated cotton plants (Qingwen et al. 1998). The different strains of fluorescent
P. fluorescens increased accumulation of defense molecules chitinase and proteinase
inhibitors in rice and effectively suppressed leaf-folder Cnaphalocrocis medinalis
infestation in field conditions (Saravanakumar et al. 2007). Furthermore,
P. fluorescens treatment to Arabidopsis triggered induced systemic resistance
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Fig. 6.1 The proportion of all published studies involving interactions between PGPR and foliar-
feeding insects, summarized by inoculation method, outcomes for the insect, location of study,
insect order used, and PGPR species employed

(ISR, see below) against different herbivores in Arabidopsis (Van der Ent et al.
2009). Pseudomonas spp. when co-inoculated with other microbial species were also
found to be highly effective in reducing pest outbreaks. A PGPR mixture (Pseudo-
monas putida 89B-61, Serratia marcescens 90-166, Flavimonas oryzihabitans
INR-5, and B. pumilus INR-7) significantly reduced cucumber beetle populations
in field experiments in two separate seasons (Zehnder et al. 1997). Moreover, a
combined inoculum of P. fluorescens and the entomopathogenic fungus, Beauveria
bassiana, when applied as a seed and seedling treatment, produced a significant
reduction in the incidence of larvae of two Lepidoptera, the leaf miner Aproaerema
modicella in groundnut (Senthilraja et al. 2010) and a leaf-folder Cnaphalocrocis
medinalis in rice (Karthiba et al. 2010). Both experiments were performed in
glasshouse and field conditions, suggesting a degree of consistency in the treatments.

Apart from Pseudomonas, various species of plant growth-promoting Bacillus
spp. were also found to negatively affect the growth and development of generalist
and specialist insect herbivores (Vijayasamundeeswari et al. 2009; Valenzuela-Soto
et al. 2010; Gadhave and Gange 2016). In cotton and tomato, bioformulations of
B. subtilis reduced the growth of H. armigera larvae (Vijayasamundeeswari et al.
2009) and Bemisia tabaci (Valenzuela-Soto et al. 2010), respectively. However,
multiple Bacillus species seem to exert less of an effect on plant herbivores. For
instance, B. subtilis and B. amyloliquefaciens together failed to suppress green peach
aphid (Myzus persicae) populations (Herman et al. 2008). In a more recent study,
Gadhave et al. (2016a) showed that a mixture of Bacillus spp., B. cereus, B. subtilis,



6 Interactions Involving Rhizobacteria and Foliar-Feeding Insects 121

and B. amyloliquefaciens was not as effective as the individual species in reducing
field infestations of the cabbage aphid Brevicoryne brassicae. The apparent lack of
effects with combinations of PGPR may be why the majority of published studies
involve single species inoculations of PGPR (Fig. 6.1). Several factors, including
competition between the microbes, nature and diversity of plant microbiome, feed-
ing guild of herbivore, plant species, and differential manipulation of plant biochem-
istry, are likely to be important in shaping the outcome of plant-herbivore
interaction. Interspecies competition between microbes, in particular, is likely to
be the single most important factor determining the subsequent bottom up effects on
plants and consequently on herbivores as it lies at the bottom of the interaction
ladder. Furthermore, the highly dynamic nature of the microbial community with
regard to soil, crop, and environmental conditions makes it difficult to predict the
immediate effects of microbial species on plants and herbivores.

In this respect, PGPR seem to be similar to AM fungi, in that addition of multiple
species to plants may have far less effect on foliar herbivore performance than the
single species present in the mixture (Gadhave et al. 2016a). Furthermore, as with
AM fungi, these effects are context-specific and depend on the identity of the plant
and insect species and degree of insect specialism (Pineda et al. 2010; Gadhave et al.
2016b). Ecologists are fortunate in that there is a rich literature on the effects of
PGPR on plant defenses and signaling, at the biochemical and molecular levels.
Reference to this literature should be very helpful in understanding the outcome of
the community-level experiments, which need to be done, but are currently lacking.

6.4 Chemical Cues Determining PGPR-Plant-Insect
Interactions

Rhizobacteria promote plant growth through increased nutrient uptake and biotic
and abiotic stress tolerance (Gange et al. 2012). The increased nutritional quality of
plants may directly benefit insects in terms of increased growth and development
(Schoonhoven et al. 2005; Bukovinszky et al. 2009). Conversely, increased plant
nutrient status may also encourage increased stress tolerance. For instance,
rhizobacteria-mediated nutrient uptake can compensate for plant biomass loss after
herbivory (Kempel et al. 2009) and facilitate the synthesis of plant defensive
secondary metabolites (Aziz et al. 2016).

Plants employ an array of constitutive and induced defenses to deal with anta-
gonists (Pineda et al. 2017). Rhizobacteria induce systemic resistance in plants that
effectively suppress invading pathogens and insect herbivores (Van Oosten et al.
2008). An array of proteins and secondary metabolites, from both rhizobacteria and
plants, are involved in the elicitation of ISR. These include (1) bacterial traits like
lipopolysaccharides (LPS) and siderophores (Van Loon et al. 1998; Ramamoorthy
et al. 2001); (2) airborne organic volatile compounds, 2,3-butanediol and acetoin
(Ping and Boland 2004; Ryu et al. 2004); and (3) individual bacterial compounds
such as cyclic lipopeptides (Ongena et al. 2007), antifungal factor,
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2,4-diacetylphloroglucinol (Phl) (Iavicoli et al. 2003) and N-acyl homoserine lac-
tones (AHLs) (Schuhegger et al. 2006).

The majority of volatiles released by plants, in response to herbivory and other
stresses, belong to either of the following groups: terpenoids, phenylpropanoids/
benzenoids, fatty acid derivatives, and amino acid derivatives (War et al. 2012).
These constitute about 1% of plant secondary metabolites, with about 1700 com-
pounds from 90 plant families (Dudareva et al. 2006). It appears that the chemical
cues triggering plant—microbe and plant-herbivore interactions are relatively well
characterized. However, whether and how major chemical cues are shared directly or
indirectly when PGPR, plant, and insect interact remains poorly studied.

To date, only a few studies have explored these multi-trophic interactions in the
context of deciphering linked biochemical cues. Most of these studies include
Bacillus and Pseudomonas species and involve the manipulation of a variety of
constitutive (e.g., bark, waxy cuticle, spines, etc.) and induced (e.g., HIPVs) plant
molecules specific to plant and insect species. For instance, Bacillus spp.-treated
cotton plants showed increased levels of gossypol, a key secondary metabolite that
reduced the fitness of Spodoptera exigua (Zebelo et al. 2016). B. amyloliquefaciens
(GBO03) enhanced sulfur assimilation and aliphatic and indolic glucosinolates in
response to S. exigua herbivory in Arabidopsis (Aziz et al. 2016). Another Bacillus
spp-, B. pumilus INR7, altered the cucurbitacin profiles in cucumber plants, resulting
in the growth of cucumber beetles being reduced (Zehnder et al. 1997).

Two independent studies with the common rhizobacterium P. fluorescens on
plant volatile emissions showed similar results in two different model systems. In the
first study, P. fluorescens WCS417r suppressed the emission of the terpene (E)-
alpha-bergamotene, methyl salicylate, and lilial in response to feeding by larvae of
the generalist Lepidopteran Mamestra brassicae. This triggered indirect plant
defense through an increased attraction of the parasitoid Microplitis mediator to
caterpillar-infested plants (Pangesti et al. 2015). In the second study, P. fluorescens
altered the herbivore-induced plant volatile profiles of Arabidopsis thaliana Col-0
and interfered with the attraction of the parasitoid Diaeretiella rapae (Pineda et al.
2013Db). The olfactory preference behavior and oviposition of this wasp was reduced
on rhizobacteria-treated aphid (Myzus persicae)-infested plants. These effects were
caused by modification of the jasmonic acid signaling pathway, leading to altered
herbivore-induced plant volatiles. All of the above-reported studies suggest that
rhizobacteria benefit plants, by modulating their biochemistry, to counter the herbi-
vore attack. However, studies involving more rhizobacterial species and extending
the plants to those in non-crop situations would enable us to draw more robust
conclusions about the role of PGPR in natural communities.
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Fig. 6.2 A simplified model depicting a series of events associated with the PGPR-mediated
induction of systemic resistance following an herbivore attack (modified from Niu et al. 2011).
At the outset, plants recognize microbe-associated molecular patterns (MAMPs, shown by red,
black, and blue rods). As a result, plant transcription factor genes (e.g., MYB72 in Arabidopsis) that
trigger ISR signals in roots are activated. These signals are further mobilized from roots to shoot
with transporting factors (shown by upward arrows), which leads to concurrent activation of the
jasmonic acid (JA), ethylene (ET), and salicylic acid (SA) plant signaling pathways with the help of
regulatory protein NPR1. Consequently, induced systemic resistance is fine-tuned against an
invading herbivore

6.5 PGPR and Plant Signaling

Priming is a rapid physiological response to pathogen and insect attacks. This
response is orchestrated by plant signaling hormones through individual and cross-
talk of different plant signaling pathways (Fig. 6.2) (Van der Ent et al. 2009).
Priming against insects has been studied in a few model systems. Most of these
systems highlight the role of jasmonic acid (JA)-dependent and JA-independent
responses in Arabidopsis (Valenzuela-Soto et al. 2010). For instance, P. fluorescens
inoculation to Arabidopsis and rice exhibited differential expression of transcripts
encoding metabolites between treated versus untreated plants leading to increased
defense responses against herbivores (Valenzuela-Soto et al. 2010; Saveetha et al.
2010). Bacillus spp.-treated cotton plants showed increased transcript levels of
jasmonic acid responsive genes and gossypol (Zebelo et al. 2016). These biochem-
ical and molecular changes led to reduced larval feeding and development of
Spodoptera exigua on PGPR-treated plants. Furthermore, P. fluorescens WCS417r
enhanced herbivore defense-related genes PDF1.2 and HEL in Arabidopsis against
S. exigua (Van Oosten et al. 2008). More recently, Pangesti et al. (2016) showed that
rhizobacteria differentially modulate plant immune systems to counter M. brassicae
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attack in two ways, first, by prioritizing the JA/ET-regulated ORA59-branch over the
JA-regulated MYC2-branch for increased defense and secondly by increasing the
synthesis of camalexin and aliphatic glucosinolates (GLS).

Apart from the direct alteration of plant signaling, rhizobacteria-mediated nutrient
assimilation in plants and parasitoid attraction have also been found to fine-tune
plant defense (Aziz et al. 2016). For instance, B. amyloliquefaciens (GB03) has been
shown to enhance the expression of GB03 genes encoding for sulfur assimilation.
The increased sulfur uptake and glucosinolate levels increased host plant resistance
to the generalist herbivore, S. exigua.

6.6 Key Aspects of Manipulating PGPR-Insect-Herbivore
Interactions

If ecologists are to conduct meaningful community-level experiments with rhizo-
bacteria and foliar-feeding insects, it is essential that the manipulations performed
are realistic. Microbe-free plants do not exist in nature and so appropriate controls
must be carefully considered (Partida-Martinez and Heil 2011). It is tempting to use
mixtures of commercially produced bacterial species that are now widely available
(Tailor and Joshi 2014), but there are important lessons to learn from their use in
agriculture. One of the key issues with using microbial inoculants in agriculture and
horticulture has been their inconsistency in performance at spatial and temporal scales
(Herrmann and Lesueur 2013). The inconsistency is a result of context-specific effects
of PGPR on herbivores (described above) and the confounding effects of extraneous
factors such as species-specificity and environment (Pineda et al. 2010). For instance,
different microbial species (Pseudomonas vs. Bacillus) can have different effects on a
given crop (cereal vs. legume) in manipulating resistance against different herbivores
(generalist vs. specialist; chewer vs. phloem feeder). Failure to take these factors into
account leads to discrepancies in results in laboratory/glasshouse versus field
conditions. Indeed, microbial inoculants often show promising results in controlled
conditions, but produce inconsistent results in the field (Herrmann and Lesueur 2013).
In natural communities, plants appear to recruit a consortium of rhizobacteria and to
develop opportunistic plant-bacteria mutualisms that solve context-dependent eco-
logical problems (Berendsen et al. 2012). The interdependence of PGPR and the plant
microbiome adds another layer of complexity to variation in the efficacy of microbial
inoculants. Below, we provide examples of some key factors that explain inconsis-
tency in microbial inoculant performance in various conditions and which need to be
taken into account in ecological experiments.
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6.6.1 Differences in the Plant Microbiome

The effects of microbial inoculants containing rhizobacteria on the rhizosphere
microbiome are largely unknown. A few recent studies analyzing rhizobacterial
communities through high-throughput 16S rRNA amplicon sequencing suggest the
predominance of the bacterial phyla Proteobacteria, Firmicutes, Actinobacteria, and
Bacteroidetes in the rhizo- and endospheres of different plants (Bulgarelli et al. 2012;
de Campos et al. 2013; Jin et al. 2014; Krober et al. 2014). Although the association
between rhizobacteria, the plant-associated bacterial community, and herbivory is
poorly studied, we speculate that context-specificity in these interactions will vary
within and among the prevalent bacterial groups (Humphrey et al. 2014; Chaudhry
et al. 2016). There is a distinct possibility that a variety of external factors may
cumulatively determine the outcome of these interactions. A recent study showed that
Pedobacter spp. and P. fluorescens infections were negatively associated with
Scaptomyza nigrita (Diptera: Drosophilidae) herbivory in bittercress (Cardamine
cordifolia) in the field, but positively associated in controlled conditions (Humphrey
et al. 2014). In the same study, bittercress phyllosphere bacterial diversity and
abundance was higher in insect-damaged versus undamaged leaves. This suggests
the possible intervention of other predominant bacterial groups, which are more likely
to be prevalent in the field conditions, in differential shaping of plant—insect
interactions.

A high degree of colonization competitiveness, an ability of a microorganism to
successfully colonize roots, and a buildup of a sufficiently large population in the
rhizosphere are two prerequisites for any rhizobacterial species to have a plant-
mediated effect on the resident endophytic bacterial community (Bashan 1998).
Once such species build sufficiently large populations (e.g., by quorum sensing
and biofilm formation), their chances of successful establishment increase. This
could be achieved by the early seed inoculation coupled with optimized repetitive
field applications with a stable carrier based formulation. The microbiome-mediated
effects of rhizobacteria on plant insect interactions are further complicated by the
inoculation of (1) single versus multiple and (2) preexisting versus “exotic” bacterial
species to plants. A proposed model by Gadhave et al. (2016b) suggests that the
inoculation of single preexisting microbial species is likely to prime the plant for
systemic defense against insect herbivores. Increased relative abundance and colon-
ization competitiveness of single species is likely to be antagonistic to other less
beneficial bacteria in the rhizosphere. Conversely, the inoculation of preexisting
multiple, exotic single, and exotic multiple bacterial species is unlikely to trigger any
chemical changes in plants or to significantly influence insect infestation. For
example, B. amyloliquefaciens FZB42 has been shown to last in the rhizosphere
over 5 weeks (Krober et al. 2014), alter foliar glucosinolate levels, and suppress
insect populations (Gadhave 2015). Furthermore, Conn and Franco (2004) and
Trabelsi and Mhamdi (2013) suggested that multiple rhizobacterial species adversely
affected endophytic bacterial communities in two different model systems, whereas
single inoculation of those species did not. Our recent study (Gadhave et al. 2018)
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reported similar results in that the effects of individual B. cereus, B. subtilis, and
B. amyloliquefaciens on endophytic bacterial community were more robust than
those of a mixture of the species. A similar pattern was identified in identical but
different study in which cabbage aphid growth and infestation was severely reduced
in individual Bacillus spp. treatments than the mixed one (Gadhave et al. 2016a).
Thus, it is possible that the extended effects of Bacillus spp. inoculation on cabbage
aphids were manifested through endophytic community composition.

Adding “exotic” bacteria can cause a shift within the root bacterial community
structure and determine the fate of these interactions (de Campos et al. 2013;
Schmidt et al. 2014). The prime reason why mixed bacterial species fail to be as
effective as single species could be the competition within added bacterial species
for nutrients and niches. Furthermore, if the added mixture of bacteria is nonnative to
the soil or crop, the failure of these exotic species to either acclimatize to the
rhizosphere conditions or to compete with more aggressive root colonizers in the
rhizosphere could produce either inconsistent and undesirable effects on plants and
herbivores.

6.6.2 Competition

The disparity in results in field versus controlled conditions may also be explained
by priority effects whereby indigenous microbial species outcompete all introduced
species (Werner and Kiers 2014; Gadhave et al. 2016b). The inclusion of multiple
microbial species in commercial inoculants is a common feature (Mayer et al. 2010).
The prime (economic, not ecological) reason is that if some of the species fail to
perform, others may come to the rescue to attain the desirable results on crops and
herbivores. However, the use of multiple species in microbial inoculants may not
necessarily be a good thing, especially when these are being used for pest manage-
ment (Gadhave et al. 2016b). Multiple species in an inoculant may be compatible in
static conditions, but can compete with each other for nutrients and niche in the
rhizo- and endospheres (Adesemoye and Kloepper 2009). This competition may
affect their initial population density (Elsas et al. 1986), root colonization ability, and
the associated multitrophic bottom-up effects.

6.7 PGPR in Community Ecology

Currently, with the exception of Arabidopsis, the literature concerning PGPR inter-
actions with foliar-feeding insects is dominated by controlled or glasshouse studies of
pests attacking crop plants (Fig. 6.1). Indeed, experiments involving “model plants”
that are widely used in ecological studies of arbuscular mycorrhizal-insect interac-
tions, such as Asclepias spp., Plantago spp., or Senecio (Jacobaea) spp. (Hartley and
Gange 2009), are absent. Field experiments are rarer, but suggest that PGPR can have
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negative effects on foliar-feeding insects, when inoculated as seed treatments and/or
as drenches to the roots (Sudhakar et al. 2011; Gadhave et al. 2016a). If the
interactions outlined above with species such as tomato and various Brassica spp.
are repeated in natural situations, then PGPR could have profound effects in natural
plant and insect community structure. To date, the only rhizobacterial-insect com-
munity study is that of Katayama et al. (2011) described above and involving
rhizobia. Eisenhauer (2012) describes how interactions between soil microbes can
affect plant growth and diversity, but to date no experiments involving AM fungi,
PGPR (and/or rhizobia), and foliar-feeding insects have been performed in controlled
or natural situations. These interactions should not just involve the herbivores, but
also the natural enemies of those herbivores (Boutard-Hunt et al. 2009; Gadhave et al.
2016a). Evidence suggests that PGPR and AM fungi will have synergistic effects on
insects that may well be negative, given that such interactions have been seen with
plant—parasitic nematodes (Akhtar and Panwar 2013).

Van der Heijden et al. (2016) have shown that the functional diversity of
microbes in the rhizosphere is important and that AM fungi and rhizobia comple-
ment each other, resulting in enhanced plant diversity and productivity. Such effects
are highly likely to influence insect diversity and populations, through a variety of
mechanisms that include plant chemistry, architecture, species richness, and abun-
dance. We suggest that PGPR are a neglected part of plant-insect community
ecology and deserve further attention, both in natural situations and in an applied
aspect, through their potential role as “biofertilizers” and “bioprotectants.”

6.8 The -Omics Approach and Future Prospects

The -omics approaches enable qualitative and quantitative characterization of bio-
molecules that translate into the structure and function of an individual or species
(Rotroff and Motsinger-Reif 2016). These include genomics, transcriptomics,
proteomics, and metabolomics and processes that vary from sequencing to in silico
modeling of signaling pathways (Seaver et al. 2012). These approaches can
potentially generate extensive databases that are capable of dissecting rhizobacteria—
plant—insect herbivore interactions both at the molecular and community level.
Currently, rhizobacteria—plant and plant-herbivore interactions appear to be better
characterized than plant-associated bacteria—insect herbivore and plant-associated
bacteria—plant—insect herbivore interactions (Fig. 6.3). Thus far, only a few integra-
tive databases exploring these interactions at the molecular level have been set
up. The pathogen-host interaction database (PHI-base: http://www.phi-base.org) is
one such example that maintains the catalogs of genes that determine the outcome of
host—pathogen interactions (Winnenburg et al. 2008). Furthermore, the PHI-base
allows the in-depth characterization of plant endophytes and economically important
pathogens, their properties, dynamics, and their interactions with plant hosts
(Winnenburg et al. 2008; Urban et al. 2015). Such information is already being
used in the manipulation of plant-Agrobacterium interactions (Pitzschke 2007), and
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Fig. 6.3 A model depicting bottom-up and top-down approaches to exploring plant-associated
bacteria—plant—insect interactions from molecular to community level and back. In particular, -omics
tools can unravel micro-processes (e.g., gene—gene, protein—protein interactions) that govern species
and community level interactions (generic ecosystem functioning). On the contrary, generic trends in
community interactions can be used to decipher species-specific interactions at organismal and
molecular level. Solid red arrows indicate relatively well-characterized PB-plant—insect herbivore
interactions using -omics approaches, whereas broken red arrow and triangle indicate relatively less
well studied interactions using these approaches

its use can be further extended to study other patho-systems. The information on
plant-herbivore interactions is being gathered through insect genome projects such
as 15K (http://iSk.github.io/genomes) with the aim of assembling genome sequences
of 5000 economically and ecologically important insects (Sills et al. 2011). Such a
substantial insect genome meta-data resource can help propel new integrative strat-
egies for studying not just insect biology, but the dynamics of insect interactions
with the insect microbiome, plants, and the environment. Future efforts should focus
on gathering information on different study systems, using multiple variables at
spatiotemporal scales through -omics approaches and assembling this information to
understand the micro-processes in ecosystem functioning.


http://i5k.github.io/genomes
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6.9 Concluding Remarks

Rhizobia and PGPR can modulate aboveground interactions and thereby extend their
effects on foliar-feeding insects and their parasitoids. Individual studies suggest that
the effects of both of these key belowground players on foliage feeders are mostly
negative and are mediated through alteration of plant biochemistry, signaling, and
the plant microbiome. However, these effects have been barely explored both in the
field studies and at the community level. Recent studies have started to describe the
mechanisms underpinning these interactions, mostly in controlled conditions, that
ecologists can draw conclusions from. The current rhizobacteria—plant—insect study
systems need to be more realistic in terms of addressing the issues associated with
controlled versus field studies and involving spatial and temporal scales, while
taking multiple rhizobacteria-, plant-, and herbivore-associated variables into
account. No microbial group exists in isolation, but there are serious challenges to
designing sensible studies that include each of these players in varying conditions.
Newly emerging -omics approaches including metagenomics, metatranscriptomics,
and metaproteomics are proving to be effective in exploring the taxonomic and
functional variability in the plant microbiome. These modern approaches are imper-
ative to advance the current understanding of rhizobacterial—plant interactions at the
molecular level and to determine how these translate into ecological functions.
Furthermore, they can be effectively used to generate meta-data that can encompass
minute details on each of the interactions individually and in a broader context.
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Chapter 7 ®)
Belowground-Aboveground Interactions e
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 per-
formance 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 interac-
tions have received little attention as compared to interactions between BG benefi-
cial 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 (Fernandez-
Conradi 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 envi-
ronment and the life history of both pathogens and herbivores, and therefore assess
whether cross-compartment interactions among herbivores and pathogens are pre-
dictable, 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 repre-
sent 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: “above-
ground” 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 debat-
able. 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; Milanovi¢ 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

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; Milanovic et al. 2015; Kammerhofer et al. 2015), or
neutral (Godfrey and Yeargan 1989) (Table 7.1). Wondafrash et al. (2013) exten-
sively 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 herbi-
vores (leaf chewers vs. phloem feeders), with migratory nematodes principally
reducing performance of phloem feeders such as aphids (Bezemer et al. 2005;
Waurst 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 differ-
ences 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



= (omadoyind)
3 1£6177S
o WNIDIODUD]OS
m DILOISIDY
g ‘(110youaq)
E uadoyed G-fd Suassaionyf
© omgdonorq SPUOWOPNISY
i pue [e1d EBLIR)ORq “(1p1o1fouaq) £0gD wnmuup (z100)
0g| -youdqjo X1 | 2mydsoziyy siugns snovg | doi) wnoisdp) ng <« DV parddy reyuowiLedxyg T8 10 99
wnsouun (1861) e 19
g oydonorooN sn3ung WNIPISPqo42Ja | 1], | vpavy snuid Dy «— Dg [eImyeN [RUONBAIOSQO |  JOpUBXQI[Y
vaoarnyd vaqni reyuswiadxa | (S107) 810
g | oswdonoiqruey ©100AWO0 vioyydoilyg | 991], sn24910) DV «— 0g [eImeN BLEIN DIAOUR[IA
(LL6T)
pADS s10kg
g oydonorooN sn3ung WNISoL WNLIDSN | QISH 08voIpa Dy <« Dg [eImeN reyuswiedxyg pue e
(LL6D)
suado. s10Ag
g oydonorooN sn3ung WNISoL WNLDSN, | QISH winijofil] 0y <« Dg [eImeN reyuswiedxyg pue e
(LL61)
asuapad s10Ag
g oydonoroaN sn3un,{ WNaso.L WNLIDSN, | QISH winijofid] Dy <« Dg [eInieN [eruowLadXg pue e
(6861)
“dds wnnpdg (poyerndruewx uesIea X
“dds wmniwsn,y pAYDS jou pue
g orgdonoroaN 13ung “dds viuopoznpy | dox) 03Do1pay Sutum) YN porddy reyuowadxg Kaxjpon
juounredwod Q[AISOyI[ dnoi3 soroads uadoyreg |  odA) | serads juelq | Isig poyoene | (perpdde ‘sa yoeordde |  seouaroyoy
uagoyreq uagoyreq JIIouoxe) Jue[d Juouredwo) [einjeu) | [BOISO[OPOYIRIN
uadoyreq adfy
WSAS
o 19Aerd ua3oyred oy, 10Ae[d juerd oy, Apmis oy,
S

SUONOBIAUI 2I0AIqIY—UdZoyedueld HDY-DF JO MIAIAQ T°L dqeL



141

7 Belowground—-Aboveground Interactions Between Pathogens and Herbivores

(panunuoo)
(avx) vrLoiDIISIA “Ad
sipodouoxp wnmnuun (2102)
I9)\% oydonorg eLIO)ORYG spuowoyyuvy | doi) wmorsdp)) VN parddy [eruswadxg Te 10 99
(LL61)
DADS s1okg
ng oydonoroaN snung wnaso4 wnuvsn,y | qIoH 08voIpI 0y < Dg [eInjeN reuowLRdxy pue yiea|
$2Y0121Nn2 DINIPIUN.LY (Z102) ‘T8
g orgdonorg ©J00AWOQ0 saolwouvydy |  qIoH 08vopapy OV <« DY porddy reruowadxyg JeaSpue|
DV < Dd
supSna g <« OV (T100) T8 10
ngq VN snung paynuaptup) | qIoH PaDqoOIV[ 0y «— Dg [eIneN [PUONBAIISqO 0YUISOY
(L861)
-dds wnnpdg (poyerndruewx uedreo §
“dds wnravsn,g DADS jou pue
g orgdonordaN 13unyg “dds piuopooznyy | dox) 08vopapy Sutum) YN porddy reruowadxy Karjpon)
(L861) 3uw
wniods{xo sipu1dffo -URJAl pUB
g orgdonodaN sn3un,y wnupsny | dox) sn8p.avdsy OV <« Dg parddy [eruswadxyg quooTwe ([
(6000)
oV orgdonodaN sn3un | »o1o4n vravydsorag | doi) skow vay OV <« Dg poriddy reyuowadxyg Te 10 qIg
s1sUgNd snayps (S102)
[9)4 orydonorg BJ0dAWOQ | plodsouodadopnasy | doi) SuUnony) Oy <« Dg parnddy [eyuowadxy | ‘T30 Ioqreg
WNID2IDUD]OS wmnuun (1102)
g orydonorg BLIIORY puoyspy | doi) wmorsdp)) 0g <« DV parddy Euowadxyg | e 19 Suex
SU212SDfoun) PUPIUDYIUIG (S102)
g orgdonorg BLIR)ORYg wni21onqoady | doi) DUDIOIIN g < DV porddy eowadxyg | Te 30 Suog
orgdonoides suaosagnd (ST0Q) Te 1R
ngq ‘leroyouag sn3ung paynuaprun | 991], ppniag ng < DV [eameN [eUONBAIISqO I1SOABIES




B. Castagneyrol et al.

QATIIPpRUOU ® UT

faaguor uerd (6861)
suagoyyed 1 uonooyuro) uedreo §
Dg paloAr) Ansuap juerd ([1A99M) | ([1A99M BJ[RJIE) pue
QI0AIQIY-DY 199132 ON 109130 ON 1 uonoojuro) 9\ Sumay)D e1oydosjo) | wousod viad{fy Ka1jpon)
Sy IewaI 10Aerd 10Aerd 1oAerd | juounredwoo prmn3 dnoi3 so1oads | SQ0UQINJOY

[euonippy aroalqiey | uaSoyred ayp up juerd oy uQ 109SU] | QIOAIQIOH SIUIOUOXE) QI0AIqQIOH

Y up QIOAIQIOH
Yoepe renp jo seouanbasuo) 1oAerd joasur oy,
soroads | (pojendruewr
SN2U2NQ) jou (6661)
g orgdonoroaN sn3unyg DOIIDS PUDJIULY | 1], SNOLIE A Surum) YN [emeN [BUONIBAISQQ | ‘[e 39 [[Lung
wnsouup pso.apuod (€002) Te 1
g o1ydonoroaN sn3ung wnpispqo42Jaf] | 1], snuig 0y <« ng parddy [eruowradxg QONOIN
(€100 R
(ov+) Dg o1ydonoroaN snSung | pwSas8 vioydopry | dory | xpuw aurdnH Dy <« Dg parddy [erwowadxyg | 9[[IAIRDOIA
(T107) TR 10
g omydonorg opojewdN | §au128]8 vaapouaiapy | dord | xvut audl}H OV < Dg porddy reuowadxy | Q[IATRDOIN
(9002)
ANqoL epoIg pue
g o1ydonoroaN sn3ung oIS PLDIULLY | DI, sno4angd Dy «— Dg [eImeN [eruowLadXg SredIe]Al
(8px) sou12418 “Ad

sipodouoxp wnnuup (Z102)
o) oydonorg BLIDIORY spuowoyyuvy | doi) wn21sdp)) VN porddy reuowadxg e 10 997
juounredwod Q[AISoyI] dnoi3 soroads uaSoyreq | odA) | sorads juelq | Isiy payoene | (pardde sa yoeordde | soouarajoy

uasoyed uasoyed oTIIouoXe) jueq Juounredwo)) [einjeu) | [eorSo[opoyIeIN

uagoyjed adKy
woIsAS
10Aerd uaoyjed ayy, 1oAerd juerd oy, Apms oy,

142

(Ponunuod) 'L dqeL,



143

7 Belowground—-Aboveground Interactions Between Pathogens and Herbivores

(ponunuoo)

SSeuIolq ojur
pooj pajsasul
SunIioAuod je
JUSIOYJS 20U

are pue djer

ImoI3 1oysiy

QARY S221)
PpoYoojuI-uad

PpajoojuI-uad
-oyyed Jo soAe9[
qI0W saW 1oy

QWINSUOD SAI0A
-1QI9Y ‘9210Yd
Q) UQAIS UM\
ANIqusasip Jeol
| ur Sunynsax
QuoIu0d
juaLINu pue

-oyped uo Sur I0)em Jea[ sayl andsip | (G107) T8 R
-PadJ AI0AIGIOH VN -pouwr ua3oyred o) Suimay) eraydoprdo pLIUDWAT] DIAOUB[IA
Jouuew
(onsi31uAs)
JAnIppeuou (LL61)
9z1s uon B UI [BAIAINS pUB (pryde) wnsid s10Ag
-endod piyde 1 Aoass | ymois juerd T 9\ Sunpong eroydowoy | uoydisoyioy pue yjeo|
Jouueu
(onsiS1ou£s) (LL61)
oz1s uon QATIppRUOU B Ul (pyde) wnsid s10hg
-endod pyde 1 K)JIOAQS | ymoi3 juerd T 9\ 3unyong eioydowoy | uoydisoyrioy pue yea|
Jouuewt
(ons131uAs)
QATIppRUOU (LL6T)
JzIs uon B UI [BAIAINS pUR (pryde) wnsid s1kg
-erndod pryde 7 K)JI1oAQs | ymois juerd T 974 Suryong eioydowoy | uoydisoyrioy pue e

QIOAIQIOY
DV pue
uadoyed g
Aq syoene 9[3
-urs Jo wns Y
uey) uononpal
SSI[ M ‘Aem




B. Castagneyrol et al.

144

SosuJop
OTwASAs
Kouaroyje juerd pajerpowr
uoneuLIojsuer) -y'S saonpur (S102)
VN | suavfowny 'y 1 yoene renq 9\ Suryong erdiwoy | 1opgvi visiag | e 19 Suos
15uny
orydonoides sseworq
Jo AuISIaAIp o1 Joor aug (S100) e
VN | woneroyeq 1 uonerjojoq 9\ Suimay) exoydoprdo pLIOWORN) | )3 ISOARIES
BLID)ORQ [10S [B1D
-Jouaq JO juaul
-)INIDOY "SOudT
BLIJOBQq Surwuud asuajop
otuaZoyed [10s Jo uorssardxo (pryde) (2100
VN| Jooouepunqe | ur saguey) 9\ Sunyong eioydowoy | avoistad snzdpy Te 10 297
QI0AIQIoY
Ay Aq payoene
syuerd ur |
uadoyed oy Aq QI0AIQIdY
wa)SAS 1001 Ay Jo douasard (opeeq sypuodf | (1861) ‘T8 10
VN | Jo uoneziuojo) ur T 9Je1 yimoin OV | Sumoyd | yeq)emdos[o) | snuopospuaq |  I9pueXoly
§159) 92102
-ou Ul Je[Iwis
st uondwns
-Uu0d Jnq ‘svan
Sy IRl 1oAkerd 1oAerd 1oferd | jusunredwoo prmn3 dnoi3 saroads | sQouQIojOYy
[euonippy atoa1qiay | uadoyred ay) uQ juerd oy uQ J09su] | QIOAIGIOH JIouoxe) QI0AIqIOH
Ay uo QI0AIQIOH

yoepe [enp jo seouanbasuo))

1oAerd joasur oy,

(ponunuoo) T dqe],



145

7 Belowground—-Aboveground Interactions Between Pathogens and Herbivores

(panunuoo)

9211} JUBIYIU
-31s :s10)nadwoo

[ uonoserajut (L861)
uo Jua3unuod Suruuepy
A[qissod uon UOOJUI0D xaduits pue
-0QJUI0d JO 109 VN VN s | Kieyon 974 IQUTA exaidiq vifworydo JuodTIIR([
S100Us
[EAOWIAT JOOI [B1D 0) $100I WoIy
-gnIe Aq jou ‘3ur Sajoqelow
-Pa9J QI10AIqIdY A1epuooas
ng Aq paonpur st JO uonedo[suel],
vav (vay) poe QI0AIQIdY DY uond24ulod
J1S108qQe Aq pje Jo 2ouasaxd ur s | spunod D42[13414
-TpaW ST SASUJAP 1 juowdoreaap -WOD AATISUJOP QI0AIQIAY | (QEpI[WOSAIYD)) p42f18.414 (6002)
OV Jo Suruug VN pue suoIsY| Jo uononpoid g 100y eiaydos[o) po1104gDI] Te 1 qig
K10A1q10y DY
U0 JI0AIQISY DY
Jo 10959 oN |
| ueSoyed uononpoid pads
9} 01 QOUBISISAI pue 1omoT T
1s0H | ueSoyred uononpoid jeo
v £q 9e1 uon T uoneysia 10}
-B)SOJUI :SASNED -RUI[[0d :SSNed (npe) oy (aeprowosAIy))) wnyvja (S102)
VN QI0AIQINY HY QI0AIQIY O (eare]) D Surmoy) e19)dos[o) punudppoy | [ 19 Joqieq
SQOURJIp
OTwISAS
SINIUNUILIOD juerd pajerpowr
[eLILI0Rq -VS seonpul (1100
VN | 1001 ur sa3uey) yoene renq 974 Sunyong eroydiwoy | 10vgvy vistuag | Te 10 Suex




B. Castagneyrol et al.

146

Aoeqpasy
[os-juerd pue
suaSoyed Dg
uo joedwr 9An
-e3ou g[qrssod
PIM ‘UONRIUID
-uod dIoqeraur
AIepuodes

I+u
Teok Qouew
-10312d juerd
pue Ayunw
-Wo0d [eIqOIOTW

(DV) av218sv4q

1 :paroadsns [10S UO S109JJ eroydoprdo DAISAUDIA
ng ‘paInseawu Koe39[ sey (eepuare[y) (Dg) smwauyy (T100) T®
VN Apoa1tp 10N u eak ofewreq DV D9 Suimay) e1a1dos[o) §210118Y | 12 OUISOY]
199JJ9 UONIAY
-ur09 Jo YYSuans

9l ul uoneLeA (L861)

rerodwoy-oneds uegres x

a31e] praik dox (T1A9am) | ([1A99m BJRJTR) pue

VN VN T uonooyuro) [9)7 Suimay) e1aydos[o) | wousod viad gy Kaxjpon
(seroads
WNLIDSH ]
19130) uaoyred
DV uo uaddoyyed
D4 JO 1942
ON sjusuedn
9poIqIay pue
QPIONIASUI “OPId
-13uny uoam)aq
uonoeIAIul Aem

Sy IRl 1oAkerd 1oAerd 1oferd | jusunredwoo prmn3 dnoi3 saroads | sQouQIojOYy

[euonippy atoa1qiay | uadoyred ay) uQ juerd oy uQ J09su] | QIOAIGIOH JIouoxe) QI0AIqIOH
Ay uo QI0AIQIOH

yoepe [enp jo seouanbasuo))

1oAerd joasur oy,

(ponunuoo) T dqe],



147

7 Belowground—-Aboveground Interactions Between Pathogens and Herbivores

(penunuoo)

VN

VN

uonerjoyop

Se [ons ssans
noe yim 2dod
03 Aypiqe juerd
s100)y8 uadoyied

ov

VN

VN

paynuaprun

(9002
EpoIg pue
STRSIRIA

spryde uey
jueld uo s3109JJ9
Ques Yy} pey
9[0ZeIpeIyIoZUdq
M JUSUIBAIL],

(%SY
Kq) Aysuap

210A1G1Y DV |

uagoyed g 03
asuodsar Ay1Anis
-uosiodAy juerd
pokefop pue |

[01nu0d
0} paredwod
asuodsar A)1an
-1suasiodAy jo T

v

Sunyong

(pryde)
e1o)dowoy

avoistad sn2Ep

(2100
Te 10 99T

spiyde uey)
juerd uo s309Jj9
qures 2y} pey
q[ozZeIperyozuaq
M JUSWIBAL],

(%SY
Kq) Kysuap

10A1G19Y OV |

swojdwAs T

uaSoyied Hg
Jo swoydwiAs
ou ym ‘Aru
-nurwr s10331m
QI0AIQIOY DY

v

3unyong

(pryde)
rio)dowoy

avoisdad snzp

(T100)
T 10 9]

VN

VN

Jouuew (onsi3
-IOUAS) QADIPpE
-UOU © UI [BAIA
-1ns Ioyurm juerd
1 po1k T aroa
-1q10y OV A[UO

v

Sunyong

eroydiuoy

angvf
posvodutr]

(LLe1)
s1ohg

pue ypea]

Kyrsuayur
uonodyur T

— uonoayur uago
-yped Aouonbaxy
1 — Surpunopy

S]1001 pajumnys Jo
ImoI3 — sj00ys
pajungs jo
ImoI3 — sjo0ys
ur uoneHUIdU0D
V| — sisoro[yd
[890] — :Sesned
Surpunom ey

VN

Surpunom Jea[
[eOTUBYOQIA

(T100) e
19 Jerdpue|




B. Castagneyrol et al.

148

QIOAIQIdY
OV o £q paziu
-0[02 2q 0} A[1]
arow are uag
-oyred g oy £q
Pa1odgur $331) Jer])
QJedIpUL SIoYINE

S[eLn
Surpaoy A103BI0
-qe[ Ul S}oeIXd
wooryd pue
soon SurAe9[

Y} ‘aInjeIdI| ur uonduns (apeq snsnfuoovind (€002) e
) Surmarrar Ag -uod wooryd T VN VN 1924 Sumay) | yreq) exdod[o) sdy 19 NP
moi3
uone[ndod a10A eI ISeISIP
-1q19y T 13unjy 1 saroA1qIoY
pue sopojewau pue sopojewau (pryde) (T102) T8 1R
£q uonooyuIo) £q uonoojuro) VN o) 3unyong evioydowoy | sau1d}8 swydy | QIIATRDOIN
moI3
uone[ndod a10A A3Ipunogy 9po}
-1q19y T 13ungy -BWIOU | SQIOA
PUE SOpOJBWIOU | -IqIY pue 1Funy (pryde) (T107) TR 10
£q uonooyuIo)) Kq uonoojuro) VN 9\ 3unyong eioydowoy | sau1}8 swydy | QIIIATRDOIN
Sy IRl 1oAkerd 1oAerd 1oferd | jusunredwoo prmn3 dnoi3 saroads | sQouQIojOYy
[euonippy atoa1qiay | uadoyred ay) uQ juerd oy uQ J09su] | QIOAIGIOH JIouoxe) QI0AIqIOH
Ay uo QI0AIQIOH

yoepe [enp jo seouanbasuo))

1oAerd joasur oy,

(ponunuoo) T dqe],



149

7 Belowground—-Aboveground Interactions Between Pathogens and Herbivores

*Apnis 9y} WOIy PAJoBNXa 9q JOU P[NOD UOHBULIOFUI dY) JeY) SIIBIIPUT YA
*1°£ "SI Ul SI9qUINU JOLITW 0} PAZIUBSIO I8 SAOUAIRJAY "(DV + DY) auin dwes ay) Je aoe[d J00)] Joene punoiZoAoqe pue -mo[eq o ‘(D «— DY) punoiSoroqe sem
yoene IsI1y 9y} ‘(DY «— DHF) PUN0ISMO[dq sem oeye ISI Y [Oe)e Y} JO JOpIO AY) SAJedIpul ISy pasoene juswredwo)),, "a10A1q1oy oy} pue ‘uagoyied oy querd
A} J0J SUONIBIANUI HY—D){ JO $20UaNbasuod pue sioyoeye HY pue HY Jo ANUIpI [euonounj pue orouoxe) ‘Apmys Arewrrid yoes Jo sormjea) Aoy sopnjour o[qe) oy,

3sad sty jo
Yeaiqino ue 3ut
-Inp N0 PALLIEd
sem Apms ay) Inq uoneI0Jop
Avdsip vrgupwdy 9y} 210J0q SUOP
QI0AIQIY DY sem Suruury)
oy} 0} paInquye UONBIIUES USYM
Apoarip jou uonerjojap Jo
Sem uonerjojo 09330 ON] "Spue)s
[9AQ] 231 oY) UBY]) pajerjojep ur |
IoUJeI [AJ] puels uadoyed oy Aq
A e pajtodar WSS 1001 A} (6661)
SUONEAISqQ VN | JO UOneziuojoy VN OV | Sumoy) VN pagnuspiuf) | [e 3o [JLUng




B. Castagneyrol et al.

150

PpaAaLIal sem Apmys
9se0 o119ads ou Yorym I0J Inq A[ONI] 2I€ Jey) SOLIBUIS JedIPUI 0] UI] PAYSep & Aq pa1opioq a1k (J) pue (p) ‘(3) s[oued “A[oanoadsar ‘s30apje aanisod pue aane3ou
pajoIpard 103 ore smolre UodIS pue pay JudunIedwod JOYI0 9} UT JOYOr)E PUOISS 9} UO Jooe)e Surpuodsariod ay) Jo 109130 [esned dy) jedrpur jusunieduiod
Juo woyj Suneurduo smolry ‘suedoyled pue saI0AIqIOY DY pue DY SUIA[oAUI SwiSIuOSeIuE N[e)-sso1d pue sAemyjed [euounioy jo ArewwnS 7oL “SLy

L] 1
suaboyyed suaboyed g SaloNQI3y . S3IONIRY
Jydonoig Jiydononan ' burpns ! Buwmayn
) ! ! ; ! :
i |

SAONQIBY  SAU0NGIBY SAONGIBY  SAN0NGIBY suaboyyed suaboued

sjuabe jesneo se
slayoene punoibmoljag

suabouyed suafioued
Bupns Bumayo H Bupjons Buwayd 9 aydonolg  awdonosan 4 aydonoilg  owydonomnaN 3
i :
SAIONBY  SAU0NGIAY " SAONAY  SN0NGIaY ' suaboyyed suaboped suaboyyed suabouyed
aydonolg  owdonosan aydonolg  owdonoraN

buppng  Bumayo . buppng  Bumayo

sai0gIay Salongiay

Sjuabe |esned se
siayoene punoibanoqy

i suafbouped : Salo
a aydosopaN ! DuDRNS g Buwer v
sjuabe [esneo se suaboyred sjuabe [esnes se saloAIgQIoH



7 Belowground—-Aboveground Interactions Between Pathogens and Herbivores 151

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 Miiller
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 herbi-
vores 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 nema-
todes and the fungal pathogen reduced aphid population growth.
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7.2.5 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 cross-
compartment 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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7.3.1 Plant-Mediated AG-BG Interactions

7.3.1.1 Effects Mediated by Shared Defenses and Cross-Compartment
Signaling

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 cross-
compartment interactions rely—based on their spatial separation—more on defense
priming than within-compartment interactions, BG—AG cross-compartment interac-
tions 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 cross-
compartment 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 mole-
cules (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 herbi-
vores, 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 ¢ 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—herbi-
vore 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-Embuin 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 Miiller 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 con-
trast, under high N, aphids reduced nematode abundance and cyst formation
(Kutyniok and Miiller 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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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 environ-
ment 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 pesti-
cides). 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 seques-
tration (Orians et al. 2011). Although this strategy may be seen as a way to secure
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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 metab-
olites 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 concentra-
tion of free amino acids and soluble sugars). While AG herbivores and AG patho-
gens 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
(Margais 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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7.3.2.2 Does It Matter Who Comes First?

The strength and direction of BG-AG interactions between herbivores and patho-
gens 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 (Marcais 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, there-
fore, 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 peren-
nials 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 + — 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; Marcais 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—herbi-
vore 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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7.4.1 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 automat-
ically 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 rele-
vance of these BG-AG interactions between herbivores and pathogens in under-
standing 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 patho-
gens 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. Ide-
ally, 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 cross-
compartment 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, Milanovi¢ 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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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 rela-
tively 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 insecti-
cides, 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
(Margais 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). Interest-
ingly, 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 commu-
nity. 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 patho-
gens 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 resis-
tance) 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 com-
munity 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 compart-
ment. 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 within-
compartment 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 inter-
actions 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 per-
formance 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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7.5.1 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 exper-
iments 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 Qutcome 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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7.5.6 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 cross-
compartment 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 mem-
bers. However, in a study on the effects of root herbivory on the associated
community of cucumber, Barber et al. (2015) showed that direct negative interac-
tions 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).
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Chapter 8 M)
Soil Macro-Invertebrates: Their Impact s
on Plants and Associated Aboveground
Communities in Temperate Regions

Susanne Wurst, Ilja Sonnemann, and Johann G. Zaller

8.1 Introduction

Compared to conspicuously diverse habitats such as tropical rain forests or coral
reefs, the rich fauna and flora of the soil habitat is poorly described (Groombridge
1992). It supports a wide array of diverse animals, with representatives from every
major phylum in the animal kingdom except the coelenterates and the echinoderms
(Wallwork 1976). While plants regulate the quantity and quality of resources avail-
able for soil biota, belowground communities regulate plant growth and community
composition (Wardle et al. 2004). This chapter focuses on soil macro-invertebrates
visible to the naked eye and their soil- and plant-mediated impacts on aboveground
arthropod communities in temperate regions. Changes in soil characteristics and plant
(community) parameters are the crucial link between soil macro-invertebrates and
aboveground communities. Although those interactions are seldom studied, they
might play profound roles in terrestrial ecosystems, because of the ubiquity of soil
macro-invertebrates and their strong impact on physical, chemical, and biological soil
characteristics with consequences for plant performance. By affecting plant traits, the
influence of soil macro-invertebrates may cascade up to higher trophic levels such as
shoot herbivores and their antagonists and affect aboveground ecosystem functions
such as plant productivity and resistance against pest organisms (Fig. 8.1). First, the
present chapter will introduce the most important taxa of soil macro-invertebrates of
temperate zones, belonging to different functional groups. Then their different effects
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Fig. 8.1 Soil macrofauna effects on (A) soil physics, (B) soil chemistry, and (C) other soil biota
impact plant performance with consequences for aboveground arthropod communities. Examples:
(A) Ecosystem engineers such as earthworms affect the soil structure and influence root growth (I);
(B) root-feeding insect larvae change soil chemistry by inducing plant defense and root exudation (II),
and dead macrofauna by releasing organic compounds and nutrients into the soil (III); (C) predatory
beetle larvae feed on other soil biota (IV) with potential impact on their functions, and decaying
macrofauna affect microbial communities (III). All these interactions may feedback on plants and
indirectly on aboveground communities
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on soil physics, soil chemistry, and other soil biota are summarized. Afterwards, we
will provide an overview over the impacts of soil macro-invertebrates on individual
plants and plant communities. Besides looking at the impact on plants, i.e., the first
trophic level in terrestrial ecosystems, we also consider their influence on higher
trophic levels above the ground such as herbivores and their antagonists. Based on
state-of-the-art knowledge, plant-mediated links between soil macro-invertebrates
and aboveground arthropod communities will be discussed. Feedback effects of
aboveground communities and plants on the abundance and diversity of soil
macro-invertebrates will not be considered in this chapter. This chapter will not
provide a complete overview over the existing literature on soil macro-invertebrate
effects on soil characteristics and plants, but rather focuses on soil-mediated impacts
on plant performance and aboveground arthropod communities. In general, our
chapter highlights the important role of soil macro-invertebrates for soil functions
and plant performance with documented and potential cascading effects on above-
ground communities. Future research directions are proposed to include soil macro-
invertebrates in basic and applied studies on above-belowground community
ecology.

8.2 Soil Macrofauna

Soil macro-invertebrates, also known as soil macrofauna, are invertebrates that are
large enough to disrupt the soil by burrowing and feeding (Stork and Eggleton 1992).
According to different definitions, they include all soil invertebrates that have body
length >1 cm (Dunger 1964), body width >2 mm (Swift et al. 1979), and are visible to
the naked eye (Kevan 1968). We limit our discussion to soil macrofauna in temperate
regions, excluding termites because most are found in subtropics and tropics, and
focus on soil-dwelling organisms rather than those that live at the soil surface. Soil
macrofauna include different taxa such as Annelids (earthworms), Insects (adults and
larvae), Myriapoda (millipedes, centipedes), Isopoda (woodlice), Araneae (spiders,
scorpions), and Gastropoda (slugs, snails). In terms of abundance, biomass, and
impact on the soil environment, earthworms and ants are considered as the most
important macrofauna components of temperate soils. They are also called “ecosystem
engineers” (Jones et al. 1997) because of their strong impact on the physical state of
soil which affects the availability of resources and the habitats for other soil biota.
Generally, the ecological function of ecosystem engineers is somewhat unique. While
all macrofauna are big enough to burrow and move soil around, those identified as
ecosystem engineers do so to a greater extent than the others, and their populations are
large enough that their soil moving/manipulation is more noticeable and measurable.

Many representatives of the soil macrofauna play crucial roles in decomposition
processes. As detritivores they live both in the litter layer and the soil, feed on
organic debris, and promote decomposition processes. Earthworms, millipedes,
woodlice, slugs, snails, and certain insect larvae (e.g., Bibionidae) are part of the
functional group of detritivores. Other insect larvae belonging to different families
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such as Elateridae (click beetles), Curculionidae (weevils), or Tipulidae (crane flies)
are well known as root feeders, and some also have pest status in agricultural
systems. Other members of the soil macrofauna are predators, such as spiders,
beetles, and centipedes. Several taxa are not restricted to a certain trophic level
and fulfill various functions in soil. Earthworms, for instance, are known both as
ecosystem engineers and as detrivores. Besides these well acknowledged roles, there
is still uncertainty regarding the degree to which earthworms also feed on living root
material (Bouché and Kretzschmar 1974; Baylis et al. 1986; Gunn and Cherrett
1993; Arnone and Zaller 2014). Ants are known as predators, microbial- and plant
feeders, and opportunistic omnivores (Bardgett 2005). Both affect several ecosystem
functions such as nutrient cycling, litter decomposition, and water infiltration.

In Sect. 8.3, we examine how the activities of different soil macrofauna alter the
soil environment in terms of soil physics, soil chemistry, and soil biology.

8.3 Macrofaunal Effects on the Soil Environment

For the sake of clarity, we divide effects of soil macrofauna in physical, chemical,
and biological components (Table 8.1). However, it is important to note that in
reality, these processes are closely interlinked, and physical effects simultaneously
have chemical and biological consequences and vice versa.

8.3.1 Soil Physics
8.3.1.1 Ecosystem Engineers

Representatives of soil macrofauna considered as ecosystem engineers are by def-
inition those that have the most impact on soil physics. Most of what we know about
soil fauna effects on physical properties in temperate soils is derived from studies
involving earthworms, with pioneering works from the late nineteenth century
(Hensen 1877; Darwin 1881). Several comprehensive reviews addressed this topic
(Lavelle 1988, 2000; Bottinelli et al. 2015). Although earthworms are not able to
change the soil texture, i.e., the relative proportions of the mineral particles sand, silt,
and clay within the soil matrix, they can change the arrangement of soil organo-
minerals (Butenschoen et al. 2009). This influences the water holding capacity, the
capacity to retain plant nutrients, and the ability of roots to develop and grow
through the soil. Burrowing of earthworms (Fig. 8.1A) has been shown to increase
water infiltration and the pore volume in soil (Ernst et al. 2009; Spurgeon et al. 2013;
Zaller et al. 2014). For anecic and endogeic earthworms, impressive burrow net-
works of up to 8900 km ha~' with an overall internal surface of 12 ha ha~' were
found in a pasture (Kretzschmar 1982). Soils worked by earthworms also tend to
have more water stable aggregates than soils without earthworms (Lee 1985;
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Table 8.1 Documented influence of soil macrofauna on soil physical, chemical, and biological
parameters that have potential consequences for plant growth and performance

Soil characteristics

Soil macrofauna activity and its consequences

Soil physics

Soil structure

Feeding, burrowing, and mixing of mineral and organic material
change the arrangement of soil organo-minerals

Soil aeration and porosity

Creation of biopores, redistribution, and mixing of organic and
mineral particles alter the arrangement of solid soil particles and
pore space

Aggregate stability

Mixing of mineral and organic particles and casting create stable
aggregates

Soil water and infiltration

Burrowing, comminuting of organic matter, and nest structures
create soil aggregates with high water holding capacity and
improved water infiltration

Soil chemistry

Decomposition and carbon
cycling

Fragmenting of plant and animal residues; stimulation of microbial
activity leading to accelerated decomposition and soil organic
matter turnover

Nutrient cycling and

Faunal excrements are hotspots of plant nutrients; macrofaunal

bioavailability activities in the rhizosphere and bulk soil can alter root exudation
and nutrient availability for plants and other soil organisms
Soil pH No general trend of soil macrofaunal effects

Soil redox conditions

Soil macrofauna creates an oxygen demand in the soil

Soil biology

Soil microorganisms (pro-
karyotes, fungi)

Various (multidirectional) effects on the abundance, diversity, and
activity of soil microorganisms

Plant symbioses

Feeding and redistribution of mycorrhizal spores; alteration of root
colonization by mycorrhiza or rhizobia

Suppression of plant pests

Tendency of reducing plant-feeding nematodes

Soil meso- and macrofauna

Multiple interactions between different faunal components in
soils; ecosystem engineers create habitats for microarthropods;
predators control prey organisms

Root growth control

Ecosystem engineers, detritivores, and root herbivores affect root
growth depending on their densities; predators may indirectly
affect plant performance by influencing ecosystem engineers or
herbivores

Marinissen and Hillenaar 1997). It has been stated that up to 50% of surface layer
soil aggregates in temperate pastures consist of earthworm casts (Ponomareva 1950;
van de Westeringh 1972). These casts are considered the quantitatively most impor-
tant direct contribution of soil invertebrates to soil organic matter turnover (Wolters
2000). Soil erodibility is considered to be reduced by earthworm activity; however, it
depends on soil types and the organic matter content in soils (Blanchart et al. 2004).

Similarly to earthworms, ants have an important impact on soil physical
properties by creating macro-voids, galleries, chambers, and organo-mineral soil
aggregates (Lobry de Bruyn and Conacher 1990; Lee and Foster 1991; MacMahon
et al. 2000; Cammeraat and Risch 2008). Several researchers report clay enrichment
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of mounds compared with undisturbed soil nearby, probably through a vertical
transport of soil from horizons rich in clay (Baxter and Hole 1967; Wiken et al.
1976). Soil bulk density can be decreased (Rogers 1972) or increased by ant activity
(Drager et al. 2016). Ants may facilitate the flow of water through the soil by their
channels and their effects on soil structure (James et al. 2008). On the other hand,
ants expose bare soil around their burrows which can impede water infiltration and
encourage soil erosion, especially when rainfall intensity is greater than the infiltra-
tion capacity of the macropores (Cerda and Jurgensen 2011). It appears that the
effects on soil physical and hydrological properties strongly depend on the ant
species involved, the type of soil, and the ecosystem inhabited as well as on the
initial soil conditions (Cammeraat and Risch 2008).

8.3.1.2 Detritivores, Root Herbivores and Predators

Millipedes are often the dominant detritivores in habitats where earthworms are
absent (Hopkin and Read 1992); however, little is known about their effects on soil
physics. Larvae of millipedes have been documented to increase the development of
soil aggregates >2 mm (Fujimaki et al. 2010). Beetles and their larvae can also play
an important role in regulating physical soil functions (Nichols et al. 2008; Brown
et al. 2010; Badorreck et al. 2012). From the few studies available, it can be
concluded that burrowing Scarabidae and millipede species (Nichols et al. 2008;
Snyder et al. 2009) positively influence soil hydrological properties by increasing
water infiltration and porosity, and reducing surface water runoff, while their effects
on soil aggregation dynamics appear to be little. By their burrowing activity, insect
root herbivores (Bibionid or Tipulid larvae) have been found to loosen the soil
around grass plants, thereby potentially exposing the plant roots to desiccation and
frost damage (D’Arcy-Burt and Blackshaw 1991). Overall, there is a great gap of
knowledge regarding the effects of detritivores, root herbivores, and predators on
soil physics.

8.3.2 Soil Chemistry
8.3.2.1 Ecosystem Engineers

A great body of literature deals with the influence of ecosystem engineers on soil
chemistry (Table 8.1). Earthworms alter soil chemistry by collecting and
transporting soil organic matter (SOM) within the soil profile and by producing
nutrient-rich castings on the soil surface and belowground. Ecosystem carbon (C)
stocks are affected by earthworms by an initial fast decomposition associated with
the newly formed casts (Martin 1991) and a longer-term stabilization of C within
microaggregates formed within the casts. Therefore, soil organic matter (SOM)
turnover is commonly accelerated due to earthworm activity (Gilot-Villenave et al.
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1996). The availability of nitrogen in forms that plants can use is a basic determinant
of soil fertility; the role of soil macrofauna in facilitating the nitrogen cycle is,
therefore, of great importance. In soils with limited C supply, the presence of
earthworms can strongly increase nitrogen (N) leaching, especially in absence of
plants. When C availability is increased, earthworms are more effective in mobiliz-
ing N (Scheu 1993; Tiunov and Scheu 2004). However, the effect of earthworms on
nitrogen mineralization depends on soil type and was calculated to range between
8 and 23 kg N ha ' year ' for different ecosystems (Scheu 1994). Additionally, a
small amount of N is contributed to N-cycling by earthworms via mucus and
excretion (Curry et al. 1995). Besides N, several other bioavailable nutrients are
enriched in earthworm casts, e.g., potassium, phosphorus (Lavelle 1988). Soil pH
influences nutrient availability to plants, however to what extent earthworms alter
soil pH is not well investigated.

Ants affect soil chemistry by collecting and transporting live and dead animal and
plant materials to their nest structures and by the addition of salivary secretions and
excreta in nest construction. The majority of ants increase carbon and nutrient levels,
especially N, phosphorus, and potassium, as well as exchangeable magnesium and
calcium (James et al. 2008). Chemical changes will be related to the physical
alterations which have taken place and to accumulation of organic matter and
decomposition processes which occur in and around the nest. Therefore, ant nests
increase the spatial heterogeneity of soil properties and create unique micro-sites
within ecosystems (Azcarate and Peco 2007). Alteration of soil pH at the nest site in
comparison with the surrounding soil seems to be moderate (Lobry de Bruyn and
Conacher 1990; Cammeraat and Risch 2008).

8.3.2.2 Detritivores, Root Herbivores, and Predators

While the contribution of earthworms and ants to soil chemistry is well recognized,
few studies have examined the influence of other detritivores. Among the best
studied detritivores are millipedes consuming organic detritus and microbial biomass
living on this material (Hopkin and Read 1992). Undigested C is deposited in fecal
pellets where it is subject to increased microbial activity and C loss through
respiration (Maraun and Scheu 1996), but remaining C is subsequently protected
in fecal pellet-derived aggregates (Toyota et al. 2006). It has been estimated that
these millipede fecal pellets can account for up to 39% of organic soil layers
(Dangerfield and Milner 1996). Because of a lack of systematic experiments involv-
ing millipedes, it is difficult to judge their effect on nitrogen cycling. Larvae of a
millipede species (Parafontaria laminata) have been found to promote N mineral-
ization and nitrification; however, this did not result in changes in the total amounts
of C and N in the soil (Fujimaki et al. 2010). When a plant or animal dies, soil
(micro)organisms break up the complex proteins, polypeptides, and nucleic acids of
the decaying corpses and produce plant available ammonium, ions, nitrates, and
nitrites (Fig. 8.1B,C). It was shown that movement of N from dead earthworm tissue
into microbial biomass and plant tissue happens within a few days (Whalen et al.
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1999). The impact of other detritivorous soil macrofauna such as woodlice, slugs,
snails, and certain insect larvae (e.g., Bibionidae) on the cycling of C or other soil
nutrients is not well studied.

Root feeding insect larvae may affect soil chemistry by enhancing or modifying
root exudation (Fig. 8.1B), as damaged roots are thought to leak more than intact
roots (Treonis et al. 2005). The effects of root-feeding larvae may be quite important
for carbon cycling, since up to 80% of the plant photosynthates can be partitioned to
root biomass and exudates, depending on environmental conditions (Li et al. 1994).
Root herbivory by cranefly larvae (Tipula paludosa) have been shown to mainly
enhance the content of organic C and carbohydrates in the rhizosphere solution of
grasses and legumes (Treonis et al. 2005). Additionally, similar to aboveground
plant parts, roots emit volatile compounds upon the attack by insect root herbivores.
For maize plants attacked by larvae of the western corn rootworm (Diabrotica
virgifera virgifera), these volatiles have been identified as (E)-beta-caryophyllene
and a-humulene (Rasmann et al. 2005; Robert et al. 2012). In contrast, enhanced
content of ammonium in the rhizosphere in the presence of root feeding insect larvae
has been attributed to the degradation of larval waste (Treonis et al. 2005). Addi-
tionally, roots detached due to the feeding activity of insect root feeders may
mineralize faster than intact roots, thus making more N available for subsequent
uptake by plants (Murray and Clements 1998).

Whether and to what extent predacious soil macrofauna directly or indirectly
affects soil chemistry has not been addressed in experimental studies to the best of
our knowledge.

8.3.3 Macrofaunal Effects on Soil Biota
8.3.3.1 Ecosystem Engineers

Ecosystem engineers affect other soil biota by directly or indirectly modulating the
availability of resources and by creating macropores, galleries, and caverns. These
structures provide habitats for other organisms creating a high habitat diversity,
which may in turn increase species diversity (Lavelle and Spain 2001). Further,
earthworm casts are hotspots of microbial-driven processes, such as nutrient release
or nutrient immobilization and decomposition (Aira et al. 2005). The presence of
earthworms increases C limitation of soil microorganisms, due to increased avail-
ability of N and P in earthworm casts or a direct depletion of easily available C
resources by earthworms. The role of earthworms as vectors of soil bacteria and their
capacity to influence the population dynamics and impact of plant-associated
microorganisms has been the focus of several studies. For example, earthworms’
interactions with the symbiotic bacterium Rhizobium is ambiguous, leading to
increased root colonization (Doube et al. 1994; Stephens et al. 1994; Kim et al.
2017), but also to a reduced survival of Rhizobium in the soil (Stephens et al. 1994).
By spreading biocontrol agents, earthworms have been shown to reduce a fungal root
disease in wheat (Doube et al. 1994; Thorpe et al. 1996). Among the best-studied
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interactions between earthworms and plant-associated soil biota are those involving
arbuscular mycorrhizal fungi (AMF). Earthworms have been shown to selectively
feed on fungal mycelia (Bonkowski et al. 2000), disperse AMF spores (Reddell and
Spain 1991; Gange 1993; Lee et al. 1996), increase AMF biomass in the soil
(Gormsen et al. 2004), and either increase (Ortiz-Ceballos et al. 2007) or do not
affect root AMF colonization (Wurst et al. 2004a). Consequences of earthworm—
AMF interactions on plant performance are commonly species-specific and vary from
an increased plant nutrient uptake and productivity (Yu et al. 2005; Ma et al. 2006;
Zaller et al. 2011a, b) to no interactive effects (Wurst et al. 2004a, b; Eisenhauer et al.
2009). Interactions with other soil biota have rarely been addressed. Earthworms tend
to reduce the number of soil nematodes (Yeates 1981; Alphei et al. 1996; Rity and
Huhta 2003) and decrease Collembola abundance (Zaller et al. 2016). Anecic earth-
worms increased the density and biomass of protozoa in burrow walls (Tiunov et al.
2001) but did not affect protozoa outside burrow walls (Zaller et al. 2016).

Ant nests have been shown to contain high amounts of microfauna and -flora
(Wagner et al. 1997; MacMahon et al. 2000; Boulton et al. 2003; Holec and Frouz
2006; Amador and Gorres 2007). Greater microbial activities and different microbial
assemblages of bacteria, fungi, and nitrogen-fixing bacteria within nests compared to
reference soils have been reported (Holec and Frouz 2006; Boots and Clipson 2013).
The soil biota activity in ant nests has been shown to be 160 times greater than in
adjacent non-nest soils (Fernandez et al. 2014). However, functional diversity of soil
microorganisms in ant mounds were considerably lower than that in earthworm casts
(Amador and Gorres 2007). Ants also increased the colonization of plant roots by
AMF, by modifying biotic and abiotic soil properties (Snyder et al. 2002; Dauber
et al. 2008); however, effects of ants on microbial assemblages seem to be species-
specific (Boots et al. 2012). Nest soils were reported to differ from surrounding soils
in respect to densities of protozoa and microarthropods (Wagner et al. 1997; Boulton
et al. 2003). In general, the results demonstrate that ant nests may constitute a
significant source of spatial heterogeneity in soil biota. Ant nests are stable resource
patches that can be utilized by organisms living in association with ants (myrmeco-
philes) such as mites (Campbell et al. 2013). To the best of our knowledge, no study
investigated possible effects of ants on the distribution and fate of rhizobia in soil.

8.3.3.2 Detritivores, Root Herbivores, and Predators

Generally, the detritivore group, consisting of insect larvae, isopoda, and molluscs,
crush and mix plant litter and process it for further decomposition by smaller fauna
and microorganisms (Lavelle 1996). However, this has rarely been studied experi-
mentally. Periodically swarming train millipedes (Parafontaria laminata) have been
shown to increase soil microbial biomass, but mainly at high adult densities but not
at larval stages (Toyota et al. 2006). We are not aware of studies, where interactions
between soil detritivores (other than earthworms or ants) and other soil biota and
their consequences on plant performances have been examined.
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Changes in soil biota due to the activity of root feeding insect larvae have mainly
been studied for microorganisms that are closely associated to plant roots. One
mechanism by which insect root herbivores can affect root associated microorgan-
isms is mechanical disruption or facilitation. For instance, larvae of the genus Sitona
are specialized to feed on the root nodules of legume plants (Johnson and Rasmann
2015), thereby destroying the physical requirements of symbiotic interactions of
legumes and N-fixing rhizobacteria. Independent of root nodules, root herbivory by
insect root feeders is known to generally include the risk of subsequent colonization
of roots by, mainly fungal, pathogens (reviewed by Brown and Gange 1990;
Mortimer et al. 1999). The root feeders can transport root diseases from infected to
uninfected roots, and pathogen entry into roots may be facilitated at herbivore-
induced root lesions. Mycorrhizal hyphae may be ingested by insect root feeders,
which thereby mechanically disrupt the hyphal network (Johnson and Rasmann
2015). Insect root herbivore effects on root colonization by mycorrhizal fungi are
assumed to also be mediated by changes in the viability of mycorrhizal spores
(Sonnemann et al. 2013) and in the quantity and quality of root exudates that
stimulate mycorrhizal spore germination and hyphal growth (Currie et al. 2000).
Reduced as well as increased mycorrhizal root colonization due to the presence of
insect root herbivores has been reported, with most studies not finding any effect.
Similar to root colonization by mycorrhizal fungi, insect root herbivore impacts on
the soil bacterial community are suggested to be mediated by changes in soil
chemistry (Treonis et al. 2005). Insect root feeders have been found to increase the
number of Pseudomonas spp. and the bacterial utilization of sugars, amino acids,
and carboxylic acids in grassland systems (Dawson et al. 2004; Grayston et al.
2001). Consequently, insect root herbivore-induced shifts in the soil microbial
community are likely to impact nutrient cycling and availability (Grayston et al.
2001). Additional to their impact on soil bacteria and fungi, insect root feeders have
been shown to influence larger organisms. Volatile compounds emitted by the plant
upon insect root herbivore attack strongly attract entomopathogenic nematodes,
which can infect the insect larvae and thus defend the plant against the root feeder
(Rasmann et al. 2005). Also, the emission of root volatiles was found to be
dependent on root herbivore density and was used by conspecific insect larvae to
orientate towards intermediately infested plants, which benefit their development
(Robert et al. 2012).

In general, predacious soil macrofauna such as beetles, spiders, and centipedes
may affect the abundance and performance of other soil biota (Fig. 8.1C) with
impact on their preys’ functional roles (e.g., decomposition or root herbivory). As
predators, ants were the most apparent invertebrate scavengers observed foraging on
entomopathogenic nematode-killed insects (i.e., insect cadavers containing
entomopathogenic nematodes and their symbiotic bacteria; Baur et al. 1998). Others
demonstrated that the symbiotic bacteria of some species of entomopathogenic
nematodes produce a compound that deters scavengers such as ants and, thus,
could protect nematodes from being eaten during reproduction within insect
cadavers (Zhou et al. 2002).
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8.4 Macrofaunal Effects on Plants (Individual
and Communities)

8.4.1 Ecosystem Engineers

Earthworms are known to affect plant growth by their effects on the physical,
chemical, and biotic soil environment. In a review on earthworm effects on plant
growth (Scheu 2003), 79% of the examined 67 studies reported significant increases
of shoot biomass in the presence of earthworms, while 9% reported reductions. The
reviewed studies have mainly focused on agricultural plants, while wild plants
received less attention. Scheu proposed that earthworms affect plant productivity
and communities by both direct and indirect effects. Direct effects include, for
example, root feeding and transposal of seeds, while indirect effects are mediated
by impacts on soil structure, mineralization processes, dispersal of microorganisms,
and hormone-like effects. A recent meta-analysis (van Groenigen et al. 2014)
documented that earthworm presence in agroecosystems leads to a 25% increase
in crop yield and a 23% increase in aboveground biomass. Because the effects
become larger when more crop residues are returned and disappear when soil
nutrient availability is high, the authors suggest that earthworms stimulate plant
growth mainly by releasing nitrogen locked in residues and soil organic matter. A
less well investigated aspect is the influence of earthworms on plant communities via
seed translocation (Zaller and Saxler 2007; Drouin et al. 2014; Eisenhauer et al.
2010; Laossi et al. 2010) and/or creating small-scale nutrient heterogeneity (Wurst
et al. 2004a, b; Milcu et al. 2006; Zaller et al. 2013).

Also ants can affect plant growth, community structure, and diversity by creating
soil heterogeneity (Jouquet et al. 2006). Ants also play an important role in seed
dispersal. Seed dispersal by ants (myrmecochory) mediated by lipid-rich seed append-
ages (elaiosomes) as rewards has been suggested to occur in at least 11,000 plant
species (Lengyel et al. 2009). Since ants predate on herbivores, they can also affect
plant performance indirectly by reducing herbivory. A meta-analysis (Rosumek et al.
2009) documented that plants in an ant-free environment had 50% more herbivores
and suffered almost twice as much herbivore damage than plants growing with ants.
Consequently, plants without ants showed a reduction in biomass and reproduction by
about 24%. However, the effects were much stronger in tropical than temperate
regions, and especially strong in plants that provide shelter for ants (myrmecophytes).
Another meta-analysis also showed that the ant—plant protection mutualism is gener-
ally positive for the plant and only occasionally neutral (Chamberlain and Holland
2009). But ants can also indirectly depress plant growth by affecting dung decomposer
communities through territorial interference, with negative consequences for dung
removal rates and soil nitrogen concentrations (Zhao et al. 2014).
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8.4.2 Detritivores

Detrivorous macrofauna such as woodlice and millipedes may impact plants
directly, by mainly feeding on seeds and seedlings, and indirectly via their effects
on decomposition processes. Different species of woodlice (Isopoda) feed on seeds
and seedlings (Saska 2008; Honek et al. 2009). Interestingly, herbivory by woodlice
(Porcellio scaber and Armadillidium vulgare) differed between the Arabidopsis
thaliana wild type and a jasmonate-deficient mutant (Farmer and Dubugnon
2009), suggesting a deterrence of woodlice herbivory by jasmonate. In a millipede
(Cylindroiulus caeruleocinctus, Julidae), seed consumption has been documented
(Koprdova et al. 2010). Indirect effects of detritivorous soil macrofauna on plant
performance via impacts on litter decomposition are also plausible, but studies do
not often take feedbacks on plants into account. It has been documented that litter
diversity interacts with woodlice feeding on decomposition (Vos et al. 2011), but the
consequences for plant performance was not assessed. Millipede compost has been
compared with vermicompost (Antunes et al. 2016), and results indicate that both
composts are equally efficient as substrate for the production of lettuce seedlings. In
general, there is a considerable lack of studies on the impact of detritivorous soil
macrofauna (except earthworms) on plant performance, although their important
role in decomposition processes is widely acknowledged.

8.4.3 Root Herbivores

Macrofaunal impact on plants is known in the form of root herbivory by herbivorous
soil living insects. Herbivorous soil living insects are found in the orders Orthoptera,
Isoptera, Hemiptera, Thysanoptera, Neuroptera, Coleoptera, Diptera, and Lepi-
doptera (see reviews by Brown and Gange 1990; Mortimer et al. 1999), with the
latter three being the most important. Still, within these orders, root feeding is
restricted to few families and is done mostly by larval stages. Most root feeding
insects have chewing mouthparts, while there are only few known sap suckers. Root
feeding insects cover a wide range of host specificity, from highly specialized to
generalist species. Which part of the root they feed on depends on their size and their
mouthpart characteristics.

Literature on the impact of insect root herbivory on individual plants and plant
communities has been reviewed by several authors (e.g., Brown and Gange 1990;
Mortimer et al. 1999; Blossey and Hunt-Joshi 2003; Hunter 2001). Primarily, root
damage by insect root herbivores impairs water and nutrient uptake as well as
storage of resources in root tissues. It can disrupt vascular connection between
roots and shoots and can reduce plant stability. Additionally, insect root herbivores
have been shown to influence plant interactions with root colonizing microorgan-
isms like the endorhiza bacterial community (Dematheis et al. 2013), AMF
(Currie et al. 2006; Bennett et al. 2013), fungal pathogens, or symbiotic
rhizobacteria.
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Consequences of insect root herbivory for the plant depend on plant tolerance
towards root herbivory, which is species-specific but also influenced by environ-
mental factors. Drought and nutrient limitation, for example, can aggravate root
herbivory effects. Plant tolerance towards root herbivory involves the reallocation of
resources and the regrowth of lost tissues. Occasionally, even over-compensatory
regrowth, below- as well as aboveground, occurs. Cases of intolerable insect root
herbivore attack, however, result in reduced vegetative and reproductive plant
growth. Besides tolerance, plant roots employ several other mechanisms to deal
with (insect) root herbivore attack, namely constitutive structural and chemical
defenses, inducible chemical defense as well as avoidance (van Dam 2009).

Insect root herbivores can be pests in agri- or horticultural plantings, forests,
orchards, or turf sites, and considerably reducing quality and quantity of yields. In
diverse natural plant communities, insect root herbivores are thought to influence
plant community composition due to their impact on establishment, competitive
ability, and reproduction of individual plants. In recent years, modeling approaches
by Korner et al. (2014) and Pfestorf et al. (2016) revealed that conflicting results of
empirical studies regarding the strength and direction of the root herbivore effect in
plant communities may be explained by different root herbivore feeding modes
(from unselective to highly plant trait specific) and interactions with resource
availability and aboveground grazing.

8.4.4 Predators

Spiders, beetles, centipedes, and ants predate on other soil biota and may indirectly
affect plant performance. For the centipedes Lithobius curtipes and L. crassipes, it
has been documented that freshly fixed C by plants is found back in their tissues,
suggesting that they also feed on roots or mycorrhizal hyphae (Pollierer et al. 2007,
Goncharov et al. 2016). This shows that the classical classification of soil
macrofauna in feeding groups is challenged by novel results involving isotope tracer
techniques. Spiders mainly predate on the ground and may control herbivores that
have life stages on the plant and ground and in soil (Rendon et al. 2016). In general,
spiders exert top-down effects on soil arthropods and herbivores and may reduce leaf
damage and increase the density of soybean (Rypstra and Marshall 2005). Interest-
ingly, spiders may also affect litter decomposition by affecting the physiology of
prey which is stressed by the spider presence. Hawlena et al. (2012) showed that the
spider Pisuarina mira slowed litter decomposition, because its prey, the grasshopper
(Melanoplus femurrubrum), changed its body C-to-N ratio in response to the spider
presence, leading to equal decomposition of the grasshoppers, but legacy effects on
grass litter decomposition by changes in belowground community function. For the
predatory beetle Agonum impressum, indirect positive effects on plant performance
have been shown, mediated by its effect on earthworm behavior (Zhao et al. 2013).
Under predation by the beetle, the earthworms moved to deeper soil layers leading to
positive effects on plant growth due to the resulting ecosystem engineering effects.
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The indirect effects of macrofauna predators on plant performance are thus mediated
by their effects on the behavior, the physiology, and the population size of their prey.
However, there are only few studies investigating the feedbacks of macrofauna
predators on plant productivity or other ecosystem functions. To what extent these
interactions alter the diversity of plant communities is unclear.

8.5 Macrofaunal Effects on Aboveground Higher Trophic
Levels

8.5.1 Ecosystem Engineers

The majority of studies on effects of macrofaunal ecosystem engineers on above-
ground higher trophic levels dealt with earthworms. Earthworms were shown to
affect aboveground herbivore performance indirectly by changes in plant traits. Two
reviews exist so far (Wurst 2010, 2013) that document that the plant-mediated
effects of earthworms on aboveground herbivores range from positive to negative
and are likely mediated by altered resource uptake and/or changes in soil microbial
communities affecting plant traits. Also changes in plant secondary compounds
(Wurst et al. 2004a, b, 2006; Lohmann et al. 2009) and the expression of stress-
responsive genes were reported in the presence of earthworms (Blouin et al. 2005;
Jana et al. 2010; Puga-Freitas et al. 2012). The majority of the reviewed studies were
done under controlled conditions in the greenhouse, using endogeic earthworm
species and aphids (mainly Myzus persicae and Rhopalosiphum padi) as above-
ground herbivores. The genetic variation of a host plant (Vicia faba) and aphid
species identity (Aphis fabae and Acyrthosiphon pisum) was reported to mediate the
impact of earthworms (Eisenia veneta) on aboveground aphid populations (Singh
et al. 2014). Thus genotype- and species-specific effects may explain part of the
variation in the results reported so far. Besides using aphids as aboveground
herbivores, snails and slugs were considered in studies on plant communities (e.g.,
Wurst and Rillig 2011; Zaller et al. 2013; Trouvé et al. 2014). For instance, Zaller
et al. (2013) reported that damage of grassland plant communities by the invasive
slug Arion vulgaris was reduced when earthworms were present, but the earthworm
effects on slug herbivory partly depended on the number of plant species grown in
the community. In a similar study, slug (A. vulgaris) herbivory was only reduced by
earthworms in AMF-inoculated plant communities (Trouvé et al. 2014). No earth-
worm effect on A. vulgaris fresh weight was detected. In general, the studies
conducted so far show a great deal of context dependency. The feeding mode of
the herbivores may matter, since the few studies involving aboveground chewing
herbivores (mainly Gastropoda) did not detect impacts of earthworms on herbivore
numbers or biomasses. For phloem-feeding aphids, inconsistent results have been
reported: positive, negative, and neutral effects on aphid performance (numbers,
reproduction) were documented. The mechanisms proposed for the plant-mediated
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impacts of earthworms on aboveground herbivores range from changes in nutrient
availability to the induction of chemical defenses. Few studies (Wurst and Jones
2003; Poveda et al. 2005; Johnson et al. 2011) followed the effects of earthworms up
to the third level, i.e., the antagonists of herbivores above the ground. It has been
shown that parasitoids of aphids responded to aphid abundance. Negative or positive
effects of earthworms on aphid abundances may thus cascade up to higher trophic
levels such as aphid antagonists. Earthworms were recently shown to affect the
visitation length of flowers by pollinators (Guo et al. 2016), but besides their
documented positive impacts on flower numbers (e.g., Poveda et al. 2005; Guo
et al. 2016) their effects on flower traits such as nectar quality have not been studied
so far.

Ant effects on higher trophic levels aboveground have been very rarely studied.
The one and, as far as we are aware, only exception is the study by Sanders and van
Veen (2011). They studied the influence of colonies of two common European ant
species (Myrmica rubra and Lasius niger) on an arthropod community via both the
predation and ecosystem engineering pathways. The presence of one ant colony had
positive effects on densities of decomposers (Collembola), herbivores (mainly
hemipterans), and parasitoids. The authors concluded that ecosystem engineering
effects rather than predation by ants explain the observed positive effects. However,
the presence of two colonies showed neutral and negative effects on herbivores and
parasitoids, likely by an increase of predation pressure. The study further
documented that soil from ant nests (without ants) had not the same positive effects
as intact nests. This study is among the first ones documenting ant effects on
aboveground arthropod food webs. Former studies only focused on ant effects on
soil biota such as bacteria, nematodes, mites, and collembolan (e.g., Boulton and
Amberman 2006).

8.5.2 Detritivores

Detritivorous macrofauna (except earthworms) were not or very rarely considered in
regard to their impacts on higher tropic levels aboveground (Wurst 2013). Gonzalez-
Megias and Miiller (2010) investigated the effects of a detritivorous beetle larvae
(Morica hybrida, Tenebrionidae) in interaction with belowground herbivorous bee-
tle larvae (Cebrio gypsicola, Cebrionidae) and aboveground herbivores on the plant
Moricandia moricandioides (Brassicaceae) and associated aboveground arthropod
communities in the field. They documented higher parasitoid attack rates and
abundances in the presence of the detritivorous insect larvae, while their mainly
negative effects on the aboveground herbivores (aphids, plant-hoppers, seed preda-
tor, and leaf herbivores) depended on the presence of root and floral herbivores.
Shifts in plant secondary metabolites (glucosinolates) due to the herbivore treat-
ments were changed in the presence of the detritivores and might have mediated part
of the indirect plant-mediated effects. Other studies on the impact of detritivorous
macrofauna, belonging to millipedes, woodlice, and gastropods, on aboveground
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arthropod communities have not been conducted so far. If their impact on plant
biomass and quality is significant, their effects might also cascade up to higher
trophic levels above the ground. This link still remains to be elucidated.

8.5.3 Root Herbivores

Insect root herbivores are known to affect the performance of their shoot feeding
counterparts via changes in plant chemistry. Performance parameters that have been
investigated comprise relative growth rate, development time, mass or size gain,
fecundity, offspring mass, and abundance (Johnson et al. 2012). Changes in plant
chemistry that are believed to be involved in insect root herbivore effects on shoot
herbivores include (1) stress-induced enhancement of nitrogen and carbohydrate
content in plant foliage, following reduced water and nutrient uptake due to removal
of root tissue by insects root herbivores (Masters et al. 1993) and (2) systemically
induced plant defense (Bezemer and van Dam 2005; van Dam 2009). While
increased N contents are expected to facilitate shoot herbivores, systemically
induced defenses may negatively affect them. According to a meta-analysis by
Johnson et al. (2012), the direction of insect root herbivore effects on their above-
ground counterparts depends on the identity of the insect herbivores involved. Root
feeding Diptera were shown to generally have negative impacts on shoot feeding
insects. However, the authors point out that this trend may be ascribed to the fact that
most studies were done on Delia spp. root flies feeding on highly inducible Brassica
plants. Root feeding Coleoptera were shown to generally have negative effects on
Hymenoptera but to increase the performance of Homoptera. The authors assume
that the phloem sap feeding Homoptera benefit from enhanced plant N concentra-
tions while avoiding any induced defense chemicals, as these are only transported in
low amounts in the phloem sap. Besides herbivore identity, the meta-analysis found
insect root herbivore effects on shoot herbivores to depend on the sequence of arrival
at the host plant, with significant (positive) impact only occurring at simultaneous
arrival. In contrast, insect root herbivore effects on aboveground herbivores were
independent of the plant type (annual vs. perennial and domestic crop plant
vs. natural species) and did not differ for the above-mentioned performance param-
eters of shoot herbivores.

Insect root herbivore effects may even cascade up to influence parasitoids of
shoot herbivores. Mostly, parasitoid recruitment or performance has been found to
be reduced by root herbivory (reviewed by A’Bear et al. 2014), with effects often
mirroring changes in parasitoid prey quantity or quality as well as in herbivore-
induced plant volatiles (HIPVs), which serve to attract parasitoids.

In contrast to effects on parasitoids, insect root herbivore effects on the frequency
and duration of pollinator visitation appear to be predominantly positive (A’Bear
et al. 2014). This trend is surprising as root herbivory is expected to reduce the
amount of resources a plant can invest into floral display and production of
pollinator-attracting HIPVs (A’Bear et al. 2014).
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8.5.4 Predators

As far as we are aware, indirect, plant-mediated effects of predacious soil macro-
fauna on aboveground arthropod communities have not been documented so far.
Changes in the abundances of other functional groups such as ecosystem engineers,
detritivores, or herbivores through predation may affect plant performance with
cascading effects on aboveground higher trophic levels. However, this bottom-up
link remains to be experimentally tested. Predators not restricted to the soil may
switch between below- and aboveground prey (Scheu 2001) and may affect above-
ground arthropod communities by both top-down and bottom-up forces.

8.6 Future Perspectives

Thus far, studies on the impact of soil macrofauna on higher trophic levels above the
ground mainly focus on earthworms and insect root herbivores. There are very few
studies documenting the impacts of other soil macrofauna on aboveground arthropod
communities. The effects range from positive, likely mediated by increased resource
availability, to negative, often mediated by changes in plant secondary metabolites
and/or defense gene expression. Since some of the effects are probably linked to
changes in chemical, physical, and biological soil characteristics (Fig. 8.1), the
effects may persist even when the active soil macrofauna is not present anymore.
We propose that these legacy effects may play a role in shaping above—belowground
interactions (Wurst and Ohgushi 2015). Recently, it has been shown that insect root
herbivores can indirectly influence the aboveground food web via soil legacy effects
(Kostenko et al. 2012). The authors reported that root herbivory by larvae of the click
beetle (Agriotes lineatus) on ragwort (Jacobaea vulgaris) plants led to distinct
changes in the composition of the soil fungal community that affected the compo-
sition of defense compounds (pyrrolizidine alkaloids) in newly grown ragwort
plants, with negative consequences on the relative growth rate of shoot feeding
Mamestra brassicae larvae. For other soil macrofauna, legacy effects on above-
ground herbivores have been reported too. Earthworm-worked soil, the so-called
vermicompost, has generally negative effects on aboveground herbivore perfor-
mance (reviewed by Joshi et al. 2015). It is assumed that the organic matter in
vermicomposts provides plants with a balanced source of nutrients that can influence
the composition and physiology of plants (Arancon et al. 2005), leading to increased
resistance. However, in general, it is largely unknown how long the impact of
soil macrofauna on soil physics, chemistry, and other soil biota lasts and affects
future biotic interactions of plants.

Although the modification of the soil habitat by soil macrofauna is important,
their effects on soil microorganisms likely mediate their impact on plant growth and
aboveground arthropod communities to a great extent. There is mounting evidence
that root associations with symbiotic and free-living microorganisms affect plant
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growth and plant—insect interactions by various mechanisms involving hormonal
pathways (Pangesti et al. 2013). It would be very interesting to include soil macro-
fauna in the mechanistic elucidation of microbe—plant—insect interactions, because
soil macrofauna may modify the impact of single species of microbes and microbial
communities on plant performance and associated insect communities. Knowledge
on macrofauna—microbe interactions with impact on plant-herbivore interactions
may also be crucial for the development of microbe-based plant protection strategies
in agricultural fields.

Another important aspect to consider is the impact of global change factors on the
soil macrofauna and how this affects their functional roles in ecosystems. For
instance, increased atmospheric CO, concentrations have been shown to increase
earthworm surface casting activity by 30%, mainly because of higher soil moisture
under reduced evapotranspiration of vegetation under elevated CO, (Zaller and
Arnone 1997). These nutrient-rich earthworm casts might have positive effects on
some plant species (Zaller and Arnone 1999), with potential cascading effects on the
diversity of plant communities and their associated aboveground arthropod commu-
nities. Several studies report that plant-mediated effects of soil macrofauna on shoot
herbivores are changed under altered water availability. Johnson et al. (2011)
showed that earthworms can mitigate the negative effects of drought on plant
biomass and cause further declines in aphid populations under drought conditions.
The performance of aphids and leaf miners has been documented to be reduced
under the combined impact of drought stress and root-feeding insect larvae (Staley
et al. 2007; Tariq et al. 2013a) and the effects might even cascade up to affect the
performance of parasitoids (Tariq et al. 2013b). Enhanced precipitation was shown
to influence the indirect interactions of belowground detritivorous beetles with
generalist aboveground herbivores, with negative effects of the detritivores under
enhanced rainfall (Gonzalez-Megias and Menendez 2012). Another important global
change factor is land use intensification. Recently, Sonnemann et al. (2016)
documented that land use intensity can change the impact of insect root herbivores
on aboveground herbivore damage. Under low mowing frequency, click beetle
larvae (Agriotes spp.) enhanced leaf damage of plantain by aboveground herbivores,
while under high mowing frequency the effect disappeared. To predict the conse-
quences of global change on multitrophic interactions and indirect functions in
terrestrial ecosystems, more studies in this respect are needed.

Another research challenge is the upscaling of the results from the predominantly
small-scale studies to the landscape level. For example, controlled lab or small plot-
scale studies have demonstrated that soil macrofauna such as earthworms can
mobilize or transfer substantial quantities of nutrients to plants. However, the simple
scaling up of such results to explain conditions on a large field scale is very much
constrained by a lack of information on the spatio-temporal distribution of soil
macrofauna in temperate ecosystems. Further, the numbers, diversity, and activity
of soil macrofauna in agroecosystems are affected by agricultural management
practices such as tillage. Still, our knowledge of the key organisms or groups of
soil biota that contribute to nutrient cycling and crop production under different sets
of management practices is limited (Whalen and Hamel 2004). However, this



8 Soil Macro-Invertebrates: Their Impact on Plants and Associated. . . 193

knowledge is crucial to estimate the role of soil macrofauna for crop production.
Since soil macrofauna may affect not only plant productivity, but also resistance
against pests, future research should focus on their impacts in a wider context, e.g.,
on the agricultural field level (Meyer-Wolfarth et al. 2017). In regard of the increas-
ing demand for sustainable agriculture practices, more knowledge about the
functional role of soil macrofauna in agroecosystems is urgently needed. Besides
their role in impacting soil characteristics (in terms of physics, chemistry, and other
soil biota), their present and past activity may have strong effects on plant perfor-
mance, including interactions with aboveground pest organisms.
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Chapter 9 )
The Feedback Loop Between Aboveground <
Herbivores and Soil Microbes

via Deposition Processes

Cari A. Ritzenthaler, Caitlin E. Maloney, Audrey M. Maran, Eric A. Moore,
Amanda Winters, and Shannon L. Pelini

9.1 Introduction

While aboveground vertebrates are significant contributors to the detrital pool
(Wardle et al. 2002), this chapter will focus on invertebrate deposition of matter
and subsequent effects on soil microbes, nutrient cycling, and feedbacks to plant
growth (Fig. 9.1). The components discussed in this chapter are invertebrate herbi-
vores, microbial communities, and vegetation, thus combining the above- and below-
ground food webs into a larger functioning ecosystem. Each component has a direct,
or indirect, effect on the other, and in some cases, there is a cascading effect
throughout the entire system. Invertebrate herbivores add frass, cadavers, honeydew,
and alter litterfall (leaf fragments) and throughfall (water) inputs to the soil, thus
altering the microbial community. Changes in the microbial community via inverte-
brate herbivore inputs can alter nutrient cycle, which can alter vegetation growth and
architecture. Of course, growth and architecture of vegetation can also be altered by
the consumption of the invertebrate herbivores themselves. Though some of the
described effects will be positive and others will be negative, they all feed into each
other and ultimately drive the larger above- and belowground feedback loop. We will
discuss these effects, and more, throughout this chapter. Additionally, we will discuss
the changes that could occur as the climate changes (e.g., rising temperatures and
precipitation patterns). Finally, we’ll end the chapter with a discussion of studies that
have begun to examine the effect of a changing climate on above- and belowground
processes.
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Fig. 9.1 Above- and Consumption
belowground feedback loop. Vegetation <€ Invertebrate

Arrows depict interactions Chemical defenses “ Herbivores
(solid lines = direct, dashed

lines = indirect) that are
discussed in this chapter;
however, there are likely
many more interactions that
are not included here

Microbial
Communities

9.2 Herbivore Inputs and Microbial Community Response

Invertebrate herbivore feeding activity alters the timing, quantity, and quality of
nutrients reaching the soil microbial communities by depositing feces (frass),
cadavers, and plant matter. Though these inputs vary considerably in their nutrient
qualities, they are relatively simple organic compounds and easily decomposed by soil
microbes and are thus called “fast cycle” compounds. Nutrient dynamics are impacted
by “fast cycle” compounds more quickly compared to herbivore-induced changes in
litter quality, which result in slower responses (“slow cycle”) (McNaughton et al.
1988). It means that when nutrients, such as through frass and green litterfall, are
added to the soil, microbes respond to and decompose organic matter more quickly.
On the other hand, when herbivores induce chemical changes in the material moving
to the forest floor, such as through leaf chemical defenses and throughfall, the
microbial community will decelerate the rate at which they are decomposing the
organic matter. The nutrient acceleration hypothesis postulates that through selective
feeding on easily decomposed vegetation, deposition of excrements, and increase in
litter quality, herbivores speed up microbial activity, decomposition, and cycling of
nutrients (Chapman et al. 2003; Ritchie et al. 1998). Whether herbivore-mediated
alterations in timing, quantity, and quality of forest floor nutrients enhance (Chapman
et al. 2003; Reynolds et al. 2000; Swank et al. 1981) or inhibit (Ritchie et al. 1998)
nutrient cycling is under debate and may be dependent upon a number of biotic and
abiotic factors.
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9.2.1 Frass

Insect herbivores contribute nutrients to microbial communities by transforming
recalcitrant plant matter into easily decomposed feces (Grace 1986). These relatively
labile frass inputs represent a consistent source of carbon (C), phosphorus (P), and
nitrogen (N) for soil organisms in spring and summer months located in temperate
regions and throughout the year in tropical regions (Hunter 2001; Lovett and
Ruesink 1995; Schowalter et al. 2011). Under severe herbivory, N input to soil
from frass can exceed that of leaf litter (Fogal and Slansky 1985; Grace 1986).

Studies suggest that frass additions to soil have varied effects on soil microbes. In
temperate systems, frass deposition to soil had no effect on soil respiration (Frost and
Hunter 2004; Reynolds and Hunter 2001), which is a measure of microbial activity.
However, the authors speculate that soil microbial respiration may have been
masked by root respiration or the method of detection may have missed fine scale
temporal alterations in respiration. However, frass inputs did result in greater surface
soil microbial biomass, leading Frost and Hunter (2004) to hypothesize that soil
microbial respiration is only affected at a certain threshold of frass quantity. Addi-
tionally, it has been noted that C from frass appears to stay in upper horizons of the
soil, unless precipitation events occur immediately following deposition (Frost and
Hunter 2004), an effect that has also been seen with N. For example, if rain events
directly follow herbivore outbreaks, N from frass could leach out of soil before
microbes are able to incorporate it into soil organic matter (Frost and Hunter 2004;
Reynolds et al. 2000; Swank et al. 1981).

Several studies demonstrate that frass has positive effects on soil microbe activ-
ity; however, specific consequences for nutrient cycling vary and may be largely
context-dependent. The diet quality of invertebrate herbivores has significant influ-
ences on frass quality (Kagata and Ohgushi 2012), which then can cause changes to
the microbial community. For example, Fonte and Schowalter (2005) manipulated
the degree of insect herbivory and found positive relationships between frass-related
inputs and both nitrate (NO3 ) concentration and leaf decomposition beneath trees.
At endemic herbivore densities, the C:N of frass was positively correlated with soil
respiration and soil NO3~ was increased (Hunter et al. 2003). Another study found
that while the C:N ratio of gypsy moth frass did not significantly differ from that of
the soil in the study area, C in the frass was highly labile. This lability led to
stimulation of microbial growth in laboratory incubation experiments, which
resulted in immobilization of more than 90% of N within the first 10 days of
incubation (Lovett and Ruesink 1995).

Additionally, the soil microbial response to labile C in frass inputs can conserve
N within the soil, preventing it from leaching into waterways and potentially
allowing plants to recover N lost to herbivory. However, the highly labile C in
frass can also allow microbes to outcompete trees and rapidly immobilize
available N, potentially reducing N mineralization (Lovett et al. 2002). Indeed, an
isotopic study shows that only 1% of '°N added to soil as frass was incorporated into
oak seedlings, whereas 40% was incorporated into soils (Christenson et al. 2002).
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Future studies seeking to understand effects of frass inputs on soil microbes and
subsequent ecosystem processes should focus on threshold quantities and qualities
of frass. These studies should include fine scale temporal monitoring of respiration
while keeping in mind the importance of precipitation events for leaching of
nutrients contained within frass.

Insect herbivory acts to redistribute N from tree leaves to frass, greenfall, and
insect biomass. The fate of N in frass, and the degree of loss of frass N from the
plant-soil system, is dependent upon a number of physical and biotic factors. While
laboratory studies suggest that frass input to the detrital pool ultimately acts to
conserve N within the plant-soil system through microbial immobilization, water-
shed studies indicate that even small quantities of frass N can lead to stream and lake
acidification. This is because nitrate ions can transport calcium and magnesium
cations from soil to bodies of water and also bring aluminum and hydrogen ions to
the water surface (Lovett et al. 2002). Tree mortality, precipitation/run-off, and the N
retention capacity of soils are all variables that may impact whether a forest
ecosystem loses N following an herbivore outbreak. If defoliation events are severe
enough to result in tree mortality, this loss of an uptake mechanism for N mobilized
from frass (loss of a N sink), combined with increases in N availability from
decaying roots, could overwhelm mechanisms for N retention, resulting in high
rates of N leaching (Lovett et al. 2002). Large precipitation events following
defoliation events and sandy or porous soils could result in run-off of N into bodies
of water as well. Finally, a low N retention capacity of soil will result in leaching of
N from the plant—soil system. Thin soils, soils with low organic matter content, and
soil organisms that are not N limited could all result in low N retention capacity.
Nitrogen limitation can be alleviated by chronic N deposition, fertilizers, and the
presence of N fixers (Lovett et al. 2002). To understand factors that influence frass N
loss from the plant—soil system, future watershed studies should focus on quantify-
ing the above mentioned biotic and abiotic factors in conjunction with stream or lake
chemistry, before and after defoliation events.

Frass inputs that are not leached out of the ecosystem can be taken back up into
the nearby vegetation. Frost and Hunter (2007) applied '°N labeled insect frass to
soils surrounding experimentally damaged red oaks, Quercus rubra, and tracked its
movement throughout two growing seasons. They found that much of N was
mineralized, taken up by the oak, returned to the foliage, and assimilated back into
late-season herbivores within a single growing season. However, damaged oaks had
lower levels of foliar N and "°N in the following season, as well as reduced insect
herbivore host preference. This suggests that herbivore damage may affect allocation
over durations longer than a single growing season, but it should be noted that
herbivore-induced plant defenses, as described later in the Sect. 9.3.2, may have
acted to lower foliar N in damaged leaves in Frost and Hunter’s study.
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9.2.2 Honeydew

Excreta of insect herbivores that feed on plant fluids, such as aphids, take the form of
honeydew. In contrast to typical insect frass, honeydew is a C-rich, sugary liquid
with very low N content. Though the sugar and amino acid composition, as well as
the amount of honeydew, differs depending on the temperature, aphid population,
and the plant-resource’s age (Stadler et al. 1998), it typically contains at least
100 times more C than N (Katayama et al. 2013). Aphids’ release of honeydew
has interesting effects on belowground functioning. Honeydew deposition has been
shown to stimulate microbial growth and decrease available N belowground
(Katayama et al. 2014; Milcu et al. 2015; Schmidt et al. 1997). This result is not
unprecedented and supports the hypothesis that when C is not limiting, microbes are
able to outcompete plants for N (Kaye and Hart 1997). Applying that hypothesis to
aphid excretion, addition of C-rich honeydew releases microbes from C limitation
and allows them to readily uptake and immobilize N. This effect has been shown to
cascade up to the tree canopy, reducing N content of foliage. According to Katayama
et al. (2014), the feedback effect on leaf N content may benefit aphids by harming
other herbivores that cannot meet their N demands by feeding on the low quality
leaves.

In addition to stimulating microbial growth, honeydew has been shown to
increase microbial activity and, subsequently, respiration (Choudhury 1984;
Dighton 1978; Milcu et al. 2015). Greater microbial biomass may extend to the
invertebrate community, causing an increase in earthworms and decrease in
mesofauna, such as springtails and mites (Milcu et al. 2015). Interestingly, the
ecosystem type seems to affect the magnitude of microbial response. For example,
in a study comparing microbial response to honeydew in woodland versus grassland
soils, the woodland soil responded with 30% increase in the fungal community and a
threefold increase of bacterial biomass, but the grassland soil had no significant
increase in either group (Dighton 1978).

Recent studies have found that honeydew represents a significant input into soils
that can cascade up trophic levels. The simple sugars inherent in honeydew have
been shown to enhance aboveground production by indirectly bolstering the metab-
olism of microbes, which positively affects tree growth (Stadler et al. 1998). Milcu
et al. (2015) manipulated honeydew deposition at the base of willows and found that
applications increased soil microbial biomass, respiration, earthworm biomass, and
litter mineralization. Effects of honeydew were also apparent in the willow flowering
phenology and crown architecture. A greater ratio of tertiary to primary branches as
well as greater shoot-to-root biomass ratios were observed in the honeydew treat-
ments. Path analyses suggested that these observations might have been the result of
increased endogeic earthworm effects. Enhanced microbial biomass at honeydew
treated sites positively affected endogeic earthworms, which suggests that honeydew
deposition may affect plant growth and architecture via indirect effects on soil biota.
However, flowering was premature in the honeydew treatments, which is a common
stress response in plants. The postulated mechanism for this observation is that
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honeydew may induce microbial nutrient immobilization, as discussed above, which
results in nutrient limitation and altered allocation within the willows. However, it is
worth noting that most studies discussed in this section directly applied honeydew,
or a substitute, to soils; however, when honeydew is allowed to naturally deposit
these effects may be weak or nonexistent (Stadler and Miiller 1996). Most honeydew
is deposited on leaves, and bacteria growing on the leaves may use the resources
before rainfall brings it to the soil. Likely the effect of honeydew will depend on
rainfall and the ability of the leaf structure to hold honeydew.

The mutualism between honeydew producing aphids and ants (Fischer and
Shingleton 2001) has effects that cascade into soil processes as well. Variation in
the chemical composition of honeydew is influenced by both interactions with ants
and food preferences. Fischer and Shingleton (2001) also found that honeydew
composition varies between and within aphid species, which suggests that interac-
tions between aphids, their food sources, and mutualists directly influence the quality
of resources entering belowground systems. Interactions between honeydew pro-
duction and abiotic variables have also been documented. Nitrogen applications in
cotton plants resulted in increased abundances of whiteflies, which resulted in
increased honeydew production (Bi et al. 2001). Considering the sensitivity of
honeydew composition, documenting how anthropogenic applications and distur-
bances influence the quantity and quality of invertebrate herbivore inputs to soils is a
potentially impactful research direction.

9.2.3 Carcasses

Because of their small size, insect bodies have often been overlooked or are consid-
ered to play at most a minor role in nutrient transfer (Schowalter and Crossley 1983).
However, there may be legacy effects of carcass deposition (Hawlena et al. 2012),
and during outbreaks of herbivorous insects (e.g., locusts, cicadas) carcasses serve as
a large influx of nutrients over a relatively short time (Brown and Chippendale 1973;
Song et al. 2015). In fact, periodical cicadas reach a cumulative biomass similar to
that of the largest of terrestrial animals (Whiles et al. 2001). Insect carcasses are also a
high-quality resource, rich in N, potassium (K), magnesium (Mg), sodium (Na),
calcium (Ca), lipids, and protein (Brown and Chippendale 1973; Schowalter and
Crossley 1983), so large outbreaks can deposit a substantial amount of nutrients to
the soil.

The belowground effects of herbivore carcasses are varied: they have impacts on
soil invertebrates (see Chap. 8), microbes, and nutrients. Though carcasses are
deposited in large pieces, they are more easily decomposed than other large detritus,
such as leaf litter, especially in the presence of soil invertebrates (Seastedt et al.
1981; Yang 2006). Because of their high quality (Brown and Chippendale 1973;
Fielding et al. 2013; Hawlena et al. 2012), soil microbes respond strongly to carcass
deposition. Yang (2004) found that when cicadas were added to forest plots,
bacterial and fungal biomass both increased significantly. Microbial respiration
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increased as well, a response also observed in other studies where bodies of cicadas,
locusts, or grasshoppers were decomposed (Fielding et al. 2013; Hawlena et al.
2012; Song et al. 2015).

Research has reported that carcass deposition on nutrient pools has primarily
focused on N availability and understandably so since under heavy defoliation 8% of
foliar N may be transferred to the forest floor by herbivore carcasses (Hunter 2001).
Unlike C-rich sources such as leaf litter or honeydew, insect bodies increase the
plant-available ammonium and nitrate (Hunter 2001; Schimel and Bennett 2004;
Song et al. 2015; Yang 2004). Yang (2004) found that the increase in N is
surprisingly long-lived when cicada carcasses are decomposed; while ammonium
availability increased 412% only for the first 30 days, nitrate (199% increase)
remained elevated for at least 100 days after carcass addition. In a similar study
where locust carcasses were added to plots in the temperate steppe, Song et al.
(2015) found that soil N limitation was relieved, which ultimately resulted in a
bottom-up effect on primary productivity that partly counteracted the negative
impact of herbivory by locusts.

Though the literature is dominated by studies investigating outbreak conditions,
there have been some studies looking at smaller-scale alterations to carcass deposi-
tions with potentially far-reaching consequences. Grasshoppers usually maintain a
fairly stable N concentration in their tissues (10.49-10.71%) regardless of their
food’s N content (Fielding et al. 2013). However, they do exhibit changes to percent
N in response to fear of predation. When Hawlena et al. (2012) exposed some
grasshoppers to predation risk and kept others in safety, they found C:N in grass-
hoppers was 4% higher in grasshoppers that were exposed to predator risk than those
that were not. Despite this small change, after decomposition of grasshopper car-
casses, there were detectable impacts on ecosystem processes. In soil where the
grasshoppers with higher C:N had decomposed, decomposition of plant material
resulted in 62% greater CO, release than on soils where the lower C:N grasshoppers
had decomposed. The impact of a 4% change in the C:N of grasshoppers led to an
eventual 62% difference in CO, release which demonstrates the potential for small
differences in carcass quality to have magnified effects on ecosystem functioning
(Hawlena et al. 2012). Whether carcasses are being added to the soil in large
quantities, as with outbreaks, or simply in normal quantities but with altered nutrient
content, the consequences for belowground nutrient cycling are significant.

Insect carcasses often provide a pool of nutrients that can promote or inhibit
production, depending on the context. Periodical cicadas have been shown to
increase microbial biomass and N availability in North American forests. Yang
(2004) described this massive influx of nutrients as a “bottom-up cascade” in
which the emergence and subsequent senescence of cicadas positively affected
plants and higher trophic levels. Insect emergence events can also be important
vectors of nutrient and biomass transport across the aquatic—terrestrial interface.
Insects that spend their larval stages in aquatic environments and their adult lives in
terrestrial environments can subsidize terrestrial food webs. A long-term study from
Lake Myvatn in Iceland has tracked how midge emergence and senescence acts as a
fertilizer that affects the local heathland food web. Hoekman et al. (2011)
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manipulated midge deposition in plots surrounding the lake and found a 108%
increase in arthropod biomass over a 2-year period. This bottom-up amendment
extends to plant communities as well. Bultman et al. (2014) compared two lakes with
high and low levels of midge deposition. Tealeaf willow surrounding the lake that
received high-density midge inputs had 8—11% higher foliar N content than was
observed in willow surrounding the lake receiving low-density inputs (Bultman et al.
2014). Furthermore, July highflyer caterpillars that feed on tealeaf willow were
observed at 4-6 times greater densities and at 72% greater biomass surrounding
the lake with high-density midge deposition (Bultman et al. 2014).

Conversely, top-down trophic cascades can reduce the quality of herbivore
cadavers. Hawlena et al. (2012) described how predator behavior in grassland
indirectly decreased microbial decomposition. By inciting fear and physiological
stress, certain behavioral traits of spiders goaded grasshoppers towards a more
carbohydrate-rich diet, which elevated C:N in grasshopper bodies.

9.3 Herbivore Modifications to Leaf and Precipitation
Inputs to Microbial Communities

Herbivore activity alters the timing, quantity, and quality of leaf litter and precipi-
tation that falls from canopies. Leaf quality is altered through changes in types (green
vs. brown) of leaf litter reaching the forest floor and through herbivore-induced
chemical defense compounds. Herbivory also modifies water inputs to microbial
communities by chemically enhancing precipitation that falls through the canopy
(throughfall; Hunter 2001).

9.3.1 Leaf Quantity

The timing of litterfall can be dependent on the insect herbivore community. Grace
(1986) compared defoliated and undefoliated tree stands and noted that overall
quantity of litter was not altered by gypsy moth defoliation, but timing and quality
of litter was influenced by herbivore feeding activity. Gypsy moth herbivory altered
the seasonality of litter input to the forest floor. In defoliated plots, an initial
deposition of leaf fragments (greenfall) occurred early in summer, followed by a
natural deposition from senescence in the fall. In contrast, plots not experiencing
gypsy moth herbivory followed a more natural pattern of senescence in the fall.
Thus, herbivore activity can be an important factor in the timing of leaf inputs so that
greenfall is a significant source of nutrients for soil organisms early in the summer,
which could alter temporal patterns of nutrient cycling as well as productivity.
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9.3.2 Leaf Quality

Insect herbivores can significantly increase nutrient availability in the soil by
increasing inputs of greenfall (green leaves or leaf fragments) through their feeding
activities. Greenfall decomposes faster and can have higher N and P concentrations
and lower lignin to N ratios relative to senescent leaves (Fonte and Schowalter 2004;
Grace 1986; Lodge et al. 1991; Risley and Crossley 1993). Reynolds and Hunter
(2001) found significant decreases in soil respiration due to greenfall exclusion along
an elevational gradient. Inputs of greenfall, therefore, may have important implica-
tions for ecosystem nutrient dynamics and productivity, at least in the short term
(Fonte and Schowalter 2004).

Litterfall from plots defoliated by gypsy moth larvae had higher concentrations
of N, P, and K and significantly lower concentrations of Ca than plots without
caterpillars. Although this litterfall included frass inputs, the main contributors of
these nutrient changes, accounting for 62.6%, were plant tissues (with greenfall
fragments contributing the most). Gypsy moth caterpillar feeding on these
trees induced premature senescence of leaves, resulting in trees being unable to
translocate nutrients from leaves back into perennial tissues, leading to a nutrient-
rich litterfall (Grace 1986).

Invertebrate herbivores alter quality of leaves by inducing synthesis of plant
chemical defenses (e.g., tannins and polyphenols) within leaves and other plant
parts. These chemical defenses can have significant effects on soil organisms and
subsequent ecosystem processes (Fig. 9.2). Upon reaching the soil, tannins directly
affect decomposers, change N availability by binding with proteins, and interact with
other nutrients, all of which are processes that can influence decomposition and
nutrient cycling (Chomel et al. 2016). Production of condensed tannins (CT) by
Populus sp. is induced by herbivory, yet CT have little effect on plant herbivores,
except those that utilize woody tissues (Schweitzer et al. 2008). Condensed tannins
slow leaf litter decomposition rates, alter heterotrophic soil community composi-
tions, and decrease nutrient availability in soil (Schweitzer et al. 2008). For example,
Madritch and Lindroth (2015) show that condensed tannin concentration within
leaves correlates positively with plant N recovery after severe herbivory.

Fig. 9.2 Quality of litterfall
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Specifically, high tannin concentrations in Populus tremuloides leaves correlated
with recovery of frass containing >N within the same and following growing
seasons. Additionally, this correlation with high leaf tannin concentrations and BN
recovery held true for litter of trees that experienced herbivory in the season
following defoliation (Madritch and Lindroth 2015); Schweitzer et al. (2008) pro-
poses that rather than acting as a resistance mechanism by deterring herbivores, CT
are produced by Populus as a mechanism of conserving N within soil, thereby
tolerating herbivory. Additional evidence that plant defense compounds can slow
soil processes (slow-cycle) comes from Findlay et al. (1996) who found that spider
mite herbivory caused an increase in polyphenols and subsequently a 50% lower
decomposition rate of litter. Future studies should consider the possibility that plant
defense compounds act as a mechanism of tolerating defoliation through altering soil
processes so as to retain nutrients in soil, rather than a defensive mechanism aimed at
herbivore resistance.

Scale insects also play a role in leaf litter quality. Chapman et al. (2003) found
that herbivory by scale insects and stem-boring moths altered litter quality by
increasing N content and decreasing C:N ratios, resulting in more rapid decompo-
sition (fast-cycle). Additionally, scale herbivory doubled P concentration in litter and
increased the quantity of needle litterfall reaching the forest floor. This increase in
litter quality due to herbivory extended the original “nutrient acceleration effect”
(coined by Ritchie et al. 1998) that describes how herbivores can enhance nutrient
cycling through selection of high quality plants and production of labile and energy-
rich herbivore waste. Chapman et al. (2006) proposed that deciduous broadleaf and
evergreen coniferous trees react differently to herbivory (Fig. 9.2). Deciduous trees
generally respond to herbivory by producing defense compounds, which decrease
litter quality and, therefore, decomposition rates. In contrast, evergreen trees induce
premature leaf abscission, which increases litter quality because of reduced resorp-
tion of nutrients from leaves. Therefore, evergreens respond to herbivory in a
manner, which leads to increases in decomposition rates (Chapman et al. 2006).

9.3.3 Throughfall

Defoliation by insect herbivores increases nutrient inputs to the soil via chemically
modified throughfall, precipitation that falls through the canopy, which could have
significant consequences for soil organisms and ecosystem processes (Hunter 2001;
Kimmins 1972). Dissolved organic C (DOC) and N (DON) dynamics of throughfall
are relatively unstudied, but not completely ignored (Le Mellec and Michalzik
2008). Le Mellec and Michalzik (2008) stress the importance of including particulate
organic matter (POM) or unfiltered organic matter fraction, as well as dissolved
nutrients, in studies focused on herbivore-induced nutrient fluxes in throughfall.
Similar to frass inputs, enhanced throughfall contains labile forms of C and N, but
effects on soil microbial processes vary.
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A number of studies have found no effects of chemically enhanced throughfall on
litter decomposition or soil microbial activity, but, interestingly, microbes living on
aboveground portions of plants (phyllosphere) have been implicated in altering
nutrient quality of throughfall reaching the forest floor. In a temperate system,
sap-sucking herbivore abundance positively affected throughfall N, K, and Ca
content during the early growing season, and this pattern held true for Ca throughout
the entire growing season (Schowalter et al. 1991). However, effects of nutrient
turnover did not result in differences in litter decomposition between herbivore
abundance treatments. Furthermore, defoliation by the phytophagous pine lappet
caterpillar resulted in the doubling of throughfall inputs of total DOC and DON
compared to uninfested trees over a 6-month period, but no significant effects on soil
microbes were found except for a marginally insignificant increase in microbial
activity under infested trees (Le Mellec and Michalzik 2008). In a similar study,
severe defoliation by two phytophagous herbivores increased DOC and DON in
throughfall by a factor of 3 and 2.5, respectively, and total N bound and dissolved N
bound by 1.4 and 1.3 times, respectively (Le Mellec et al. 2011). Leachate of forest
floor total organic C, DOC, and NO3-N were significantly lower at the infested site
(Le Mellec et al. 2011). This decrease in NOs-N in leachate under infested trees
suggests that enhanced throughfall may increase biomass of phyllosphere microor-
ganisms (filamentous fungi, bacteria, yeasts), which in turn immobilize inorganic N
(Le Mellec et al. 2011; Stadler and Miiller 1996; Stadler et al. 2001). These
phyllosphere microbes potentially take advantage of labile C compounds leaching
from frass-damaged leaves, acting as a temporal sink and subsequently altering the
form of available nutrients that reach soil organisms. Reynolds and Hunter (2001)
added throughfall containing NH,Cl1 and KH,PO, ions to soil in a temperate system
and found reduced soil respiration; they hypothesized that soil microbes were
outcompeted by ectomycorrhizal fungi, which may produce less CO, when assim-
ilating mineral N (Table 9.1).

9.4 Plant and Herbivore Diversity, and Landscape
Productivity as Predictors of Aboveground-
Belowground Linkage Mechanisms

The effects of herbivory on vegetation vary by ecosystem and land use history but
can significantly alter plant growth and community composition (OIff and Ritchie
1998). Intensive herbivory observed in low-productivity ecosystems will typically
accelerate succession of well-defended plants with nutrient-poor material (Pastor
et al. 1988). High-quality plant species are targeted, which allows less-preferred,
lower quality plants to establish themselves (Bakker et al. 2006; Pastor et al. 1988).
On the other hand, high-productivity, early successional systems with more soil
resources generally exhibit plants with high growth rates, fast tissue turnover, high
shoot leaf areas, fewer defensive compounds, and nutrient-rich foliage (Wardle and
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Table 9.1 Effects of, based on lability of different inputs, invertebrate herbivores on belowground

food webs
Input Composition Lability Effects belowground
Frass Frass quality is dependent | Highly labile Increase in microbial
on foliage eaten. Frass C: biomass and soil respira-
N is significantly lower tion (Couture and
than the foliage C:N, but Lindroth 2014; Frost and
they are correlated. Other Hunter 2004; Hunter et al.
foliage chemicals (e.g., 2003)
tannins) can be present in Increase in litter mineral-
frass ization and microbial
immobilization (Fonte
and Schowalter 2005;
Lovett and Ruesink 1995)
Increase or decrease in
soil N depending on
context (Fogal and
Slansky 1985; Fonte and
Schowalter 2005; Frost
and Hunter 2004; Grace
1986; Hunter et al. 2003)
Honeydew C-rich, low N sugar. Spe- | Highly labile Stimulate microbial

cific composition varies
between insect species,
plant food source, and
environmental conditions

growth, immobilization,
and reduction of soil N
(Katayama et al. 2014;
Milcu et al. 2015;
Schmidt et al. 1997)

Increase in soil respira-
tion and litter mineraliza-
tion (Choudhury 1984;
Dighton 1978; Milcu

et al. 2015)

Increase in earthworm
biomass (Milcu et al.
2015)

Insect Carcasses

Chitin, sclerotin, soluble
protein, glycogen, and
lipids. Also high in N, K,
Mg, Na, and Ca

Moderately labile,
particularly with
invertebrate
decomposer
activity

Increase in microbial
biomass and respiration
(Fielding et al. 2013;
Hawlena et al. 2012;
Song et al. 2015; Yang
2004)

Increase in plant-
available N (Schimel and
Bennett 2004; Song et al.
2015; Yang 2004)

Greenfall
(herbivore-
induced foliar
litterfall)

Higher N and P concen-
trations and lower lignin-
to-nitrogen ratios relative
to senescent leaves

More labile than
naturally senesced
leaves

Decomposes faster than
senescent leaves (Grace
1986; Lodge et al. 1991;
Risley and Crossley
1993)

(continued)
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Table 9.1 (continued)

Input Composition Lability Effects belowground
Defended Leaves | High molecular weight Recalcitrant Slow decomposition and
(herbivore- phenolic compounds C and N cycling
induced plant (large complex polymers, (Hattenschwiler and
defense such as tannin and lignin) Vitousek 2000)
compounds) Can be toxic to microor-

ganisms, inhibit enzyme
activities, and affect N
and C transformation in
soils (Bradley et al. 2000;
Fierer et al. 2001;
Hittenschwiler and
Vitousek 2000; Kraus

et al. 2003; Schimel et al.
1996; Schofield et al.
2001)

Delay microbial coloni-
zation of litter (Chomel
et al. 2014; Ormeno et al.
2006)

Bardgett 2004). Therefore, habitats with nutrient-rich soil can support a greater
overall herbivore biomass (McNaughton et al. 1989). Herbivory in these systems
inhibits succession of nutrient poor, slow growing, well-defended plants with lignin-
rich, woody tissues (Augustine and McNaughton 1998).

Herbivores induce trait responses in plants, in regards to nutrient allocation and
growth, with contrasting effects. Mikola et al. (2009) noted that herbivore effects on
plant growth and allocation were primarily explained by defoliation, and these
effects can be positive or negative. Plants in high-productivity landscapes like
grasslands exhibit compensatory growth responses, meaning plants will actively
allocate resources towards remedying tissue damage. Direct defoliation may cause
plants to reallocate available nutrients to remaining foliage, in an attempt to account
for loss of photosynthetic potential (Hamilton and Frank 2001; Holland and Detling
1990). Aboveground grazing may also stimulate rhizosphere activity by promoting
root exudates. That being said, intermediate levels of herbivory aboveground in
high-productivity systems may be optimal for belowground communities, as micro-
bial biomass can be maximized (Denton et al. 1998). Conversely, overgrazing may
cause a reduction in mycorrhizal mutualisms as well as root biomass (Gehring and
Whitham 2002; Guitian and Bardgett 2000; Mikola et al. 2001). This suggests that
the optimization of decomposer organisms at intermediate intensities of herbivory
does usually apply to mutualists at plant roots, and it is common for plants to
compete with microbes for a limited pool of nutrients (Bardgett et al. 2003).

Herbivore-induced damage to specific plant tissues may also alter plant architec-
ture. Rapid cellular division occurs in plant meristems; thus, nutrients are directed
towards these areas. Consequently, meristems are susceptible to herbivory because
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of their high nutrient content. When the apical meristem, the region responsible for
directing vertical growth, is damaged or consumed, the plant may be released from
apical dominance (Aarssen 1995). This often causes branching of the stem with
implications for canopy cover, photosynthetic potential, and reproductive success
(Aarssen 1995). Selective consumption of nutrient-rich species or specific plant
tissues also varies with herbivore diversity.

Classen et al. (2005) investigated the effects of two invertebrate herbivore species
that differed in feeding preferences and subsequent effects on pinyon tree architec-
ture. The pinyon needle scale insect selectively feeds on the needles of juvenile trees
whereas the stem-boring moth focuses attention on mature pinyons. The differences
between these two insects in terms of tissue preference and developmental stage had
dramatic effects on plant architecture, with the needle scale insect generally causing
crown opening and branching and the stem-boring moth generally inducing trees to
form a more dense, compact canopy. These alterations to canopy structure ultimately
had differing effects on local soil microclimate variables, where the effects of the
needle scale insect were more pronounced in terms of increases in soil temperature
and moisture. Scale insects also decreased canopy interception of precipitation more
so than stem-boring moths, which implies that herbivore effects on throughfall as
well as understory and soil microclimate are species-specific. However, it is difficult
to model the functional diversity effects of herbivores on plants because, as men-
tioned before, these effects are environmentally context dependent (Wardle and
Bardgett 2004).

Palatability of foliage and decomposability of litter are examples of physiological
plant traits that are functionally diverse, meaning that they can vary widely across
species (Grime et al. 1990). Relevant herbivore functional traits may include plant
feeding preferences (which can vary in time and space), mobility, and reproductive
rate. The ability to quantify and track these and other traits at the community level
may help to model landscape changes in vegetation and herbivory over time.

Net primary production (NPP) and related plant-mediated processes typically
peak when plant functional diversity is maximized, but herbivore functional diver-
sity also plays a major role in governing diversity-functioning among plant commu-
nities. It is generally assumed that resource partitioning is maximized when the
herbivore community is composed primarily of specialists representing functionally
dissimilar guilds that utilize a variety of available resources efficiently, as opposed to
a community of generalists competing for resources (Diaz and Cabido 2001).

The data to support this claim is thus far inconclusive; however, functional
diversity does seem to play a substantial role in dictating inputs to the decomposer
systems. Risch et al. (2015) used a series of different sized enclosure fences to assess
the impact of herbivores on soil processes. Net N mineralization was highest in the
treatment that excluded large fauna but retained the invertebrate community whereas
mammals decreased total N mineralization. These studies collectively suggest that, in
the short term, changes to the invertebrate herbivore community can have
far-reaching impacts on nutrient cycling by affecting soil quality. Interactions
between aboveground and belowground herbivores also present a challenge for
determining effects on plant growth and diversity. A study by Ruijven et al. (2005)
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revealed that the neutral effects of an aboveground herbivore and the positive effects
of a belowground herbivore were eliminated when both species were present in a
community. Overall plant diversity was reduced as a result of the interactive effect of
selective aboveground defoliation and belowground root consumption.

However, herbivory does not only encompass foliar and root herbivores. A recent
meta-analysis by Zvereva et al. (2010) covered herbivore functional diversity by
consolidating studies on sap-feeding herbivore strategies. It was found that meso-
phyll and phloem feeders had greater negative effects on plants than xylem feeders,
and that generalists exhibit stronger pressures on plant fitness than do specialists.
Sap-feeding herbivores may also inadvertently contribute to belowground inputs by
altering stemflow composition. Stemflow is analogous to throughfall in that it refers
to the process by which precipitation reaches the ground by running down the length
of a plant stem or trunk (Eaton et al. 1973). In this way, stemflow can accumulate
defensive compounds that are leached from trees due to damage from sap-feeding
invertebrates. Indeed, Michalzik et al. (2016) noted positive effects on stemflow
nutrient and micronutrient concentrations in the presence of low-to-moderate pest
aphid activity and further concluded that stemflow can be a useful metric to assess
the impacts of leaf and sap-feeding invertebrates in forest ecosystems.

These examples have showcased that plant diversity and herbivore diversity have
contrasting effects that are often difficult to separate in natural systems. However,
our resolution of these effects may be improved upon further experimentation using
multiple-species communities that directly manipulate functional traits and possible
species interactions, as well as studies that address interactions between multiple
trophic levels.

9.5 Global Change

As humans continue to modify the climate through increases in greenhouse gas
emissions, understanding the complex linkages between aboveground herbivores
and the belowground microbial community will become more important. With
increases in greenhouse gas emissions, there is a subsequent predicted increase in
temperature and soil respiration. Increased microbial respiration will lead to a
feedback effect, exacerbating climate change. In fact, in their review, Bond-
Lamberty and Thomson (2010) estimated that CO, release by the microbial
community is about 10 times the amount released by humans and that it is increasing
by 0.01% per year. This change can be attributed to the rise in global temperature
(Li et al. 2013; Liu et al. 2016). As the climate continues to warm, this positive
feedback loop will only continue to exacerbate global climate change.

Like microbes, invertebrate herbivore metabolism increases under warming con-
ditions. Herbivores tend to consume more as temperatures increase and in turn may
produce more frass (Bauerfeind and Fischer 2013; Cannon 1998; Gherlenda et al.
2016; Kozlov 2008). This leads to an increase in the amount of frass deposition and
could affect the microbial community; however, this feedback loop becomes
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complicated because higher CO, levels in the atmosphere can lead to lower ratios of
C to N within plants (Cannon 1998). Thus, the nutritional value of herbivore frass
may change under higher CO, conditions. Additionally, this increase in consump-
tion can be highly variable depending on the host-pest species and only holds true
when temperatures are between 20 and 30 °C (Lemoine et al. 2014). After this point,
temperature stops being a predictor of consumption, possibly due to heat stress.

To further complicate these interactions, temperature can change trophic interac-
tions. For example, warming has been shown to decrease top-down controls on old
field communities (Barton 2010). In this community, warming had an indirect, but
positive, effect on grasshopper consumption rate because of behavioral changes of
the spiders. As spiders retreated further down in the grassland canopy to escape heat,
there was less overlap between the grasshopper and spider habitats, leading to less
predation (Barton 2010).

Warming can also increase the maturation rate of insects. Many invertebrate
herbivores experience greater growth rates when reared in higher temperature
environments (Cannon 1998). Faster maturation times could lead to increases in
the amount of herbivores within an area because multiple generations could occur
within a season (Patterson et al. 1999), leading to greater inputs of frass and greenfall
to the soil (Bale et al. 2002). Additionally, in a warmer world, pest species may
flourish. For example, mountain pine beetle epidemics are becoming increasingly
prevalent and are spreading into previously unaffected territories due to increases in
temperature (Bentz et al. 2010; Creeden et al. 2014; Cudmore et al. 2010). The
epidemic of beetles may lead to an influx of C as woody debris falls to the soil from
the dead trees. Furthermore, Lepidoptera pests are expected to see increases in
population and distribution (Vanhanen et al. 2007). These increases in Lepidoptera
populations may lead to increases in invertebrate herbivore mediated litterfall,
including an increase in carcasses and frass.

Because of these predicted changes to herbivore population with climate change,
it will become increasingly important to study community level interactions to fully
understand how insect herbivore deposition impacts the microbial community in an
ever-changing world.

9.6 Conclusion

Throughout this chapter, we’ve discussed the components in the above- and below-
ground feedback loop (Fig. 9.1). Additionally, we’ve discussed how interconnected
these processes are on each other. The invertebrate herbivore exhibits top-down
control on the microbes by depositing frass, cadavers, and honeydew, but also by
changing the quality and quantity of litter and precipitation reaching the forest floor.
However, the microbes are also exhibiting bottom-up control on the vegetation by
altering the quality and quantity of nutrients reaching the plants, inevitably altering
the invertebrate herbivores that consume the affected plants. The vegetation itself
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also has a bottom-up control on the invertebrate herbivores because of the produc-
tion of chemical defenses.

Whether an effect is top-down or bottom-up depends entirely on how the system
is being examined. We argue that the system should be examined as a whole because
of all these complicated relationships. Without considering the entire above- and
belowground feedback loop, studies could miss vital ecosystem functions and a
more complete knowledge of how they will withstand environmental change.
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Chapter 10 M)
Eco-evolutionary Factors Driving Plant- s
Mediated Above-Belowground

Invertebrate Interactions Along Elevation
Gradients

Alan Kergunteuil, Moe Bakhtiari, and Sergio Rasmann

10.1 Introduction

The fossil record suggests that invertebrate-centred aboveground (AG) and below-
ground (BG) interactions may have evolved since more than 350 Ma ago
(Labandeira 2013). In this context, research conducted for more than three decades,
has indeed acknowledged that plants act as biological conduits, allowing herbivores
damaging one compartment of soil-atmosphere to affect invertebrate animals on the
other compartment (Bardgett and Wardle 2003; van Dam et al. 2003; Wardle et al.
2004). AG and BG communities can affect each other via modifications at the leaves
and root levels. Such AG-BG modifications at the community level are widespread
in nature and can trickle up to affect ecosystem functioning (Wardle et al. 2004).
While several landmark papers have offered a theoretical framework of how AG or
BG insect communities influence each other (Masters et al. 1993; Hooper et al. 2000;
Wardle et al. 2004; de Deyn and van der Putten 2005; Johnson et al. 2012), the
context-dependency of how plants respond to AG and BG attacks has often offered
deflections from general theory (Hooper et al. 2000; van der Putten et al. 2009; van
Geem et al. 2013). We, thus, here advocate that incorporating ecological gradients in
AG-BG studies can stimulate further research and provide a more generalizable
working framework in this regard.

In nature, a single plant often shelters several herbivores simultaneously,
resulting in important competition dynamics for resource acquisition (Denno et al.
1995). However, direct interference competition does not apply to herbivorous
insects occupying spatially separated organs, such as between roots and shoots
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specialists. Resource allocation and variations in plant primary metabolism have first
been hailed to be the central mechanism underpinning AG and BG herbivore
competition and thereby driving community assemblage across the soil boundary
(Masters et al. 1993). More recently, the need to move toward more integrative
analyses of physiological changes in plants has also been advocated, for instance by
measuring plant secondary metabolism related to plant defences against herbivores
in both roots and shoots (Bezemer and van Dam 2005). These two mechanisms
involved in plant-mediated AG-BG interactions have been, respectively, associated
with the “stress response hypothesis™ (i.e. predominantly driven by plant primary
metabolism) and the “defence induction hypothesis” (i.e. predominantly driven by
plant secondary metabolism) (Bezemer et al. 2002).

Here, we aim at providing new perspectives for expanding the conceptual frame-
work of AG-BG interactions of invertebrate communities colonizing the plants.
Overall, we propose to move beyond AG-BG interactions based on static and
bi-trophic viewpoints by embedding ecological/habitat variations and multi-trophic
interactions. Based on the “stress response hypothesis” and the “defence induction
hypothesis”, we first explore, through an extensive literature review, the main out-
comes in AG-BG interactions, including herbivores and their natural enemies. Then,
we present how variations in environmental conditions along ecological gradients
shape selective forces driving plant defences and how it consequently affects AG-
BG interactions. As final conceptual model, we address variations in AG-BG
interactions along elevation gradients based on the combination of fluctuations in
ecological factors (biotic and abiotic) and evolutionary mechanisms driving plant
defence syndromes (local adaptation and plasticity). Elevation gradients are partic-
ularly well adapted to disentangle the resulting eco-evolutionary factors affecting
AG-BG outcomes due to steady changes in abiotic factors along which biotic
interaction variations can unfold.

10.2 Interactions Between AG and BG Herbivores Are
Regulated by Nutrients’ Allocation and Plant Defences

10.2.1 The Stress Response Hypothesis

The initial theoretical framework for predicting AG-BG interactions was initiated by
Masters et al. (1993). Their predictions for the potential outcomes in the cross-effects
between AG and BG herbivores were mainly based on plant primary metabolism.
While BG herbivory should benefit the AG plant feeders, AG herbivores, on the
contrary, should generally decrease performance of BG root feeders. These effects
were mainly predicted based on resource allocation in response to herbivore attack
and, ultimately, nutrient availability for insects. Specifically, it has been generally
postulated that root feeder attack on BG tissues leads to drought stress. Conse-
quently, water content in leaves decreases, and nutrients, such as nitrogen, amino
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Fig. 10.1 Plant-mediated above—belowground interactions including insects and nematodes. (a)
Effects of root herbivores on foliar herbivores and their natural enemies. So far, studied root
herbivores include phytophagous nematodes, coleopteran, and dipteran larvae. Shoot herbivores
include piercer-suckers and chewers from different insect orders (Hymenoptera, Lepidoptera,
Diptera, Coleoptera, Hemiptera). Natural enemies belong to the Hymenoptera insect order. (b)
Effects of foliar herbivores on root herbivores and their natural enemies. Studied shoot herbivores
include piercer-suckers (Hemiptera) and chewers (Lepidoptera). Root herbivores include hemip-
teran aphids, coleopteran, and dipteran larvae. Natural enemies include Hymenoptera and
entomopathogenic nematodes. Arrows indicate plant-mediated effects via the “stress response
hypothesis” (dark grey) or the “defence induction hypothesis” (light grey). Solid arrows refer to
the examples discussed in the text. Broken arrows are putative and have not been tested. The sign in
the arrowhead reflects whether the plant-mediated effects on herbivores and their natural enemies
are positive (+) or negative (—). The text associated to each arrow indicates the mechanisms altering
invertebrate populations and/or individual performances. N nitrogen, P phosphorus, S sulphur

acids, and carbohydrates, are mobilized in shoots, therefore improving the perfor-
mance of foliar herbivores, specifically phloem-feeders (Fig. 10.1a). Johnson et al.
(2013) for example showed that root feeders (Otiorhynchus sulcatus beetle larvae)
favoured the growth of aphid populations in the field, which was mediated by
changes in carbon, nitrogen, and phosphorus. In the opposite direction, by reducing
the production of photosynthates, AG herbivores have been postulated to mediate a
decrease in root biomass, in turn having negative effects on the root herbivores
(Fig. 10.1b). These patterns were mainly restricted to primary successional plant
communities and with a particular interest in annual plants such as Sonchus
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oleraceus, Capsella bursa-pastoris, or Chenopodium album (Gange and Brown
1989; Moran and Whithman 1990; Masters and Brown 1992; Blossey and Hunt-
Joshi 2003).

10.2.2 The Defence Induction Hypothesis

Although the initial model provided by the “stress response hypothesis” was simple
and elegant, subsequent studies have shown that water stress (and nutrient changes)
in plants does not necessarily result in better performance of several herbivore
groups (Huberty and Denno 2004). In the same study of Johnson et al. (2013), it
was for example shown that O. sulcatus root-feeding weevil larvae decrease the
performance of leaf-chewing sawflies (Nematus olfaciens). Also, as a wider array of
plant species were implemented in AG-BG interactions, predictions were more
unstable and new mechanisms have been proposed to fully understand these inter-
actions. Several authors have thus suggested that AG—BG interactions could only be
unravelled if plant defensive traits—particularly secondary metabolites—were also
included in the model predictions (Bezemer et al. 2002; Kaplan et al. 2008b; van
Dam and Heil 2011; Erb et al. 2015).

Indeed, plant defences play a crucial role in the balance between plants and
herbivores’ populations (Schoonhoven et al. 2005). The general consensus posits
that a relatively few number of conserved hormonal signal pathways, which govern
the expression of the incredible phytochemical diversity in the plant kingdom, have
allowed the evolution of a plethora of plant defence syndromes, in which both the
localized and the systemic induction of defences are of first importance (Pieterse
et al. 2012). Five different hormones related to plant defences have been reported as
mobile signals between AG and BG compartments and are potentially responsible
for AG-BG outcomes: jasmonic acid, auxins, abscisic acid, ethylene, and cytokinine
(Soler et al. 2013). Particularly, since the systemic induction of chemical defences
relies on phytohormones conveyed through the vascular architecture of the entire
plants, and sometimes involved in cross talks, we can expect important cross-effects
between AG and BG defences induced by herbivores sharing a single plant (Johnson
et al. 2016; Papadopoulou and van Dam 2017).

10.3 The Integrative Framework of AG-BG Bi-trophic
Interactions

While, both the “stress response hypothesis” and the “defence induction hypothesis”
are valid, it is clear that the most relevant framework is the one combining all
explanatory factors based on both nutrient allocation and induced plant defences,
and additionally, distinguishing herbivore guilds, such as phloem-feeders or chewers
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(Bezemer et al. 2002; Bezemer and van Dam 2005; Soler et al. 2013). Hereafter, we
present recent evidence supporting this integrative model, particularly outlined by
Soler et al. (2013), first from roots to shoots (Fig. 10.1a) and second from shoots to
roots (Fig. 10.1b). Given the asymmetry in research concerned by AG and BG insect
herbivores, we discriminate plant-mediated effects affecting AG herbivore guilds
although we do not distinguish BG herbivore guilds since the overwhelming major-
ity of studies were interested in insect root chewers. Nonetheless, we also extend the
dialogue to other soil-dwelling invertebrates such as the nematodes. Most of the
studies interested in AG-BG interactions put emphasis on insects and microorgan-
isms such as pathogens, but generally ignoring soil-dwelling nematodes despite their
crucial contributions to soil ecosystem functioning and the linkage between AG and
BG compartments. Indeed, field surveys have clearly shown that dynamics in root-
feeding nematodes and leaf-feeding insects are interconnected through plant-
mediated effects (Kaplan et al. 2009). The numerous roles played by nematodes in
BG energy flows rely on a wide range of feeding groups such as herbivore,
bacterivore, fungivore, or substrate decomposer (Yeates et al. 1993). In this section,
we implement herbivorous nematode in AG-BG interactions, while the effects of
additional trophic guilds, such as entomopathogenic nematodes, are discussed in
Sects. 10.4 and 10.5.

10.3.1 From BG to AG

Generally, BG chewing herbivores have been reviewed to negatively affect leaf-
chewers, while they generally facilitate phloem-feeders located on AG compart-
ments (Fig. 10.1a). In the former case, for instance, the larvae of the western corn
rootworm (Diabrotica virgifera virgifera) attacking corn plants (Zea mays) are
responsible for the activation of genes related to abscisic acid in leaves, thereby
increasing both plant defence and plant priming and limiting the development of AG
chewers such as Spodoptera littoralis caterpillars (Erb et al. 2009, 2011). However,
depending on the organs where phytotoxins are produced, we can expect different
patterns. Indeed, since nicotine production in tobacco roots is strongly disrupted by
root-feeding nematodes (Meloidogyne incognita), nicotine cannot be mobilized in
shoots under nematode attack, thus resulting in facilitation of leaf-chewers such as
Manduca sexta (Kaplan et al. 2008a) (Fig. 10.1a). In parallel, independently from
plant defences, assimilate translocation and nitrogen mobilization from root to shoot
were shown to enhance the abundance of leaf aphid (e.g. Brevicoryne brassicae)
compared to control plants when Sinapis arvensis is attacked by wireworms
(Agriotes sp.) (Poveda et al. 2005) (Fig. 10.1a). Interestingly, while both the “stress
response hypothesis” and the “defence induction hypothesis” are generally consid-
ered as completely separated processes, Kaplan et al. (2011) highlighted that they are
not necessarily mutually exclusive and can be even inter-dependent. In their study
conducted on tobacco plants, they showed that root-knot nematodes (M. incognita)
drastically diminished the performance of foliar-feeding aphids (Myzus persicae).
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Since these two different herbivores locally promote nutrient sinks for their own
benefits, strong leaf—root sink competitions were expected. However, this hypothesis
was not conclusive. Kaplan et al. (2011) consequently advocated for defence-
mediated mechanisms for explaining these patterns, while they also stressed the
interdependency of nutrient sinks and defensive metabolism. Indeed, local accumu-
lation of photosynthates can also provide carbohydrates for the production of
defensive metabolites.

10.3.2 From AG to BG

A proportionally smaller number of studies have addressed the effects of shoot
feeders on root herbivores. AG herbivores, including chewers and phloem-feeders,
are generally reported to decrease the performance of BG herbivores belonging to
their respective trophic guilds (Fig. 10.1b). The mechanisms underpinning the
negative effects of AG herbivores on root feeders rely on nutrient allocation
and/or chemical defences depending on the biological models. In Z. mays, perhaps
the most studied system in this context, it has been shown that the negative effects of
AG herbivores on BG pests result from different processes related to plant defence.
Indeed, foliar chewers such as S. litforalis alter profiles of both soluble phenolic
compounds and root volatiles, thereby modifying antibiosis and antixenosis of maize
roots towards the western corn rootworm D. v. virgifera (Robert et al. 2012; Erb et al.
2015) (Fig. 10.1b). For brassicaceous plants, similarly, leaf-chewers such as Pieris
brassicae decrease the performance of cabbage root maggot (Delia radicum),
without affecting root biomass. This outcome is likely supported by the effect of
AG herbivores on root variations in defensive compounds such as specific
glucosinolates (Soler et al. 2007). Along the same lines, foliar aphids (Hayhurstia
atriplicis) feeding on Chenopodium album also reduce root aphids’ populations
(Pemphigus betae), although the proposed underlying mechanisms relied on nutrient
availability, since host plant attacked by AG herbivores reduced root biomass by
21% (Moran and Whithman 1990) (Fig. 10.1b). On the contrary, it was shown that
AG chewers (e.g. M. sexta) or aphids (Rhopalosiphum padi) can also increase root
biomass or root mineral content (e.g. C, S), consequently benefitting root-knot
nematodes (M. incognita) (Kaplan et al. 2008a), or root chewer (Agriotes spp.)
performance (Johnson et al. 2009) (Fig. 10.1b).

In sum, although many examples support the AG-BG integrative framework
from root to shoot and in the opposite direction, few studies also reported difficulties
in seeking to apply basic assumptions of the “stress response hypothesis” (see,
e.g. Fig. 10.1b showing positive effect of nutrient dynamics from shoots to roots)
and the “defence induction hypothesis” (see, e.g. Fig. 10.1a showing positive effect
of relaxation in defence induction in shoots following root attack).
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10.4 Integrating the Third Trophic Level on AG-BG
Interactions

As initially recognized by Price et al. (1980), most species interactions involve at
least three trophic levels: plant, herbivore, and their natural enemies. Population
densities of herbivores and their natural enemies are intimately correlated, and
ultimately influence plant biomass available for both AG and BG herbivores. In
addition, plants under herbivore attacks can produce information-rich cues enabling
top predators and parasitoids to locate preys, and consequently setting the stage for
tri-trophic interactions to unfold (Dicke and Baldwin 2010; Kessler and Heil 2011).
Indeed, research performed over almost 30 years has shown that indirect plant
defences, where plant traits regulate the recruitment of natural enemies, are wide-
spread in nature in both AG (Mumm and Dicke 2010) and BG (Johnson and
Rasmann 2015) compartments. Therefore, understanding the ecological significance
of AG-BG interactions for ecosystem functioning requires a multi-trophic perspec-
tive, whereby herbivores and natural enemies could directly and indirectly interact
through density-dependant and trait-dependent mechanisms (Soler et al. 2012).

10.4.1 From BG to AG

To date, the majority of studies that included the third trophic level in AG-BG
interactions have mainly focused on the effect of root feeders on AG tri-trophic
interactions. BG herbivores have been shown to drive either the abundance or the
performance of AG natural enemies in several systems. Concerning the abundance,
two different field studies have reported an increase in AG natural enemies’ popu-
lation following root herbivore attacks (Masters et al. 2001; Johnson et al. 2013),
while one study showed a strong negative effect of root herbivores on parasitoid
abundance (White and Andow 2006) (Fig. 10.1a). The authors suggested different
reasons for these contrasted patterns. In the two former cases, density-dependent
mechanisms were retained, in which the increase in AG herbivores abundance
(Terellia ruficauda or N. olfaciens) facilitated by the root feeders (Phyllopertha
horticola or O. sulcatus, respectively) merely caused a subsequent increase in
natural enemies’ population (Torymus chloromerus, Aphidius spp., respectively).
In the second case, the negative correlation between root herbivory and abundance
of AG parasitoids (Macrocentrus grandii) regulating the European corn borer
(Ostrinia nubilalis) relied on plant-habitat modification by BG herbivores (D. v.
virgifera). Specifically, in corn fields, D. v. virgifera rootworm feeding reduced plant
height and plant density, resulting in open habitats, which are detrimental for natural
enemies of the European corn borer (White and Andow 2006).

Concerning plant secondary metabolites, one experiment conducted on
brassicaceous plants has underlined a negative effect of BG herbivores
(D. radicum) on the development time of AG parasitoids (Cotesia glomerata) of
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P. brassicae due to cascading effects of phytotoxins along tri-trophic food chain
(Fig. 10.1a; Soler et al. 2005). It was also shown that BG herbivores can also alter the
foraging behaviour of AG natural enemies through the modification of plant traits
mediating their recruitment (Fig. 10.1a). For instance, Triadica sebifera plants
produced lower amount of extra-floral nectar when they are co-attacked by both
adults (AG) and larvae (BG) of Bikasha collaris leaf beetles compared to plants only
facing AG adult herbivory (Huang et al. 2015). In addition, BG herbivores have also
been shown to affect information-providing plant traits, such as the foliar emissions
of herbivore-induced plant volatiles (HIPVs), thereby disrupting the attraction of AG
natural enemies. For instance, changes in volatile profiles released by Brassica nigra
exposed to dual infestation in both AG (P. brassicae) and BG (D. radicum) com-
partments have been suggested to be used by C. glomerata to optimize parasitism
behaviour (Soler et al. 2012). Finally, volatiles induced by Spodoptera littoralis
feeding, and subsequent Cotesia marginiventris parasitoid wasps recruitment were
lowered by the presence of root feeders (D. v. virgifera) (Rasmann and Turlings
2007). Together, this suggests that root herbivores can affect aboveground food-web
dynamics, ultimately inflecting plant fitness, but the net outcomes remain to date
largely unpredictable.

10.4.2 From AG to BG

To our knowledge only two studies addressed the effect of AG herbivores on BG
natural enemies and tri-trophic interactions. One example supports the hypothesis of
the cascading effects of host quality from the second to the third trophic level
(Fig. 10.1b). Indeed, systemic changes and accumulation of toxic glucosinolates in
the roots of Brassica nigra in response to shoot-feeding herbivores (P. brassicae)
lead to a reduction in the performance of both root feeders (D. radicum) and their
natural enemies such as Trybliographa rapae parasitoid wasps (Soler et al. 2007).
Secondly, it was shown that aboveground feeding by S. littoralis caterpillars resulted
in the inhibition of the sesquiterpene (E)-p-caryophyllene production in the roots
after corn rootworm (D. v. virgifera) attack. Such a reduction of the HIPV's produc-
tion was correlated with a reduction in the recruitment of Heterorhabditis megidis
entomopathogenic nematodes to the damaged roots (Rasmann and Turlings 2007).

Because of the paucity of work on such interactions, we have recently performed
similar AG-BG studies on additional two naturally-occurring systems: the plant
species Cardamine impatiens and C. pratensis (Brassicaceae), the cabbage root fly
Delia radicum (Diptera: Anthomyiidae), and the entomopathogenic nematodes
Heterorhabditis megidis (Rhabdita: Herorhabditidae). Cardamine impatiens and
C. pratensis generally occupy low- to mid-elevation forested habitat and grasslands
of Central Europe, respectively. They have been shown to vary in chemical profiles
of leaf glucosinolates and volatile organic compounds production within the
Cardamine complex of 16 species commonly growing in Switzerland (Pellissier
et al. 2016). We used a custom-made four-arms BG olfactometer, modified after the
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Fig. 10.2 Aboveground herbivore effect on belowground tritrophic interactions. Shown are the
means (£ SE) of the number of entomopathogenic nematodes (Heterorhabditis megidis) recruited
in each of the four arms of the olfactometers [(1) control plants without infestation, (2) plants
attacked with Delia radicum larvae only, (3) plants attacked by both D. radicum and the caterpillars
Pieris brassicae, and (4) plants attacked by both D. radicum and the aphid Brevicoryne brassicae]
across two Cardamine species. For each species, differences among the numbers of nematodes
recruited are represented with different letters above bars (GLM, “quasipoisson” family, P < 0.05).
Circles below the bars represent root biomass for each treatment (mean £ SE). For each species,
circle areas are proportional to root biomass of control plants. Differences in root biomass between
treatments are represented with different letters inside the corresponding circles (LM after square
root transformation, P < 0.05)

original six-arm belowground olfactometer (Rasmann et al. 2005), to test the
attraction of entomopathogenic nematodes toward four different odour sources:
(1) control plants without herbivory, (2) plants infested with the specialist root
chewers Delia radicum, (3) plants co-infested with D. radicum and AG leaf-chewers
(Pieris brassicae; Lepidoptera: Pieridae), and (4) plant co-infested with D. radicum
and AG phloem-feeders (Brevicoryne brassicae; Hemiptera: Aphididae). As shown
in Fig. 10.2, we tested the two different Cardamine species separately. Overall, we
observed consistent patterns in the BG attraction of natural enemies toward each
treatment (Fig. 10.2). Although the presence of root herbivores strongly enhanced
the attraction of natural enemies, this pattern was negatively affected by AG
herbivores, indicating that AG herbivores, independent of their feeding guilds,
reduce the ability of roots to signal distress when damaged by root herbivores. The
exact mechanisms of such reduction in predator recruitment are yet to be elucidated,
but hypotheses could be advanced. On one hand, it is important to note that far less
nematodes were attracted by C. pratensis whose root biomass represents only 4.5%
of C. impatiens. Hence, this lower attraction of BG natural enemies could be due to
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lower, biomass-related root emissions of informative compounds (e.g. exudates,
CO,, HIPVs). On the other hand, when considering independently each Cardamine
species, nematode attraction and root biomass were no longer correlated. Indeed,
despite an increase in root biomass due to AG herbivores, C. pratensis with foliar
feeders were less attractive to entomopathogenic nematodes in comparison to plants
infested only with root feeders. Thus, this study does not fully support the hypothesis
predicting that shifts in resource allocation, in this case from shoots to roots,
necessarily benefit to BG tri-trophic interactions. To elucidate the role of root quality
in BG recruitment of EPN, further analyses of root emissions of HIPVs are surely
required to better understand how AG herbivores alter indirect BG defences.

In general, in conjunction with the current work for shedding light on the
molecular mechanisms governing plant-mediated AG-BG interactions
(Papadopoulou and van Dam 2017), we should also increase efforts to expand on
broader ecological approaches. Thus far, most of the research interested in
implementing tri-trophic interactions into AG-BG interactions has focused on
bottom-up effects of herbivory on the third trophic levels. However, because para-
sitoids and predators modulate the magnitude of herbivory, we can reasonably
assume that top-down forces exerted by herbivore’s natural enemies might also
fashion AG-BG interactions. Along this line, further research should take into
account the influence of natural enemies according to their life history traits
(e.g. koinobiont or idiobiont) and the host stage attacked (e.g. egg or larva). Indeed,
those ecological parameters may affect herbivore pressures and plant stoichiometry
differentially across soil boundary. More generally, studying AG-BG interactions
along ecological gradients could greatly contribute to unravelling the selective forces
exerted on such interactions, thereby providing a better understanding of the out-
comes of such interactions in plant-associated invertebrate communities.

10.5 Ecological and Evolutionary Drivers of Plant Defences

To fully grasp the role of different ecological and evolutionary factors responsible
for shaping the strength of plant-mediated AG-BG interactions, we propose to
expand the current thinking into a spatially and temporally explicit model. Indeed,
different physical characteristics of the AG and BG compartments can differently
influence the temporal and spatial processes that shape interactions between plants
and organisms. Taken together, these differences result in infrequent attacks in roots
compared to shoots, even if they are more intense and more persistent when they
occur (Rasmann and Agrawal 2008). As a consequence, plants may have evolved
alternative strategies to respond to herbivores in each compartment (van Geem et al.
2013; Johnson et al. 2016). Ecological gradients are optimal systems for studying
shifts in species interactions in varying environmental conditions (Korner 2007;
Beier et al. 2012; Pellissier et al. 2012; Rasmann et al. 2014a), in which variations in
biotic and abiotic factors could be harnessed for better evaluation of the ecological
and evolutionary forces driving the strengths of AG-BG interactions. Elevation
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gradients, particularly, because they impose a sharp variation in abiotic factors over
relatively short distances, act as natural experiments under which biotic interactions
can be evaluated (Darrow and Bowers 1997; Salmore and Hunter 2001; Zehnder
et al. 2009; Rasmann et al. 2014a). Below, we first discuss how elevation gradients,
specifically, affect plant defences in light of classic plant defence theories. Subse-
quently, we aim at dissecting the selective forces exerted on plant defences along
steep elevation slopes and, ultimately, governing AG-BG interactions in mountain-
ous ecosystems.

10.5.1 Plant Defence Variation Along Ecological Gradients

The type of defence and the relative amount of energy allocation by plants should
represent an optimal strategy considering the local abiotic conditions (e.g. soil
resources, climate, photosynthesis activity) and the abundance and identity of
attackers (Herms and Mattson 1992; Fine et al. 2004). Specifically, along elevation
gradients, explanations for the variability in plant defence deployment rely on two
contrasting different predictions. First, the “resource availability hypothesis” postu-
lates that low-resource habitats should favour plants with slow growth rates, but with
high level of defences, due to the high cost of tissue loss (Coley et al. 1985).
Therefore, it is expected that high elevation plants, living in poorer soils and in
harsher and colder environments, should exhibit high levels of defences. Such
postulate was corroborated by several studies. Using the 16 species of Cardamine
(Brassicaceae) growing in Switzerland, Pellissier et al. (2016) showed that high
elevation species invest in higher levels of constitutive production of glucosinolates,
and are less inducible, than their low-elevation counterparts. Along the same lines,
another study showed that both herbivory and plant phenolics in an oak species
(Quercus sp.) increased at higher altitudes and temperature was the most important
factor associated with the altitudinal increase in herbivory, indicating that altitudinal
gradients in herbivory are associated with abiotic factors independently of altitudinal
clines in plant defences (Abdala-Roberts et al. 2016). However, given the relatively
low upper limit of the altitudinal range sampled (maxima at 900 m), high-altitude
sites likely enjoyed a more moderate climate relative to the hotter and drier
low-elevation sites, likely imposing greater abiotic stress on insect herbivores and
plants (Abdala-Roberts et al. 2016). Finally, Salgado et al. (2016) also found that
high-elevation host plant populations of Lotus corniculatus produced higher levels
of cyanogenic glycosides compared with low-elevation populations.

Second, the “optimal plant defence hypothesis” suggests that, since the produc-
tion of chemical defences is supposed to be costly (Gershenzon 1994; Cipollini et al.
2003), defences should decrease at high elevation where herbivore abundance and
attack rates are lower. Therefore, where herbivore pressure is low, such as at high
elevation, plant defences should decline. In accordance, two studies along elevation
gradients showed that entire plant communities at high elevation are composed of
species more palatable to herbivores, and this shift of plant palatability along
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elevation gradients may be the outcome of a relaxation of herbivore pressure and
changes in abiotic condition (Descombes et al. 2016; Callis-Duehl et al. 2017).
Moreover, another study showed a clear correlation between the decrease of herbiv-
ory pressure with increasing elevation and the production of toxic iridoid glycosides
in Plantago lanceolata plants (Pellissier et al. 2014). Furthermore, S. litforalis
caterpillars experienced lower survival and grew significantly less rapidly on
low-elevation P. lanceolata ecotypes when compared with high-elevation ecotypes
growing in common garden, likely suggesting that plants were locally adapted to
variation in herbivore pressure, rather than purely the product of the available
resources during the growing season (Rasmann et al. 2014b). Finally, a phylogenet-
ically controlled experiment across 16 pairs of high and low elevation species
showed that high-elevation plants are overall less resistant than their congeneric
low-elevation relatives (Pellissier et al. 2012).

Plant indirect defences also vary along elevation gradients due to fluctuations in
the presence and abundance of the third trophic level which are expected to influence
the expression and adaptive value of plant defence strategies (Nuifiez-Farfan et al.
2007). A recent study of tri-trophic interactions and indirect shoot defences along
elevation gradient indicated that plants at high elevations produced lower constitu-
tive volatile organic compounds, and subsequently were less attractive for natural
enemies such as ants, whereas inducible defences increased with elevation. These
trade-offs between constitutive and inducible indirect defences were correlated with
the variation in abundance of ants along the elevation gradient (Rasmann et al.
2014b). When considering root indirect defences, a decline in predatory nematode
communities (Kergunteuil et al. 2016) is correlated with high elevation Festuca
rubra plants producing different blends of HIPVs and a general reduction in
nematode recruitment, when compared to low-elevation ecotypes (Kerguteuil
et al., unpublished).

In sum, more than 40 studies that have dealt with plant defences along elevation
gradients (Moreira et al. 2017) suggest contrasted patterns of defence investment
along elevation gradients across species, indicating that different species may show
dissimilar sensitivities to herbivore abundance and abiotic conditions, leading to a
lack of a clear trend when considering all species individually (Rasmann et al.
2014a). Therefore, research models focusing on biotic interactions should include
abiotic conditions, and, undoubtedly, more empirical data on leaf and root damage,
herbivore pressure, and insect communities that have colonized the different envi-
ronments are needed to test whether herbivores and/or abiotic conditions are the
main drivers of plant defence evolution (Pellissier et al. 2012).

10.5.2 Evolutionary Forces Driving Plant Defences

Several compelling studies have shown that insect herbivory can exert strong
selection on the evolution of anti-herbivore defences (Ehrlich and Raven 1964,
Mauricio and Rausher 1997; Fine et al. 2004; Agrawal et al. 2012; Zust et al.
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2012). However, studies measuring the selection on plant defence traits in response
to AG-BG herbivory and estimating evolutionary response of plants to such inter-
actions are currently lacking, perhaps due to the complexity of the experimental
manipulation needed. Nonetheless, few attempts have been made at investigating the
fitness impact of AG-BG herbivory. A study showed that while both AG and BG
herbivory affects fitness in cucumber plants, root herbivory affected the fitness, such
as fruit size and production as well as seed production, more consistently (Barber
et al. 2011). In a 3-year study on Lupinus arboreus, Maron (1998) showed that the
suppression of AG herbivory increased mean seed production by 45%, suppression
of BG herbivory by 28%, while the combined suppression of AG-BG herbivory
increased the mean cumulative fecundity by 94%.

Spatial variations in both biotic and abiotic conditions AG and BG generate
strong variation in plant phenotypes, and these factors in turn are able to cause
strong changes in plant biomass, nutrient allocation, water content, or concentration
of defence compounds, while genetic adaptations and/or phenotypic plasticity
enables plants to cope with heterogeneous environments. In turn, the resulting
changes in plant quality may strongly interact with behaviour and population
dynamics of associated arthropod community. Taken together, plants’ defence
syndrome toward herbivores is the outcome of positive and negative integrations
at the plant physiological level and their emerging ecological properties (Agrawal
et al. 2009). In this context, the deployment of defensive strategies by plants growing
in shared ecological niches, and experiencing similar biotic and/or abiotic stresses,
has been supposed to converge, thus providing an alternative mechanism to phylo-
genetically conserved patterns of plant defences. In general, evolutionary response to
environmental changes can be transmitted through both genetic and nongenetic
inheritance (Bonduriansky et al. 2012), thus providing complex mechanisms for
adaptive radiation of plant defence syndromes along ecological gradients. For
instance, epigenetics has been reported as an interesting mechanism involved in
plant transgenerational resistance towards herbivores. Such evolutionary process is
likely indicative of the ability of plants to cope with rapid changes in the environ-
ment with non-permanent strategy (Rasmann et al. 2012a, b). However, it is largely
unknown whether the effect of BG communities on AG plant—insect interactions,
and vice versa, also depends on epi-genotypic variation (Kabouw et al. 2011;
Vandegehuchte et al. 2011).

Parallel to ecological factors and genetic variability affecting plant material
carrying hereditary information, variation in defence traits in plants may be also
forged by energy demand-driven trade-offs at the phenotypic level (van der Putten
et al. 2001). The notion of trade-off has been used to explain why so few plants—if
any—are free from herbivory, as the co-expression of defences and other vital
physiological traits are limited by shared resources (Futuyma and Moreno 1988).
Trade-offs occur either through opposing selection placed on a single trait by
different selective agents, referred to as one-trait trade-offs, or as a multiple-trait
trade-off where multiple traits share same limiting resources and that are under
directional selection to increase. Negative correlations between traits can be
interpreted as either trade-off or an adaptation. However, even if it is often difficult
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to distinguish the outcome of negative correlation, adaptation is a more likely
scenario when negative correlation is detected between traits that are both costly
and redundant (Agrawal et al. 2010). For example, the negative correlation between
constitutive and induced defence maybe an adaptive correlation where expression of
both may be redundant, as it may provide little benefits, and is costly. On the other
hand, constitutive and induced defence may trade-off as they may compete for same
limiting resources that prevent the simultaneous expression of both. Among
populations, different plant traits can be selected depending on the local biotic and
abiotic conditions. Consequently, the resulting local adaptation means that individ-
ual plants have higher fitness at their local sites compared to other sites. In other
words, local adaptation could result from trade-offs at key loci where native alleles
show a fitness advantage relative to foreign alleles (antagonistic pleiotropy). Alter-
natively, multiple independent loci could interact to produce local adaptation at the
organismal level, if alleles at some loci are beneficial in only one environment, but
neutral in the contrasting environment, and alleles at other loci show the opposite
pattern (conditional neutrality) (Anderson et al. 2011). Trade-off in local adaptation
can be caused by allocation costs, limited resources, or ecological or genetic
constraints (Kalske et al. 2012). Due to the constraining effect of limited resources
that can be allocated to different traits by plants, different trade-offs have been
reported among growth and defence (Herms and Mattson 1992), tolerance and
defence (Strauss and Agrawal 1999), and among defensive traits such as between
direct and indirect defence (Balhorn et al. 2008), or as mentioned above, between
constitutive and inducible defence (Heil et al. 2004).

Overall, while variations in ecological niches along ecological gradients may
influence differentially AG and BG compartments, shoots and roots are expected to
respond differently to environmental fluctuations (van Dam 2009; Gargallo-Garriga
et al. 2015). In the last section, we aim at developing a conceptual model to predict
AG-BG outcomes along ecological gradients based on variations in AG and BG
plant defences, and associated trade-offs, under changing environments.

10.6 A Conceptual Model of AG-BG Interactions Along
Ecological Gradients

The different types of plant defences presented above (e.g. constitutive/inducible,
direct/indirect) are not mutually exclusives and act in concert to shape the full
defence syndromes against herbivores. We here propose to integrate the main
defence theories to design a conceptual model for predicting plant defences in shoots
and roots along ecological gradients, i.e. mountain slopes in our case, and ultimately
estimating the consequences on AG-BG interactions. This could represent a prom-
ising roadmap for disentangling eco-evolutionary factors driving plant defences and
AG-BG outcomes.
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Fig. 10.3 Conceptual model of aboveground-belowground (AG-BG) interactions along elevation
gradients. Moving from low to high elevation, plants should experience an increase in abiotic
stressors, a decline in nutrient availably, a decline in aboveground herbivore pressure, but an
increase in root colonization by herbivorous nematodes. For herbivore pressures, the relative
abundances of aboveground and belowground herbivores have been computed based on field
surveys as described in Pellissier et al. (2012) which surveyed butterflies and Kergunteuil et al.
(2016) which surveyed soil-dwelling herbivorous nematodes. See the text for details on predicting
the evolution of both constitutive and inducible defences and finally the strength of AG-BG
interactions along the gradient

10.6.1 Constitutive Production of Defences

Basic considerations of optimal defence theory predict that plants should be less
defended against herbivores at high elevation (cf. details in Sect. 10.5). Costly
defences such as constitutive defences should fit particularly well with this pattern.
On one hand, as indicated in Fig. 10.3, nutrient availability decreases with elevation
(e.g. Thébault et al. 2014), thereby reducing the pool of resources that can be
mobilized by plants independently from their allocation (e.g. defence, growth,
reproduction). On the other hand, at high elevation, abiotic stresses become more
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important (Hodkinson 2005), suggesting that plants might be under selective pres-
sures for redirecting resources towards additional needs such as physiological
response to partial pressures, short wavelength radiation, or low temperatures.
However, optimal defence theory also requires to consider the risk of herbivore
attacks and the selective gain in deploying constitutive defences (Stamp 2003). At
this point, abiotic (e.g. nutrient availability, temperature, partial pressures) and biotic
conditions (e.g. herbivory, plant competition) can act in concert or represent antag-
onist drivers of constitutive defence depending on plant compartment. In shoots, at
high elevation, the limitation of constitutive anti-herbivore defences due to abiotic
factors might be reinforced by the reduction in abundance of aboveground herbi-
vores (Fig. 10.3; Pellissier et al. 2012). On the contrary, Fig. 10.3 highlights that
belowground herbivory increases with elevation. This was particularly shown for
root-feeding nematodes (Kergunteuil et al. 2016). In this context, predicting consti-
tutive defence levels of roots at high elevation remains challenging since abiotic and
biotic properties of habitats exert opposite selective pressures from the optimal
defence hypothesis perspective. Nonetheless, shifting the conceptual framework
towards additional plant defence hypothesis, such as the resource availability
hypothesis, could represent a wealthy perspective to avoid a dead-end issue. Indeed,
according to this latter hypothesis, poor resource environments, such as those found
at high elevation, should promote slow-growth plants that are well-defended since
the replacement of tissue due to herbivory is more costly compared to plants growing
in resource-rich environments, like low elevation habitats (cf. details in Sect. 10.5;
Coley et al. 1985; Rasmann et al. 2014a). Thus, when considering higher risk of root
attacks at high elevation and resource availability hypothesis, we can expect higher
constitutive level of root in alpine habitats (Fig. 10.3). To summarize, based on
current natural history observations, constitutive defence should be higher in shoots
of low elevation plants, while they should be higher in roots of high elevation plants.

10.6.2 Inducibility of Defences

Two different plant defence hypotheses concomitantly support higher expression of
inducible defences at intermediate elevation for both plant compartments (Fig. 10.3).
First, at the genetic level, the optimal defence theory states that “low probability of
attack are expected to exhibit greater inducibility than those with a high probability
of attack because the latter would benefit more by high levels of constitutive
defences” (Stamp 2003). In this context, shoots and roots that are less exposed to
their respective herbivores from intermediate elevation are presumed to redirect
defence investments from constitutive to inducible defences at mid-elevation. For
shoots, above mid-elevation, inducible defences should consequently prevail rela-
tively to constitutive defences. On the contrary, for roots, plants located below
mid-elevation should express more inducible than constitutive defences. Second,
at the phenoytypic level, the “carbon-nutrient balance hypothesis” assumes that
defences rely on a combination of baselines and flexible allocation of resources,
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whose proportions vary along environments (Bryant et al. 1983; Stamp 2003). Per
this hypothesis, more resources could be supplied to inducible defences against
insects at mid-elevation. Indeed, at high and low elevation, growth requires most
carbohydrates produced by plants due to harsh conditions or plant competition,
respectively, resulting in lower amount of resources available for inducible defences
in roots and shoots, respectively.

10.6.3 Plant Defence and Plant Tolerance Mediate
the Strength of AG-BG Interactions Along Elevation
Gradients

Here, we propose that AG-BG interactions should be enhanced at intermediate
elevation based on both “defence induction hypothesis™ and “stress response hypoth-
esis”. In the former hypothesis, the elevation patterns in constitutive and inducible
defences discussed above support the idea that phytochemical connectivity between
plant compartments should be strengthened at mid-elevation (Fig. 10.3). At extreme
elevations, constitutive expression of plant defences in shoots and roots in low and
high habitats, respectively, could locally monopolize phytotoxins and reduce
bi-directional exchanges between plant compartments. Reversely, at intermediate
elevation, higher levels of inducible defences in both roots and shoots should favour
translocation of secondary metabolites between plant compartments and promote
mechanisms underlying the “defence induction hypothesis”. Moreover, the overall
production of secondary metabolites could also be enhanced at intermediate eleva-
tion according to the “growth-differentiation balance hypothesis” (Herms and
Mattson 1992). Indeed, secondary metabolites should tend to accumulate in plants
located in intermediate resource conditions like mid-elevation habitats. In such
environmental conditions, while abiotic factors do not drastically restrict photosyn-
thesis yet, resource availability already slows down growth, thereby enabling the
accumulation of secondary metabolites (Herms and Mattson 1992; Stamp 2003).
Stronger AG-BG interactions at intermediate elevation could also rely on mech-
anisms related to primary metabolism and the “stress response hypothesis”. Consid-
ering trade-offs between plant tolerance and plant defences, two different selective
drivers could enhance nutrient exchanges across plant compartments. First, when
tolerance prevails, plants require diverting resources away from attacked area for
later re-growth. In this context, several studies have demonstrated increased flow of
resources from shoots to roots, and vice-versa, following AG and BG herbivory
(Schultz et al. 2013; Robert et al. 2014). At mid-elevation, given that plant’s
accumulation of resources occurs in habitats with already reduced nutrient availabil-
ity but subsisting herbivory pressures, we can expect that this “bunkering” of
resources remains under important selective pressures optimizing re-growth effi-
ciency. Second, when plant anti-herbivore syndromes are mainly composed by
defensive strategies, we believe that mid-elevation versatile risks in herbivory in
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both root and shoots (Fig. 10.3) could also promote nutrient exchanges between
plant compartments. In such habitats, characterized by unpredictability in herbivory,
efficient mobility of nutrients (but also signals or secondary metabolites) across AG
and BG compartment could be well adapted for fast induction of defences and local
de-novo synthesis of phytotoxins in attacked plant compartment (Schultz et al.
2013).

10.7 Conclusion

Research in plant-mediated AG-BG interactions is generating a wealth of novel
information in community ecology. While most of studies have focused on AG and
BG herbivore—plant interaction, some authors have already paved the way for future
research integrating the third trophic levels. However, there is still a major gap in
knowledge about the top-down forces exerted by herbivore’s natural enemies on
AG-BG interactions. This book chapter also stresses the interest of elevation
gradients to study eco-evolutionary drivers of plant-mediated AG-BG interactions.
Based on variations in abiotic and biotic conditions along mountain slopes, we
assume that the defence induction and the stress response hypotheses may concom-
itantly enhance AG-BG interactions at mid-elevation. Parallel to mountain slopes,
various ecological gradients, such as latitudinal gradients, host similar variations in
abiotic and/or biotic factors. When those variations occur in similar patterns as
compared to elevation gradients, our predictive model could be used to infer the
resulting outcomes of AG-BG interactions for a wider range of large-scale ecolog-
ical gradients.
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Chapter 11 ®)
Cross-Compartment Herbivory Effects s
on Antagonists and Mutualists and Their
Consequences for Plant Fitness

Nicholas A. Barber

11.1 Introduction

The rapid expansion of belowground ecology research has led to an appreciation of
the ubiquity of interactions between organisms in the rhizosphere and those above-
ground (Bardgett and Wardle 2010; Soler et al. 2013; A’Bear et al. 2014). Plants
frequently play important roles in these interactions as links between the two
compartments of terrestrial ecosystems. Plant stems, leaves, and flowers above-
ground are intimately linked to roots below the soil surface, making individual
plants mediators of cross-compartment indirect effects (Soler et al. 2008, 2013).
Increased knowledge of these effects, and their incorporation into ecological theory
(Masters et al. 1993; van der Putten et al. 2009; Vannette and Hunter 2011), has
paralleled the broader recognition among ecologists of indirect effects in general
(Strauss 1991; Wooton 1994; Ohgushi 2005).

Indirect effects mediated by a shared host plant can involve diverse and taxo-
nomically unrelated organisms that have either positive or negative effects on plant
growth and fitness (Karban and Baldwin 1997; Ohgushi 2005). Herbivore-herbivore
interactions have been studied most often, but indirect interactions can also involve
mutualists. Mutualisms are demonstrably important at organismal, population, com-
munity, and ecosystem levels (Holland et al. 2002; Bronstein 2009; Wilson et al.
2009; Prior et al. 2015), so their inclusion in aboveground-belowground research is
certainly warranted. Twenty years ago, Sharon Strauss and colleagues demonstrated
that leaf herbivores, through their direct effects on Raphanus raphanistrum (wild
mustard, Brassicaceae) floral characteristics, could indirectly alter the behavior of
pollinators (Strauss et al. 1996; Lehtila and Strauss 1997). Such shifts in pollinator

N. A. Barber (P<)

Department of Biological Sciences and Institute for the Study of the Environment,
Sustainability, and Energy, Northern Illinois University, DeKalb, IL, USA

e-mail: nbarber @niu.edu

© Springer International Publishing AG, part of Springer Nature 2018 247
T. Ohgushi et al. (eds.), Aboveground—Belowground Community Ecology, Ecological
Studies 234, https://doi.org/10.1007/978-3-319-91614-9_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91614-9_11&domain=pdf
mailto:nbarber@niu.edu

248 N. A. Barber

visitation patterns showed that herbivores had the potential to impact plant fitness
through both male and female functions if they altered pollen export or receipt
(Strauss 1997). This indirect effect of an antagonist (herbivore) on a mutualist
(pollinator) has since been documented in other plant-herbivore—pollinator study
systems (e.g., Mothershead and Marquis 2000; Barber et al. 2012).

Not surprisingly, research combining these two topics—indirect effects of herbi-
vores and the aboveground—belowground paradigm—has proliferated. The increas-
ing number of systems investigated, and the increasing complexity of these studies,
may allow us to draw general conclusions about how herbivory influences both
antagonists (other herbivores, pathogens) and mutualists (pollinators, microbial root
symbionts) in the opposite compartment and how these interactions vary with
different plant species or environmental context. Further, indirect effects on other
community members may be expected to have indirect feedbacks on plant growth
and fitness, although this is not studied as often. When considering indirect effects of
herbivory on both mutualists and antagonists, there is the possibility of responses
with conflicting consequences to the plant. For example, if a belowground herbivore
reduces aboveground herbivory but also pollinator visitation, these would be
expected to have positive and negative effects on the plant, respectively. On the
other hand, effects on mutualists and antagonists do not necessarily result in changes
in plant fitness, so it is important for ecologists to determine when cross-system
indirect effects cause fitness changes that can ultimately drive changes in population
growth or selection on plant responses (van Geem et al. 2013).

Here, I review studies of above- and belowground herbivory that examine
indirect effects, through a shared host plant, on community members in the opposite
compartment (i.e., on the opposite side of the soil surface boundary) (Fig. 11.1). I
draw attention to general conclusions that have emerged, highlighting recent studies.
I also discuss what is known about the consequences of these indirect effects for
plant growth and fitness, emphasizing how limited the number of studies that have
measured plant fitness effects is. Finally, I highlight pressing questions and useful
approaches identified throughout the chapter that may be incorporated into future
aboveground-belowground experiments to build on the existing literature.

11.2 Aboveground Herbivory Effects

The majority of research on plant—herbivore interactions has examined aboveground
herbivores feeding on aboveground plant tissues. Although soil communities that
interact with plant roots are highly diverse, most studies of belowground impacts
following aboveground herbivory have measured the responses of root herbivores
and root-associated microbes, particularly mycorrhizal fungi, and I discuss these
below (Fig. 11.2). Understanding of how leaf or shoot damage influences root
pathogens, as well as symbiotic and nonpathogenic bacterial communities and
other fungi, is considerably more limited (Biere and Goverse 2016), although
aboveground herbivores are able to increase resistance to root pathogens in some
cases (e.g., Lee et al. 2012). However, newer sequence-based studies of microbial
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communities are shedding light on these effects in the soil (Yang et al. 2013) and
represent a promising avenue for extending knowledge of community indirect
impacts on these hyperdiverse taxa.

11.2.1 Effects of Aboveground Herbivory on Root Herbivores

Experiments manipulating aboveground herbivory to measure impacts on below-
ground herbivores have produced a wide range of results that vary in direction and
magnitude, including demonstrations of facilitation by aboveground herbivores that
benefit root-feeder growth (Erwin et al. 2014), as well as reductions in preference
(Lu et al. 2016) and performance variables such as oviposition (McCarville et al.
2014; Wei et al. 2016) and growth (Clark et al. 2011). Herbivore-herbivore indirect
interactions can be mediated by both changes in host plant nutrients and by induced
defense responses controlled by plant hormone pathways (Karban and Baldwin
1997). In this section, I review the different ways these indirect effects have been
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Fig. 11.2 Conceptual framework of aboveground herbivory indirect effects on belowground
herbivores and mycorrhizae. Herbivore damage to aboveground tissues alters root nutrients and
carbon, defenses, and volatile emissions (a); this is most likely to lead to negative impacts on root
herbivores when the aboveground herbivore attacks the plant first. Changes in carbon and nutrient
availability in roots affects both herbivores and mycorrhizal fungi (b), with environmental context
being particularly important in determining fungal responses. Induced root defenses are likely to
reduce root herbivore preference, growth, or survival, but induction pathways can also interact with
mycorrhizal colonization, shifting plant—fungal interactions as well (c). Herbivore-driven variation
in root volatiles may affect attraction of both herbivores and their natural enemies in the soil, such as
entomopathogenic nematodes (d). These indirect effects of aboveground herbivory on belowground
organisms can feedback to affect plant growth and fitness (e, f), leading to potential changes in
population dynamics and plant community structure

measured, the importance of order of damage, and plant systems where root herbi-
vores benefit from shoot damage.

Effects on root herbivores have been measured in many ways, perhaps due to the
challenges of studying belowground processes. Studies have measured root herbi-
vore abundance (Kaplan et al. 2009; Barber et al. 2012), host preference (Milano
et al. 2015; Erb et al. 2015), survival (Soler et al. 2007a), growth (Masters and
Brown 1992; Bezemer et al. 2003), or some combination of these responses (Clark
etal. 2011; Erb et al. 2011b). For example, Clark et al. (2011) recorded both survival
and mass of weevil larvae on Rubus idaeus (European raspberry, Rosaceae) with or
without leaf-feeding adult weevils. Leaf damage resulted in lower larval mass, but no
significant change in survival, although there was a trend for reduced survival in
these smaller larvae. Preference assays have not been used widely, perhaps because
single-host plant pot experiments are most amenable to no-choice assays. Choice
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experiments with olfactometers (e.g., Johnson et al. 2004) may better mimic how
belowground herbivores select among multiple potential hosts in nature.

This variety of responses examined has resulted in a wide range of results. One
important factor that has emerged to explain these variable results is the timing or
order of damage. Johnson et al. (2012) performed a meta-analysis of aboveground—
belowground herbivore interactions, focusing on whether one group of herbivores
attacked plants before or after the other (or simultaneously). They found that
aboveground herbivory significantly reduced belowground herbivore performance
(survival and growth in particular) when the aboveground herbivory took place first.
For example, leaf chewing damage by either a generalist caterpillar or a specialist
beetle on Cucumis sativus (cucumber, Cucurbitaceae) reduced subsequent prefer-
ence for these plants when root-feeding larvae of the same beetle species were later
allowed to choose between feeding on damaged or undamaged control plants
(Milano et al. 2015).

Order-dependent effects also have been documented in Zea mays (corn, Poaceae),
with the same generalist leaf herbivore (Spodoptera frugiperda) as in the cuacumber
experiment. Spodoptera leaf damage reduced the preference and growth of western
corn rootworm larvae (Diabrotica virgifera virgifera) feeding belowground (Erb
et al. 2011b). Additional work to identify the mechanisms behind these effects
demonstrated that there are biochemical changes in roots which drive rootworm
preference behaviors (Erb et al. 2015). Measurements of root volatiles revealed that
Spodoptera damage to leaves reduces ethylene emissions, which acts as an attractant
to Diabrotica larvae (Robert et al. 2012). Characterization of root tissues following
leaf herbivory also showed significant changes in a variety of free and hydrolysable
phenolic acids (Erb et al. 2015). When phenolic acid biosynthesis was prevented
using biochemical and genetic manipulations, the reduced larval preference for leaf-
damaged plants disappeared. These larvae also responded most strongly to root
extract fractions that contained high concentrations of hydrolysable phenolic acids.
Together these studies provide strong evidence for the chemicals that mediate root
herbivore host plant choice, both from a distance when volatile chemicals play an
attractant role, and when corn rootworm larvae initiate feeding on root tissues where
phenolic acids would be consumed (Johnson and Gregory 2006). They also demon-
strate how powerful metabolomic approaches can be used to elucidate host plant
biochemical mechanisms underlying ecological interactions between herbivores and
other community members.

The meta-analysis by Johnson et al. (2012) also verified the previous observation
(Blossey and Hunt-Joshi 2003) that negative impacts of aboveground herbivores on
root feeding herbivores are primarily documented in annual plants and in relatively
short-term lab or greenhouse experiments, while no consistent negative or positive
effects were observed in studies that focused on perennial plant species or studies
that took place in a field setting. These patterns were not observed in studies that
examined belowground herbivory impacts on aboveground herbivores; indirect
effects of belowground herbivores did not have a consistent direction and did not
differ with plant life history or experimental setting (see Sect. 11.3).
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Positive indirect effects of shoot herbivores on root feeders have been
documented recently in two perennial plant systems. In an experiment using
Triadica sebifera (tallow tree, Euphorbiaceae) from populations in both the native
Chinese range and the introduced US range, feeding by adult leaf beetles increased
survival of conspecific root-feeding larvae (Huang et al. 2012). A similar beneficial
effect of adult leaf feeding on conspecific larvae belowground has also been
documented in Asclepias syriaca (common milkweed, Apocynaceae) (Erwin et al.
2014). Investigation in T. sebifera roots revealed two ways that larvae benefited from
adult leaf feeding (Huang et al. 2013). First, leaf damage caused increased nitrogen
content in roots, likely making these tissues more nutritious because nitrogen is
frequently a limiting resource for insect herbivores. Second, although root feeding
induced higher levels of tannins in root tissues, which would be expected to reduce
larval growth, this induction was suppressed on plants that also experienced leaf
damage. Thus, adult herbivory can shield offspring and other conspecific larvae from
chemical resistance, further increasing their survival. This facilitative effect did not
occur with other species of aboveground herbivores: a weevil and two Lepidoptera
caterpillars all increased root tannins and lowered larval survival, while feeding by
an aphid had no effects (Huang et al. 2014).

Although it may be predicted that selection will favor facilitation mechanisms
when adults feed on the same host plants prior to conspecific larvae, as in 7. sebifera
and A. syriaca, this has not often been tested. Larvae have reduced preference for
C. sativus plants in the field and greenhouse after adult feeding (Barber et al. 2012;
Milano et al. 2015), but studies measuring performance variables like growth,
survival, emergence, or later fitness might provide a more accurate picture of leaf
herbivory effects on conspecific root feeders. Related to this, aboveground herbivory
has the potential to influence root herbivore performance through belowground
indirect defenses and the recruitment of herbivores’ natural enemies, such as
entomopathogenic nematodes, but research on this topic is just beginning (see
A’Bear et al. 2014 for a review).

11.2.2 Effects of Aboveground Herbivory on Soil Mutualists

Relatively few studies have considered how herbivory may alter plant-mutualist
interactions in the soil, compared to the body of literature examining the complex
ways that soil microorganisms influence aboveground interactions. Mycorrhization
affects plant susceptibility and induced response to aboveground antagonists, includ-
ing both insect herbivores and pathogenic microbes (Pozo and Azcén-Aguilar 2007;
Jung et al. 2012; Pieterse et al. 2014; Balmer et al. 2015). But given the potential
benefits of nutrient and water uptake by symbiotic fungi, the opposite interaction,
herbivore-driven changes in mycorrhizal effects, could have important conse-
quences for plant growth and fitness (Smith and Read 2008). If aboveground
herbivory removes photosynthetic leaf tissue, it can reduce a host plant’s ability to
assimilate carbon into carbohydrates and alter carbon allocation patterns. For this
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reason, herbivory has traditionally been predicted to reduce root colonization rates
by mycorrhizae, which rely on their plant hosts for carbohydrates, when that
herbivory leads to carbon limitations (Wardle et al. 2004). Additionally, induction
of defenses by leaf pathogens can temporarily reduce arbuscular mycorrhizal fungi
(AMF) colonization (de Romén et al. 2011), indicating that aboveground elicitation of
defenses also may reduce plant—fungal interactions. However, experimental studies of
herbivory effects on both AMF and ectomycorrhizal colonization have produced a
range of results, including increased colonization following herbivory.

This motivated a meta-analysis to identify potential factors explaining variation in
fungal responses to herbivory, including both AMF and ectomycorrhizae (ECM)
(Barto and Rillig 2010). Overall, colonization reductions were more common, but
the average magnitude of this effect was quite small, which the authors concluded to
be “not biologically meaningful” for both AMF and ECM. The nature of the
herbivory treatment applied in each experiment was a significant variable, with
artificial shoot herbivory that removed the apical meristem tending to increase
colonization or have no effect, in contrast to real shoot feeding, which consistently
reduced colonization. This finding is a reminder that simulated herbivory often fails
to accurately mimic the feeding of live herbivores, so the ability to observe more
realistic responses of plants and AMF may be worth the logistical challenges of
imposing real herbivory treatments (Barber et al. 2012; Vannette and Hunter 2014).
Interestingly, colonization significantly increased when the focal plants were a mix
of grasses and forbs, although this finding was based on just five studies from two
publications. It is very likely that more complex community dynamics may occur in
natural or more realistic communities where fungi are able to colonize or select from
multiple individual hosts; these effects would be overlooked in greenhouse or
laboratory studies where replicates are individual, isolated plants.

Other research has identified environmental conditions contributing to the
context-dependence of herbivore effects on mycorrhizae. In northern Finland, Sol-
idago virgaurea (European goldenrod, Asteraceae) were transplanted to two tundra
habitats: nonacidic, fertile sites with plant communities dominated by species that
form AMF symbioses and acidic, low-fertility sites where AMF-associating plants
are scarce (Ruotsalainen and Eskelinen 2011). Mammalian herbivory increased
arbuscular colonization in the fertile site and decreased it in the acidic site, but this
was apparently not driven by soil fertility differences, because fertilization treat-
ments did not affect the results. Rather, the authors attribute the difference to the
availability of mycorrhizal spores and hyphae in the surrounding soil environment.

Because carbon availability and allocation is considered an important factor in
plant—-AMF interactions, it is not surprising that CO, may also influence herbivore
effects on fungal colonization. In A. syriaca, herbivory effects on colonization varied
significantly among plant genetic families, and these differences interacted with CO,
treatments (Vannette and Hunter 2014). Caterpillar herbivory, which may have
generated a demand for mycorrhiza-derived nutrients, led to increased colonization
that was even stronger when plants were exposed to elevated CO, levels. Aphids,
which as phloem-feeders could compete with AMF by acting as a carbon sink, drove
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changes in colonization that varied in direction between families, and this variance
was increased by CO,.

These two studies, as well as others showing variation in AMF responses to
herbivory among different plants (e.g., Gange et al. 2002), underscore the potential
variation in effects and response within and between different plants, herbivores, and
fungi. Colonization, even when broken down into different structures for AMF
(hyphae, arbuscules, vesicles), is a coarse measurement that often pools multiple
fungi species and overlooks potential variation within species. Defoliation of Pinus
sylvestris (Scots pine, Pinaceae) tended to decrease high-biomass morphotypes of
ECM and increase low-biomass morphotypes, presumably because these latter
species had lower carbon demands (Saravesi et al. 2008). Total ECM colonization
and measures of fungal biomass that lump morphotypes together could not detect
these patterns, demonstrating the importance of investigating species-specific fungal
responses. Similarly, in a Tibetan grazing system, sheep grazing did not affect AMF
root colonization levels, spore density, or extra-radical hyphal density (Yang et al.
2013). However, sequence-based analysis of the fungal community in roots showed
significant shifts in OTU composition following grazing even while OTU richness
was unaffected. Molecular techniques like those used in this study can characterize
fungal community changes with high precision. When combined with traditional
measures of colonization and nutrient transfer, they will likely advance ecological
understanding by building on past research of both above- (Ba et al. 2012; Petipas
and Brody 2014) and belowground (Rodriguez-Echeverria et al. 2009) herbivory
effects. In particular, these techniques may reveal how plant-—herbivore—mycorrhizae
interactions vary along environmental gradients that shift community composition.

11.3 Belowground Herbivory Effects

The indirect effects of aboveground herbivores on organisms in the opposite com-
partment are mirrored by indirect effects of root feeders on shoot or leaf herbivores
and on pollinators (Fig. 11.3). Indeed more experiments have manipulated below-
ground herbivores and assessed aboveground herbivore responses than vice versa
(Johnson et al. 2012), perhaps due to a greater ease of manipulating belowground
organisms than measuring them. In addition to induced effects of belowground
herbivores on direct plant defenses, ecologists have demonstrated that root damage
can affect indirect defenses by influencing parasitoid behavior. Although few experi-
menters have examined how root herbivory impacts plant—pollinator interactions,
root damage affects a variety of floral traits that mediate pollinator visitation.
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Fig. 11.3 Conceptual framework of belowground herbivory indirect effects on aboveground
herbivores and floral visitors. While root-chewing herbivores and root-feeding nematodes both
influence shoot defenses and shoot nutrients (a), indirect effects on aboveground chewing herbi-
vores may be more affected by defenses (b), while phloem-feeding herbivores like aphids are driven
by nutrient effects (c). Root herbivory tends to decrease recruitment and effects of herbivore natural
enemies like parasitoids (d), and this may occur via changes in plant traits or changes in herbivore
abundance and development. Root herbivory can also reduce flower number (e), with consequences
for flower visitation by both pollinators and floral antagonists like nectar larcenists. Herbivory
effects on other floral traits such as nectar quality and floral volatiles may also occur, but these have
not been studied much. Indirect effects on both aboveground herbivores and floral visitors may
affect plant growth and fitness (f, g), potentially driving population- and community-level changes

11.3.1 Effects of Belowground Herbivory on Shoot
Herbivores

In experiments, the effects of root herbivores on aboveground herbivores have
included both positive and negative outcomes, with researchers often attributing
the former to greater resource content in the plant, which would benefit herbivores
feeding on these more nutritious plant tissues, and the latter to increased plant
resistance traits (reviewed by Blossey and Hunt-Joshi 2003; van Dam and Heil
2011). Early studies (Gange and Brown 1989; Moran and Whitham 1990; Masters
and Brown 1992) found positive effects on shoot and leaf feeders, leading to a
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conceptual model that proposed root feeding resulted in a plant stress response
similar to drought conditions (Masters et al. 1993). This response increases the
concentrations of amino acids and sugars in aboveground tissues, benefiting herbi-
vores that feed on leaves or shoots. van Dam and Heil (2011) noted that these earliest
studies tended to use aphids as the aboveground-response herbivore and that
increased resource concentrations may be most apparent in the phloem on which
aphids feed, while leaf-chewing herbivores may not experience such facilitation.
This has been supported in Ribes nigrum (blackcurrant, Grossulariaceae), where
root-feeding by weevil larvae increased foliar amino acids, which was accompanied
by significant increases in aphid abundance (Johnson et al. 2013). Conversely, leaf-
chewing Spodoptera feeding and performance were inhibited by D. virgifera her-
bivory on Z. mays roots (Erb et al. 2011a). In these plants, the transcription of
abscisic acid-dependent resistance genes was induced by root herbivory, but nega-
tive effects on the aboveground Spodoptera primarily were due to water deficiencies
in the plants that interfered with their feeding.

Root-feeding nematodes may represent an exception to this general supposition
that root herbivory is beneficial for phloem-feeders (Soler et al. 2012). Their
presence frequently reduces aphid preference or reproduction, and a vote-counting
review noted that migratory nematodes, which move through root tissues while
feeding, were more likely to reduce aphid fecundity, while herbivory by sedentary
species such as root-knot nematodes decreased aphid preference for plants
(Wondafrash et al. 2013). Hol et al. (2016) found that aphid populations were
lower on Brassica nigra (black mustard, Brassicaceae) infected with one nematode
species. By tracking life history characteristics, they showed that reduced population
growth was due to lower number of offspring per female. Nematode feeding may
create nutrient sinks in the host plant that redirect resources away from shoot tissues
on which aphids feed, preventing them from establishing their own aboveground
nutrient sinks (Kaplan et al. 2011; Soler et al. 2012). A root-knot nematode also
reduced whiteflies on Solanum Ilycopersicum (tomato, Solanaceae), which the
authors attribute to significantly increased expression of several resistance genes
and enhancement of both salicylic acid-dependent and jasmonic acid-dependent
defenses, as well as reduced leaf nitrogen (Guo and Ge 2017).

Belowground herbivory frequently induces defense chemicals in aboveground
tissues, including root herbivory by both nematodes (van Dam et al. 2005; Kaplan
et al. 2008; Mundim et al. 2016; Guo and Ge 2017) and insects (Bezemer et al. 2003;
van Dam et al. 2005; Huang et al. 2013, 2014; Kumar et al. 2016). Negative impacts
of these induced defenses on performance are particularly common when the
aboveground response herbivore is a leaf-chewer (van Dam and Heil 2011). For
example, in a recent study, a tuber-feeding Lepidoptera larva in S. tuberosum
(potato, Solanaceae) induced defenses in leaves and reduced the growth of two
Spodoptera species (Kumar et al. 2016). Tuber herbivory led to higher concentra-
tions of leaf chlorogenic acid and two glycoalkaloids, and the expression of genes in
the synthesis pathways of these compounds was also elevated. When these defense
chemicals were incorporated into artificial diet, Spodoptera growth was similarly
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reduced, providing further evidence that induction of these chemicals is the mech-
anism of this cross-system indirect effect.

Similar effects of root herbivory have been documented in 7. sebifera (tallow
tree), in which a specialist chrysomelid beetle feeds on roots as larvae and leaves as
adults. Larval feeding reduced both survival rates of adults and the amount of leaf
damage those adults imposed on host plants (Huang et al. 2012). Adult beetle
feeding elevated the concentration of leaf tannins, which have defense capabilities,
but this induction was even stronger when larvae were present on roots (Huang et al.
2013). Thus, while adult feeding benefited larvae (see above), larval feeding had the
opposite effect on adults. Further, this negative impact on aboveground herbivores is
not restricted to conspecifics, as larval feeding reduced the abundance and leaf
damage by the local caterpillar community that was composed of both tallow-
specialists and generalist species from several families (Huang et al. 2014). This
negative impact of larvae on all aboveground herbivores, through enhanced above-
ground induced defenses, contrasts with the positive effects of conspecific adults,
which increased nutrients and suppressed induction in roots.

Reduced performance of chewing herbivores as a result of root herbivory could
also be due to leaf nutrition changes. Sawfly larval growth was significantly lower on
R. nigrum fed on by root-feeding weevils, and this coincided with lower phosphorus
content of leaves (Johnson et al. 2013). Reduced leaf phosphorus is a novel mech-
anism for these effects because insect herbivory research has often focused on
nitrogen as a mediating nutrient. Phosphorus is often the most important nutrient
transferred to plants by AMF, so these results raise the intriguing possibility that
indirect root herbivore effects on aboveground herbivores could interact with root
fungal root symbionts when phosphorus is an important limiting resource.

Although they most often act as plant mutualists, I address natural enemies such
as parasitoids here because of their pertinence to aboveground herbivore perfor-
mance and survival. In contrast to the limited research on how aboveground herbiv-
ory affects belowground indirect defense, the impacts of root herbivory on
aboveground herbivore—parasitoid interactions are better studied. Root herbivory
generally leads to reduced preference and performance of parasitoids on above-
ground herbivores (Soler et al. 2012; A’Bear et al. 2014). This might result from
changes in host herbivore abundance, with reduced parasitoid recruitment to plants
with fewer hosts present, although increased recruitment by high aphid densities also
occurs (Poveda et al. 2005; Johnson et al. 2013). Root herbivory can also interfere
with parasitoids’ ability to locate hosts by altering leaf herbivore-induced plant
volatile blends (Rasmann and Turlings 2007; Soler et al. 2007b) or plant architecture
(White and Andow 2006). Finally, negative impacts on parasitoid development may
also occur, particularly when root damage induces chemical changes to the tissues on
which parasitoids’ hosts are feeding (Soler et al. 2005). If host herbivores encounter
well-defended plants, their own stress or delayed development is likely to reduce
developing parasitoids’ growth and likelihood of survival or emergence. Thus, root
herbivory may lead to a trade-off faced by aboveground herbivores: host plants
uninfested by root feeders may be more nutritious or may lack induced chemical
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defenses, but these plants also represent greater risk of attack by parasitoid enemies
(Soler et al. 2008, 2009, 2010).

11.3.2 Effects of Belowground Herbivory on Pollinators

Belowground herbivores may also affect aboveground interactions between plants
and their mutualists, particularly pollinators. Although few studies have directly
examined the impacts of root herbivory on plant—pollinator interactions, the general
root herbivory literature demonstrates effects on floral traits that can mediate polli-
nator behaviors. When pollinator responses to belowground herbivory have been
measured, the results have been complex and include both positive and negative
responses. A recent review emphasized how limited this past work has been but
identified potential traits (e.g., floral number and size, nectar composition, and floral
volatiles) that might influence flower visitation (Barber and Soper Gorden 2014). For
example, a soil insecticide treatment to remove root herbivores increased inflores-
cence size in a thistle species, which might attract more pollinators (Masters et al.
2001). The review identified only four studies that measured pollinator response to
root herbivory, including three that reported positive responses by honeybees (Apis
mellifera) (Poveda et al. 2003, 2005; Barber et al. 2011) and one that found no
effects (Hladun and Adler 2009). Here, I review two additional new studies that
contribute to this still-developing field.

In an earlier study, honeybees spent significantly more time probing individual
flowers in C. sativus that had experienced enhanced root herbivory (Barber et al.
2011). In a follow-up experiment with more root herbivore treatment levels (no, low,
medium, and high infestation) (Barber et al. 2015), increases in root damage led to
fewer flowers, particularly female flowers, but there were no changes in the two
other attraction traits measured, flower size and floral volatile composition. In
contrast to the earlier study, pollinator responses were consistently negative or
neutral. Pollinators in general and the two most common floral visitors, honeybees
and a butterfly, visited fewer plants with high levels of root herbivory. The time
spent probing each flower and the proportion of flowers on each plant probed were
unaffected. The fact that pollinator visitation frequency reflected flower production
suggests this may be the primary plant trait to which insect visitors responded and
that, in this study, other floral traits were of minor or no importance.

In a similar experiment, Ghyselen et al. (2016) allowed weevils to oviposit on
potted Cynoglossum officinale (Boraginaceae) so the weevil larvae would feed on
the plants’ roots. These and control plants were arranged in a field setting to allow
pollinators to visit. As in C. sativus, root herbivores reduced both flower size and the
number of pollinator visits to C. officinale. However, this study did not examine any
other potential floral attraction traits.

Not all floral visitors are mutualists, and floral antagonists like florivores and
nectar larcenists, which feed on nectar without providing pollination services, can
reduce plant fitness (Irwin et al. 2001; McCall and Irwin 2006). Floral antagonists
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are attracted to the same floral traits as “honest” pollinators (Soper Gorden and Adler
2013), so if root herbivory alters flower characteristics, both mutualistic and antag-
onistic visitors may be affected. For example, fertilization of Impatiens capensis
(common jewelweed, Balsaminaceae) increased flower and nectar production, lead-
ing to more visits by both pollinators and nectar thieves, with thieves responding
more strongly than pollinators (Soper Gorden and Adler 2013). However, root
herbivore impacts on floral antagonists remained unstudied.

Clearly, there is a need for more studies examining root herbivory impacts on
plant—pollinator interactions, and drawing general conclusions at this point is diffi-
cult, although changes in floral display due to increased or decreased flower number
seem like an important mediator. Studies manipulating AMF presence have found
parallel effects on floral traits and pollinator behavior, with AMF increasing flower
number and visitation in several plant species (Wolfe et al. 2005; Gange and Smith
2005; Varga and Kytoviita 2010). Barber and Soper Gorden (2014) propose several
important features of potential future studies that would maximize the impact of
future root herbivore—pollination research. These include comprehensive measure-
ments of floral traits, careful quantification of pollinator behaviors of multiple
species in addition to total visitation, and assessments of pollinator efficacy and
resultant plant fitness. Given contemporary concerns about declines of both wild and
domestic pollinators (Biesmeijer et al. 2006; National Research Council of the
National Academies 2007), increasing our knowledge of how aboveground-below-
ground linkages influence pollination takes on particular urgency.

11.4 Plant Feedbacks

Indirect interactions crossing the soil surface, discussed above, have the potential to
affect plant growth and fitness. Whether the effects occur aboveground or below-
ground, increased interaction frequency or strength with mutualists (pollinators or
soil symbionts, respectively) might be predicted to increase plant performance.
Conversely, increased attraction of, abundance of, or damage by herbivores repre-
sents likely negative impacts on host plants. However, ecological studies examining
indirect effects of herbivory on the opposite soil compartment often do not include
assessments of plant performance, limiting our understanding of how above- and
belowground interactions ultimately affect individual host plants, plant populations,
and plant communities.

Cross-compartment indirect effects of herbivory may not necessarily drive plant
growth and fitness responses, especially if the direct negative effects of the initial
herbivore damage are weak. In a meta-analysis of studies where multiple herbivores
(not specifically in opposite compartments) attacked plants, herbivory effects on
plant performance were additive in the majority of cases (Stephens et al. 2013). That
is, despite the potential for indirect effects of one herbivore on another, impacts on
plant growth or fitness by both herbivores in combination were not different from the
sum of their independent effects. Synergistic effects, where herbivores in
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combination would have enhanced negative effects on plants, were uncommon and
not predicted under any of the scenarios investigated. Antagonistic effects, in which
herbivory effects on plants are relatively reduced by both herbivores in combination,
were most likely only when herbivores fed on the same plant tissues in the same
above- or belowground compartment and so were in direct competition. The authors
suggest that the rarity of nonadditive effects could be due to competitive or facili-
tative effects between two herbivores being stronger than their effects on plants, or to
plants’ abilities to compensate for damage, which may override nonadditive effects.
Thus in cases of herbivory effects crossing the soil surface to indirectly impact other
herbivores, the focus of this chapter, overall increased or reduced herbivory due to
antagonistic (non-additive) effects would not be expected. Testing this hypothesis
will require experiments that factorially manipulate root and shoot herbivores and
that carefully measure herbivory in both compartments.

In a pair of studies on C. sativus (Barber et al. 2012, 2015), cross-compartment
effects had little impact on plant fitness not because herbivory impacts were weak,
but apparently because initial herbivory effects were very strong. In these experi-
ments, both leaf and root herbivory reduced prevalence of antagonists on opposite-
compartment tissues. Increased leaf damage reduced the likelihood of root herbivore
presence (Barber et al. 2012) and increased root herbivory reduced symptoms of a
leaf pathogen (Barber et al. 2015). In both cases, the indirect effect of a reduced
antagonist would be considered a “benefit” to the host plant, but in both studies
overall effects on plant growth, fruit production, and seed production were strongly
negative. That is, the direct effects of the initial herbivore appeared much stronger
than the secondary impacts through another antagonist. Similarly, A’Bear et al.
(2014) note that even in similar cases where root herbivores reduce leaf herbivore
performance, the effect on plants is still expected to be negative and possibly
strengthened by lower effectiveness of aboveground parasitoids.

Few studies have evaluated plant feedbacks resulting from indirect effects of
herbivores on plant mutualists. For soil mutualists like AMF, this is probably due to
the difficulty of separating the specific effects of mycorrhizae on nutrient uptake and
plant performance. As a result, feedbacks are presumed based on the extent of total
or arbuscular colonization (Ruotsalainen and Eskelinen 2011; Barber et al. 2012,
2015), with greater colonization hypothetically representing increased plant benefit.
However, the knowledge that different AMF species or strains can differ greatly in
their effects on plant nutrient status or growth (Johnson et al. 1997), and on plant
defense signaling (Ferndndez et al. 2014), again underscores the challenges of
identifying mechanisms in diverse soil communities. In a manipulation of AMF
abundance, intermediate colonization rates maximized plant growth and defense
benefits for one AMF species, but in another species higher colonization reduced
growth (Vannette and Hunter 2011). In either case, if leaf herbivory were to reduce
high AMF colonization to more moderate levels, it would be predicted to have a
beneficial feedback on plant growth and a potentially negative feedback on herbi-
vores by increasing resistance traits.

Identifying the relative contributions of pollinator feedbacks following herbivory
are more feasible because of the ability to manipulate pollinator access or to
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supplement pollen receipt of host plants. When combined with herbivory manipu-
lations, ecologists can determine whether the indirect effects of herbivores on
pollinators lead to pollen limitation of plants that would reduce reproduction. In
C. officinale, root damage by weevil larvae reduced the number of pollinator visits at
both the per-plant and per-flower levels, with reductions in seed set as well
(Ghyselen et al. 2016). However, supplemental hand-pollination did not eliminate
the reduced seed set, and pollen loads and pollen tube development did not differ
between plants with and without root herbivory. This indicates that plants were not
pollen-limited for seed set and that, even on plants with root herbivory, the limited
numbers of visiting pollinators were still delivering sufficient pollen. Rather, root-
damaged plants apparently lacked the resources necessary for seed development, a
finding that was bolstered by the observation that seed maturation rates and pre-
sumed preferential seed abortion were higher in root-infested plants (Ghyselen et al.
2015). These findings from C. officinale mirror the effects of both above- and
belowground herbivory in C. sativus (Barber et al. 2012, 2015). Enhancing both
leaf damage and the abundance of root herbivores led to fewer pollinator visits and
fewer fruits produced, but supplemental hand-pollination did not affect fruit produc-
tion. Damage either above- or belowground, which occurred early in the growing
season, apparently restricted plant growth such that they were unable to catch up
with undamaged plants later in the season when herbivory treatments had ceased.
If cross-compartment effects influence plant fitness and population dynamics,
they may also lead to changes in plant community composition, but this has not been
studied, although herbivory on both sides of the soil surface can directly affect plant
community structure. For example, an early experiment comparing the direct effects
of above- and belowground herbivores on early successional communities demon-
strated that feeding by both groups influenced plant community succession trajec-
tories, but neither indirect effects on the opposite-side herbivores nor interactions
between them were investigated (Brown and Gange 1989). These same authors
showed that AMF also plays a role, slowing succession while root herbivory
advanced it (Gange and Brown 2002). Given that cross-compartment indirect
herbivory effects do not necessarily lead to fitness changes in plants (see above),
systems in which these indirect effects are particularly strong may be the most likely
to also see these interactions translate to plant community differences. These studies
suggest that, in scenarios where leaf herbivory facilitates root feeders and/or
decreases AMF colonization, it could lead to more rapid plant species turnover.

11.5 Future Directions

The sections above review what is known about cross-compartment herbivory
effects, but throughout I have tried to emphasize outstanding questions, potential
hypotheses, and promising approaches to better understand these indirect effects.
Here, I highlight these possible next steps to outline how ecologists may develop a
more comprehensive knowledge of herbivore impacts and further contribute to
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aboveground-belowground ecology. Specifically, ecologists should study feedbacks
of indirect effects on plants, incorporate a wider range of organisms in studies, and
“scale-up” research by examining different environmental and community contexts.

First, although cross-compartment effects of herbivory have been well-
documented, the implications of these for plant growth and fitness are often not
included in studies, as noted above. Careful measurement of impacts on plants,
including levels of herbivore damage to shoots and roots, growth effects, and plant
fitness, will help clarify the importance of indirect herbivore effects. For example,
the finding that spatially separated herbivores feeding on different plant tissues tend
to have additive effects (Stephens et al. 2013) warrants further investigation.
Factorially manipulating both above- and belowground herbivores, and carefully
measuring both herbivore and plant responses, could help determine if indirect
effects on other herbivores are indeed stronger than direct effects on plants, as the
authors predict. Determining plant fitness effects will also strengthen predictions of
how above- and belowground herbivory may influence plant population dynamics.

Second, including a wider range of organisms, representing different taxonomic
groups or other life-history strategies, will be necessary to more fully understand
indirect herbivory effects. I have noted how few researchers have investigated root
herbivory impacts on pollinators; by including pollen manipulations to detect pollen
limitation and measurements of floral traits to identify potential mediating mecha-
nisms, further studies like these may clarify the factors that affect this mutualism that
is important in both natural and agro-ecosystems. Similarly, there is a dearth of
studies on how aboveground herbivores affect soil organisms other than herbivores
and mycorrhizae. Impacts on root pathogens have been studied in agricultural plants
(reviewed by Biere and Goverse 2016), but the consequences for plant fitness or
population dynamics of wild species are unknown. Although it is not a focus of this
chapter, belowground interactions between root herbivores and mutualists are
understudied compared to aboveground indirect interactions, so their inclusion in
future research may strengthen studies as well. Incorporating higher-order con-
sumers may also be important. Two intriguing studies have shown that aboveground
herbivores reduce the recruitment of root herbivore natural enemies [parasitoids
(Pierre et al. 2011) and entomopathogenic nematodes (Rasmann and Turlings
2007), reviewed by A’Bear et al. (2014)], demonstrating that these soil organisms
deserve further attention.

Studying species that vary in life history characteristics or other traits is also
necessary to understand how generalizable results may be. For example, few
aboveground-belowground herbivory experiments have used perennial plants. Pos-
itive effects of shoot-feeders on root feeders may be more common on long-lived
host plants than annuals (Huang et al. 2012; Johnson et al. 2012; Erwin et al. 2014),
but studies from more perennial species would help determine if this is due to
increased nutrients or reduced defenses (Huang et al. 2013). Papadopoulou and
van Dam (2017) recently drew attention to the importance of plant vascular mor-
phology in cross-compartment induction by root herbivores. The monocot root
vasculature of Z. mays connects roots more directly to shoot tissues than in dicots,
resulting in drought-dependent induction of aboveground defenses by root
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herbivores that are absent in dicotyledonous Brassica study species. Some herbivore
characteristics, discussed above, are also known to be important determinants of
indirect effects, like chewing vs. sucking feeding strategies. Herbivore effects may
vary with their host plant specialization, although the limited number of cross-
compartment herbivore studies to examine specialist vs. generalist effects have not
found differences (Huang et al. 2014; Milano et al. 2015).

Third, our understanding of above- and belowground interactions can be
expanded by examining herbivory effects in wider community and environmental
contexts. The herbivore—AMF studies discussed above exemplify this, demonstrat-
ing how mycorrhizal responses to herbivory can depend on habitat (Ruotsalainen
and Eskelinen 2011) or CO, conditions (Vannette and Hunter 2014). Because
mycorrhizae species differ in the benefits they provide to plants, combining better
measures of fungal effects on host plants with molecular tools to detect changes in
fungal community composition due to herbivory may be a particularly promising
approach to understanding and linking changes at the individual plant fitness level
and the community level (Yang et al. 2013). Pairing field studies with more
traditional, carefully controlled lab or greenhouse studies may be useful to determine
both the context-dependence of indirect interactions and the mechanisms driving
them. Understanding pollinator responses to belowground herbivory will also
require a community view because most pollinators forage on multiple plant species
in a community. Cahill et al. (2008) documented shifts in visitation rates among
plants in a community when AMF was altered. Root herbivory would likely cause
similar shifts in pollination rates when it alters floral displays, but this has not been
investigated.

11.6 Conclusions

This chapter illustrates that indirect effects of herbivory, transmitted through shared
host plants to both mutualists and antagonists in the opposite soil compartment, are
widespread in natural and agro-ecosystems. The diversity of above- and below-
ground communities, especially invertebrate and microbial communities, provides
myriad pathways along which these effects can occur, resulting in a variety of
potential outcomes for all the organisms involved. Despite this variation, both
antagonists and mutualists most commonly respond negatively to herbivory in the
opposite compartment. These negative impacts are particularly evident when the
opposite-compartment herbivore feeds first, when the response herbivore is a
chewer, and when the mediating host plant is an annual species. Phloem-feeding
aphids are an exception to this, although they respond negatively to root-feeding
nematodes. The two focal mutualist groups here, mycorrhizae and pollinators, are
usually reduced by herbivory, at least in experiments utilizing natural herbivores
(mycorrhizae) or in plant species where root herbivory reduces flower production
(pollinators). Current research is investigating not just whether leaf herbivores affect
root herbivores and vice versa, but how nutritional and defensive chemical changes
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in plants mediate these interactions and how they vary among different environmen-
tal contexts. Research on the effects of herbivores on mutualists is also poised to
advance in coming years, taking advantage of sequence-based descriptions of soil
communities and more comprehensive evaluations of floral trait changes. The
approaches described in recent studies above, including factorial manipulations of
herbivores, root symbionts, and pollinators or pollination, in combination with
measurement of plant performance, will help elucidate the study systems and
contexts in which indirect effects are most important.

References

A’Bear AD, Johnson SN, Jones TH (2014) Putting the “upstairs—downstairs” into ecosystem service:
what can aboveground-belowground ecology tell us? Biol Control 75:97-107. https://doi.org/
10.1016/j.biocontrol.2013.10.004

BaL, Ning J, Wang D et al (2012) The relationship between the diversity of arbuscular mycorrhizal
fungi and grazing in a meadow steppe. Plant Soil 352: 143-156. https://doi.org/10.1007/
s11104-011-0985-6

Balmer A, Pastor V, Gamir J et al (2015) The “prime-ome”: towards a holistic approach to priming.
Trends Plant Sci 20:443-452. https://doi.org/10.1016/j.tplants.2015.04.002

Barber NA, Soper Gorden NL (2014) How do belowground organisms influence plant—pollinator
interactions? J Plant Ecol 8:1-11. https://doi.org/10.1093/jpe/rtu012

Barber NA, Adler LS, Bernardo HL (2011) Effects of above- and belowground herbivory on
growth, pollination, and reproduction in cucumber. Oecologia 165:377-386. https://doi.org/
10.1007/s00442-010-1779-x

Barber NA, Adler LS, Theis NA et al (2012) Herbivory reduces plant interactions with above- and
belowground antagonists and mutualists. Ecology 93:1560-1570. https://doi.org/10.1890/11-
1691.1

Barber NA, Milano NJ, Kiers ET et al (2015) Root herbivory indirectly affects above-and below-
ground community members and directly reduces plant performance. J Ecol 103:1509-1518.
https://doi.org/10.1111/1365-2745.12464

Bardgett RD, Wardle DA (2010) Aboveground-belowground linkages: biotic interactions, eco-
system processes, and global change. Oxford University Press, Oxford

Barto EK, Rillig MC (2010) Does herbivory really suppress mycorrhiza? A meta-analysis. J Ecol
98:745-753. https://doi.org/10.1111/j.1365-2745.2010.01658.x

Bezemer TM, Wagenaar R, Van Dam NM et al (2003) Interactions between above- and below-
ground insect herbivores as mediated by the plant defense system. Oikos 101:555-562. https://
doi.org/10.1034/j.1600-0706.2003.12424 x

Biere A, Goverse A (2016) Plant-mediated systemic interactions between pathogens, parasitic nema-
todes, and herbivores above- and belowground. Annu Rev Phytopathol 54:499-527. https://doi.
org/10.1146/annurev-phyto-080615-100245

Biesmeijer JC, Roberts SPM, Reemer M et al (2006) Parallel declines in pollinators and insect-
pollinated plants in Britain and the Netherlands. Science 313:351-354. https://doi.org/10.1126/
science.1127863

Blossey B, Hunt-Joshi TR (2003) Belowground herbivory by insects: influence on plants and
aboveground herbivores. Annu Rev Entomol 48:521-547. https://doi.org/10.1146/annurev.
ent0.48.091801.112700

Bronstein JL (2009) The evolution of facilitation and mutualism. J Ecol 97:1160-1170. https://doi.
org/10.1111/j.1365-2745.200901566.x


https://doi.org/10.1016/j.biocontrol.2013.10.004
https://doi.org/10.1016/j.biocontrol.2013.10.004
https://doi.org/10.1007/s11104-011-0985-6
https://doi.org/10.1007/s11104-011-0985-6
https://doi.org/10.1016/j.tplants.2015.04.002
https://doi.org/10.1093/jpe/rtu012
https://doi.org/10.1007/s00442-010-1779-x
https://doi.org/10.1007/s00442-010-1779-x
https://doi.org/10.1890/11-1691.1
https://doi.org/10.1890/11-1691.1
https://doi.org/10.1111/1365-2745.12464
https://doi.org/10.1111/j.1365-2745.2010.01658.x
https://doi.org/10.1034/j.1600-0706.2003.12424.x
https://doi.org/10.1034/j.1600-0706.2003.12424.x
https://doi.org/10.1146/annurev-phyto-080615-100245
https://doi.org/10.1146/annurev-phyto-080615-100245
https://doi.org/10.1126/science.1127863
https://doi.org/10.1126/science.1127863
https://doi.org/10.1146/annurev.ento.48.091801.112700
https://doi.org/10.1146/annurev.ento.48.091801.112700
https://doi.org/10.1111/j.1365-2745.200901566.x
https://doi.org/10.1111/j.1365-2745.200901566.x

11 Cross-Compartment Herbivory Effects on Antagonists and Mutualists and. . . 265

Brown VK, Gange AC (1989) Differential effects of below- and aboveground herbivory during
early plant succession. Oikos 54:67-76. https://doi.org/10.2307/3565898

Cahill JF, Elle E, Smith GR et al (2008) Disruption of a belowground mutualism alters interactions
between plants and their floral visitors. Ecology 89:1791-1801. https://doi.org/10.1007/s11284-
016-1410-7

Clark KE, Hartley SE, Johnson SN (2011) Does mother know best? The preference—performance
hypothesis and parent—offspring conflict in aboveground-belowground herbivore life cycles.
Ecol Entomol 36:117-124. https://doi.org/10.1111/j.1365-2311.2010.01248.x

de Roman M, Fernandez I, Wyatt T et al (2011) Elicitation of foliar resistance mechanisms
transiently impairs root association with arbuscular mycorrhizal fungi. J Ecol 99:36-45.
https://doi.org/10.1111/j.1365-2745.2010.01752.x

Erb M, Kollner TG, Degenhardt J et al (2011a) 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.1469-
8137.2010.03450.x

Erb M, Robert CAM, Hibbard BE et al (2011b) Sequence of arrival determines plant-mediated
interactions between herbivores. J Ecol 99:7-15. https://doi.org/10.1111/j.1365-2745.2010.
01757.x

Erb M, Robert CAM, Marti G et al (2015) A physiological and behavioral mechanism for
leaf herbivore-induced systemic root resistance. Plant Physiol 169:2884-2894. https://doi.org/
10.1104/pp.15.00759

Erwin AC, Ziist T, Ali JG et al (2014) Above-ground herbivory by red milkweed beetles facilitates
above-and below-ground conspecific insects and reduces fruit production in common milkweed.
J Ecol 102:1038-1047. https://doi.org/10.1111/1365-2745.12248

Fernandez I, Merlos M, Lopez-Raez JA et al (2014) Defense related phytohormones regulation in
arbuscular mycorrhizal symbioses depends on the partner genotypes. J Chem Ecol 40:791-803.
https://doi.org/10.1007/s10886-014-0473-6

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. https://doi.org/10.1007/
BF00377007

Gange AC, Brown VK (2002) Soil food web components affect plant community structure during
early succession. Ecol Res 17:217-227. https://doi.org/10.1046/j.1440-1703.2002.00481.x

Gange A, Bower E, Brown V (2002) Differential effects of insect herbivory on arbuscular
mycorrhizal colonization. Oecologia 131:103-112. https://doi.org/10.1007/s00442-001-0863-7

Gange AC, Smith AK (2005) Arbuscular mycorrhizal fungi influence visitation rates of pollinating
insects. Ecol Entomol 30:600-606. https://doi.org/10.1111/j.0307-6946.2005.00732.x

Ghyselen C, Bonte D, Brys R (2015) The influence of herbivory on pre-and postzygotic stages of
reproduction following open, self, and outcross pollination. Am J Bot 102:2013-2019. https://
doi.org/10.3732/ajb.1500291

Ghyselen C, Bonte D, Brys R (2016) Is there a missing link? Effects of root herbivory on plant—
pollinator interactions and reproductive output in a monocarpic species. Plant Biol 18:156—163.
https://doi.org/10.1111/plb.12325

Guo H, Ge F (2017) Root nematode infection enhances leaf defense against whitefly in tomato.
Arthropod-Plant Interact 11:23-33. https://doi.org/10.1007/s11829-016-9462-8

Hladun KR, Adler LS (2009) Influence of leaf herbivory, root herbivory, and pollination on
plant performance in Cucurbita moschata. Ecol Entomol 34:144—152. https://doi.org/10.1111/
j-1365-2311.2008.01060.x

Hol WHG, Raaijmakers CE, Mons I et al (2016) Root-lesion nematodes suppress cabbage aphid
population development by reducing aphid daily reproduction. Front Plant Sci 7:111. https://
doi.org/10.3389/fpls2016.00111

Holland JN, DeAngelis DL, Bronstein JL (2002) Population dynamics and mutualism:
functional responses of benefits and costs. Am Nat 159:231-244. https://doi.org/10.1086/
338510


https://doi.org/10.2307/3565898
https://doi.org/10.1007/s11284-016-1410-7
https://doi.org/10.1007/s11284-016-1410-7
https://doi.org/10.1111/j.1365-2311.2010.01248.x
https://doi.org/10.1111/j.1365-2745.2010.01752.x
https://doi.org/10.1111/j.1469-8137.2010.03450.x
https://doi.org/10.1111/j.1469-8137.2010.03450.x
https://doi.org/10.1111/j.1365-2745.2010.01757.x
https://doi.org/10.1111/j.1365-2745.2010.01757.x
https://doi.org/10.1104/pp.15.00759
https://doi.org/10.1104/pp.15.00759
https://doi.org/10.1111/1365-2745.12248
https://doi.org/10.1007/s10886-014-0473-6
https://doi.org/10.1007/BF00377007
https://doi.org/10.1007/BF00377007
https://doi.org/10.1046/j.1440-1703.2002.00481.x
https://doi.org/10.1007/s00442-001-0863-7
https://doi.org/10.1111/j.0307-6946.2005.00732.x
https://doi.org/10.3732/ajb.1500291
https://doi.org/10.3732/ajb.1500291
https://doi.org/10.1111/plb.12325
https://doi.org/10.1007/s11829-016-9462-8
https://doi.org/10.1111/j.1365-2311.2008.01060.x
https://doi.org/10.1111/j.1365-2311.2008.01060.x
https://doi.org/10.3389/fpls2016.00111
https://doi.org/10.3389/fpls2016.00111
https://doi.org/10.1086/338510
https://doi.org/10.1086/338510

266 N. A. Barber

Huang W, Carrillo J, Ding J et al (2012) Invader partitions ecological and evolutionary responses to
above-and belowground herbivory. Ecology 93:2343-2352. https://doi.org/10.1890/11-1964.1

Huang W, Siemann E, Yang X et al (2013) Facilitation and inhibition: changes in plant nitrogen and
secondary metabolites mediate interactions between above-ground and below-ground herbi-
vores. Proc R Soc Lond B Biol Sci 280:20131318. https://doi.org/10.1098/rspb.2013.1318

Huang W, Siemann E, Xiao L et al (2014) Species-specific defence responses facilitate conspecifics
and inhibit heterospecifics in above—belowground herbivore interactions. Nat Commun 5:4851.
https://doi.org/10.1038/ncomms5851

Irwin RE, Brody AK, Waser NM (2001) The impact of floral larceny on individuals, populations,
and communities. Oecologia 129:161-168. https://doi.org/10.1007/s004420100739

Johnson SN, Gregory PJ (2006) Chemically-mediated host-plant location and selection by root-
feeding insects. Physiol Entomol 31:1-13. https://doi.org/10.1111/j.1365-3032.2005.00487.x

Johnson NC, Graham J, Smith FA (1997) Functioning of mycorrhizal associations along the
mutualism—parasitism continuum. New Phytol 135:575-585. https://doi.org/10.1046/j.1469-
8137.1997.00729.x

Johnson SN, Gregory PJ, Murray PJ et al (2004) Host plant recognition by the root-feeding clover
weevil, Sitona lepidus (Coleoptera: Curculionidae). Bull Entomol Res 94: 433—439. https://doi.
org/10.1079/BER2004317

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, Mitchell C, McNicol JW et al (2013) Downstairs drivers—root herbivores shape
communities of above-ground herbivores and natural enemies via changes in plant nutrients.
J Anim Ecol 82:1021-1030. https://doi.org/10.1111/1365-2656.12070

Jung SC, Martinez-Medina A, Lopez-Raez JA et al (2012) Mycorrhiza-induced resistance and
priming of plant defenses. J Chem Ecol 38:651-664. https://doi.org/10.1007/s10886-012-0134-6

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

Kaplan I, Sardanelli S, Denno RF (2009) Field evidence for indirect interactions between foliar-
feeding insect and root-feeding nematode communities on Nicotiana tabacum. Ecol Entomol
34:262-270. https://doi.org/10.1111/j.1365-2311.2008.01062.x

Kaplan I, Sardanelli S, Rehill BJ et al (2011) Toward a mechanistic understanding of competition in
vascular-feeding herbivores: an empirical test of the sink competition hypothesis. Oecologia
166:627-636. https://doi.org/10.1007/s00442-010-1885-9

Karban R, Baldwin IT (1997) Induced responses to herbivory. University of Chicago Press,
Chicago

Kumar P, Ortiz EV, Garrido E et al (2016) Potato tuber herbivory increases resistance to above-
ground lepidopteran herbivores. Oecologia 182:177-187. https://doi.org/10.1007/s00442-016-
3633-2

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/a0b/mcs055

Lehtila K, Strauss SY (1997) Leaf damage by herbivores affects attractiveness to pollinators in
wild radish, Raphanus raphanistrum. Oecologia 111:396-403. https://doi.org/10.1007/
5004420050251

Lu J, Robert CA, Lou Y et al (2016) A conserved pattern in plant-mediated interactions between
herbivores. Ecol Evol 6:1032—1040. https://doi.org/10.1002/ece3.1922

Masters GJ, Brown VK (1992) Plant-mediated interactions between two spatially separated insects.
Funct Ecol 6:175-179. https://doi.org/10.2307/2389752

Masters GJ, Brown VK, Gange AC (1993) Plant mediated interactions between above- and below-
ground insect herbivores. Oikos 66:148—151. https://doi.org/10.2307/3545209

Masters GJ, Jones TH, Rogers M (2001) Host-plant mediated effects of root herbivory on
insect seed predators and their parasitoids. Oecologia 127:246-250. https://doi.org/10.1007/
s004420000569


https://doi.org/10.1890/11-1964.1
https://doi.org/10.1098/rspb.2013.1318
https://doi.org/10.1038/ncomms5851
https://doi.org/10.1007/s004420100739
https://doi.org/10.1111/j.1365-3032.2005.00487.x
https://doi.org/10.1046/j.1469-8137.1997.00729.x
https://doi.org/10.1046/j.1469-8137.1997.00729.x
https://doi.org/10.1079/BER2004317
https://doi.org/10.1079/BER2004317
https://doi.org/10.1890/11-2272.1
https://doi.org/10.1111/1365-2656.12070
https://doi.org/10.1007/s10886-012-0134-6
https://doi.org/10.1890/07-0471.1
https://doi.org/10.1111/j.1365-2311.2008.01062.x
https://doi.org/10.1007/s00442-010-1885-9
https://doi.org/10.1007/s00442-016-3633-2
https://doi.org/10.1007/s00442-016-3633-2
https://doi.org/10.1093/aob/mcs055
https://doi.org/10.1007/s004420050251
https://doi.org/10.1007/s004420050251
https://doi.org/10.1002/ece3.1922
https://doi.org/10.2307/2389752
https://doi.org/10.2307/3545209
https://doi.org/10.1007/s004420000569
https://doi.org/10.1007/s004420000569

11 Cross-Compartment Herbivory Effects on Antagonists and Mutualists and. . . 267

McCall AC, Irwin RE (2006) Florivory: the intersection of pollination and herbivory. Ecol Lett 9:
1351-1365. https://doi.org/10.1111/j.1461-0248.2006.00975.x

McCarville MT, Soh DH, Tylka GL et al (2014) Aboveground feeding by soybean aphid, Aphis
glycines, affects soybean cyst nematode, Heterodera glycines, reproduction belowground. PLoS
One 9:e86415. https://doi.org/10.1371/journal.pone.00864 15

Milano NJ, Barber NA, Adler LS (2015) Conspecific and heterospecific aboveground herbivory
both reduce preference by a belowground herbivore. Environ Entomol 44:317-324. https://doi.
org/10.1093/ee/nvv003

Moran NA, Whitham TG (1990) Interspecific competition between root-feeding and leaf-galling
aphids mediated by host-plant resistance. Ecology 71:1050-1058. https://doi.org/10.2307/
1937373

Mothershead K, Marquis RJ (2000) Fitness impacts of herbivory through indirect effects on plant-
pollinator interactions in Oenothera macrocarpa. Ecology 81:30-40. https://doi.org/10.1890/
0012-9658(2000)081[0030:FIOHTI]2.0.CO;2

Mundim FM, Alborn HT, Vieira-Neto EH et al (2016) A whole-plant perspective reveals unex-
pected impacts of above-and belowground herbivores on plant growth and defense. Ecology
98:70-78. https://doi.org/10.1002/ecy.1619

National Research Council of the National Academies (2007) Status of pollinators in North
America. National Academies, Washington, DC. https://doi.org/10.17226/11761

Ohgushi T (2005) Indirect interaction webs: herbivore-induced effects through trait change in
plants. Annu Rev Ecol Evol Syst 36:81-105. https://doi.org/10.1146/annurev.ecolsys.36.
091704.175523

Papadopoulou GV, van Dam NM (2017) Mechanisms and ecological implications of plant-medi-
ated interactions between belowground and aboveground insect herbivores. Ecol Res 32:13-26

Petipas RH, Brody AK (2014) Termites and ungulates affect arbuscular mycorrhizal richness and
infectivity in a semiarid savanna. Botany 92:233240. https://doi.org/10.1139/cjb-2013-0223

Pierre PS, Dugravot S, Ferry A et al (2011) Aboveground herbivory affects indirect defences of
brassicaceous plants against the root feeder Delia radicum: laboratory and field evidence. Ecol
Entomol 36:326-334. https://doi.org/10.1111/j.1365-2311.2011.01276.x

Pieterse CMJ, Zamioudis C, Berendsen RL et al (2014) Induced systemic resistance by beneficial
microbes. Annu Rev Phytopathol 52:347-375. https://doi.org/10.1146/annurev-phyto-082712-
102340

Poveda K, Steffan-Dewenter I, Scheu S et al (2003) Effects of below- and aboveground herbivores
on plant growth, flower visitation, and seed set. Oecologia 135:601-605. https://doi.org/10.
1007/s00442-003-1228-1

Poveda K, Steffan-Dewenter I, Scheu S et al (2005) Effects of decomposers and herbivores on plant
performance and aboveground plant-insect interactions. Oikos 108:503-510. https://doi.org/10.
1111/.0030-1299.2005.13664.x

Pozo MJ, Azcén-Aguilar C (2007) Unraveling mycorrhiza-induced resistance. Curr Opin Plant Biol
10:393-398. https://doi.org/10.1016/j.pbi.2007.05.004

Prior KM, Robinson JM, Meadley Dunphy SA et al (2015) Mutualism between co-introduced
species facilitates invasion and alters plant community structure. Proc R Soc Lond B Biol Sci
282:20142846. https://doi.org/10.1098/rspb.2014.2846

Rasmann S, Turlings TC (2007) Simultaneous feeding by aboveground and belowground herbi-
vores attenuates plant-mediated attraction of their respective natural enemies. Ecol Lett 10:
926-936. https://doi.org/10.1111/j.1461-0248.2007.01084.x

Robert CA, Erb M, Duployer M et al (2012) Herbivore-induced plant volatiles mediate host
selection by a root herbivore. New Phytol 194:1061-1069. https://doi.org/10.1111/j.1469-
8137.2012.04127.x

Rodriguez-Echeverria S, de la Pefia E, Moens M et al (2009) Can root-feeders alter the composition
of AMF communities? Experimental evidence from the dune grass Ammophila arenaria. Basic
Appl Ecol 10:131-140. https://doi.org/10.1016/j.baae.2008.01.004


https://doi.org/10.1111/j.1461-0248.2006.00975.x
https://doi.org/10.1371/journal.pone.0086415
https://doi.org/10.1093/ee/nvv003
https://doi.org/10.1093/ee/nvv003
https://doi.org/10.2307/1937373
https://doi.org/10.2307/1937373
https://doi.org/10.1890/0012-9658(2000)081[0030:FIOHTI]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[0030:FIOHTI]2.0.CO;2
https://doi.org/10.1002/ecy.1619
https://doi.org/10.17226/11761
https://doi.org/10.1146/annurev.ecolsys.36.091704.175523
https://doi.org/10.1146/annurev.ecolsys.36.091704.175523
https://doi.org/10.1139/cjb-2013-0223
https://doi.org/10.1111/j.1365-2311.2011.01276.x
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1007/s00442-003-1228-1
https://doi.org/10.1007/s00442-003-1228-1
https://doi.org/10.1111/j.0030-1299.2005.13664.x
https://doi.org/10.1111/j.0030-1299.2005.13664.x
https://doi.org/10.1016/j.pbi.2007.05.004
https://doi.org/10.1098/rspb.2014.2846
https://doi.org/10.1111/j.1461-0248.2007.01084.x
https://doi.org/10.1111/j.1469-8137.2012.04127.x
https://doi.org/10.1111/j.1469-8137.2012.04127.x
https://doi.org/10.1016/j.baae.2008.01.004

268 N. A. Barber

Ruotsalainen AL, Eskelinen A (2011) Root fungal symbionts interact with mammalian herbivory,
soil nutrient availability and specific habitat conditions. Oecologia 166:807-817. https://doi.org/
10.1007/s00442-011-1928-x

Saravesi K, Markkola A, Rautio P et al (2008) Defoliation causes parallel temporal responses in a
host tree and its fungal symbionts. Oecologia 156:117-123. https://doi.org/10.1007/s00442-
008-0967-4

Smith SE, Read DJ (2008) Mycorrhizal symbiosis, 3rd edn. Academic, London

Soler R, Bezemer T, 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, Bezemer TM, Cortesero AM et al (2007a) Impact of foliar herbivory on the development of
a root-feeding insect and its parasitoid. Oecologia 152: 257-264. https://doi.org/10.1007/
$00442-006-0649-z

Soler R, Harvey JA, Kamp AF et al (2007b) Root herbivores influence the behaviour of an
aboveground parasitoid through changes in plant-volatile signals. Oikos 116:367-376. https://
doi.org/10.1111/.0030-1299.2007.15501.x

Soler R, Harvey JA, Bezemer TM et al (2008) Plants as green phones. Plant Signal Behav 3:
519-520

Soler R, Schaper SV, Bezemer T et al (2009) Influence of presence and spatial arrangement of
belowground insects on host-plant selection of aboveground insects: a field study. Ecol Entomol
34:339-345. https://doi.org/10.1111/.1365-2311.2008.01082.x

Soler R, Harvey JA, Rouchet R et al (2010) Impacts of belowground herbivory on oviposition
decisions in two congeneric butterfly species. Entomol Exp Appl 136:191-198. https://doi.org/
10.1111/.1570-7458.2010.01015.x

Soler R, van der Putten WH, Harvey JA et al (2012) Root herbivore effects on aboveground
multitrophic interactions: patterns, processes and mechanisms. J Chem Ecol 38:755-767.
https://doi.org/10.1007/s10886-012-0104-z

Soler R, Erb M, Kaplan I (2013) Long distance root—shoot signalling in plant—insect community
interactions. Trends Plant Sci 18:149-156. https://doi.org/10.1016/j.tplants.2012.08.010

Soper Gorden NL, Adler LS (2013) Abiotic conditions affect floral antagonists and mutualists of
Impatiens capensis (Balsaminaceae). Am J Bot 100:679-689. https://doi.org/10.3732/ajb.
1200460

Stephens AEA, Srivastava DS, Myers JH (2013) Strength in numbers? Effects of multiple natural
enemy species on plant performance. Proc R Soc Lond B Biol Sci 280:20122756. https://doi.
org/10.1098/rspb.2012.2756

Strauss SY (1991) Indirect effects in community ecology: their definition, study and importance.
Trends Ecol Evol 6:206-210. https://doi.org/10.1016/0169-5347(91)90023-Q

Strauss SY (1997) Floral characters link herbivores, pollinators, and plant fitness. Ecology 78:
1640-1645. https://doi.org/10.1890/0012-9658(1997)078[1640:FCLHPA]2.0.CO;2

Strauss SY, Conner JK, Rush SL (1996) Foliar herbivory affects floral characters and plant attractive-
ness to pollinators: implications for male and female plant fitness. Am Nat 147: 1098-1107. https://
doi.org/10.1086/285896

van Dam NM, Heil M (2011) Multitrophic interactions below and above ground: en route to the
next level. J Ecol 99:77-88. https://doi.org/10.1111/j.1365-2745.2010.01761.x

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, Bardgett RD, Ruiter PC et al (2009) Empirical and theoretical challenges in
aboveground-belowground ecology. Oecologia 161:1-14. https://doi.org/10.1007/s00442-009-
1351-8

van Geem M, Gols R, van Dam NM et al (2013) The importance of aboveground—belowground
interactions on the evolution and maintenance of variation in plant defense traits. Front Plant Sci
4:431. https://doi.org/10.3389/fpls.2013.00431


https://doi.org/10.1007/s00442-011-1928-x
https://doi.org/10.1007/s00442-011-1928-x
https://doi.org/10.1007/s00442-008-0967-4
https://doi.org/10.1007/s00442-008-0967-4
https://doi.org/10.1111/j.1365-2656.2005.01006.x
https://doi.org/10.1007/s00442-006-0649-z
https://doi.org/10.1007/s00442-006-0649-z
https://doi.org/10.1111/j.0030-1299.2007.15501.x
https://doi.org/10.1111/j.0030-1299.2007.15501.x
https://doi.org/10.1111/j.1365-2311.2008.01082.x
https://doi.org/10.1111/j.1570-7458.2010.01015.x
https://doi.org/10.1111/j.1570-7458.2010.01015.x
https://doi.org/10.1007/s10886-012-0104-z
https://doi.org/10.1016/j.tplants.2012.08.010
https://doi.org/10.3732/ajb.1200460
https://doi.org/10.3732/ajb.1200460
https://doi.org/10.1098/rspb.2012.2756
https://doi.org/10.1098/rspb.2012.2756
https://doi.org/10.1016/0169-5347(91)90023-Q
https://doi.org/10.1890/0012-9658(1997)078[1640:FCLHPA]2.0.CO;2
https://doi.org/10.1086/285896
https://doi.org/10.1086/285896
https://doi.org/10.1111/j.1365-2745.2010.01761.x
https://doi.org/10.1111/j.1570-7458.2005.00241.x
https://doi.org/10.1007/s00442-009-1351-8
https://doi.org/10.1007/s00442-009-1351-8
https://doi.org/10.3389/fpls.2013.00431

11 Cross-Compartment Herbivory Effects on Antagonists and Mutualists and. . . 269

Vannette RL, Hunter MD (2011) Plant defence theory re-examined: nonlinear expectations based
on the costs and benefits of resource mutualisms. J Ecol 99:66-76. https://doi.org/10.1111/j.
1365-2745.2010.01755.x

Vannette RL, Hunter MD (2014) Genetic variation in plant below-ground response to elevated CO,
and two herbivore species. Plant Soil 384:303-314. https://doi.org/10.1007/s11104-014-2203-9

Varga S, Kytoviita M-M (2010) Gender dimorphism and mycorrhizal symbiosis affect floral visitors
and reproductive output in Geranium sylvaticum. Funct Ecol 24:750-758. https://doi.org/10.
1111/).1365-2435.2010.01708.x

Wardle DA, Bardgett RD, Klironomos JN et al (2004) Ecological linkages between aboveground
and belowground biota. Science 204:1629-1633. https://doi.org/10.1126/science.1094875

Wei H, He M, Lu X et al (2016) Differences in interactions of aboveground and belowground
herbivores on the invasive plant Alternanthera philoxeroides and native host A. sessilis.
Biol Invasions 18:3437-3447. https://doi.org/10.1007/s10530-016-1234-y

White JA, Andow DA (2006) Habitat modification contributes to associational resistance between
herbivores. Oecologia 148:482—490. https://doi.org/10.1007/s00442-006-0388-1

Wilson GWT, Rice CW, Rillig MC et al (2009) Soil aggregation and carbon sequestration are tightly
correlated with the abundance of arbuscular mycorrhizal fungi: results from long-term field
experiments. Ecol Lett 12:452-461. https://doi.org/10.1111/j.1461-0248.2009.01303.x

Wolfe BE, Husband BC, Klironomos JN (2005) Effects of a belowground mutualism on an above-
ground mutualism. Ecol Lett 8:218-223. https://doi.org/10.1111/j.1461-0248.2004.00716.x

Wondafrash M, Van Dam NM, Tytgat TO (2013) Plant systemic induced responses mediate inter-
actions between root parasitic nematodes and aboveground herbivorous insects. Front Plant Sci
4:87. https://doi.org/10.3389/fpls.2013.00087

Wooton JT (1994) The nature and consequences of indirect effects in ecological communities.
Annu Rev Ecol Syst 25:443-466. https://doi.org/10.1146/annurev.es.25.110194.002303

Yang W, Zheng Y, Gao C et al (2013) The arbuscular mycorrhizal fungal community response to
warming and grazing differs between soil and roots on the Qinghai-Tibetan Plateau. PLoS One 8
(9):€76447. https://doi.org/10.1371/journal.pone.0076447


https://doi.org/10.1111/j.1365-2745.2010.01755.x
https://doi.org/10.1111/j.1365-2745.2010.01755.x
https://doi.org/10.1007/s11104-014-2203-9
https://doi.org/10.1111/j.1365-2435.2010.01708.x
https://doi.org/10.1111/j.1365-2435.2010.01708.x
https://doi.org/10.1126/science.1094875
https://doi.org/10.1007/s10530-016-1234-y
https://doi.org/10.1007/s00442-006-0388-1
https://doi.org/10.1111/j.1461-0248.2009.01303.x
https://doi.org/10.1111/j.1461-0248.2004.00716.x
https://doi.org/10.3389/fpls.2013.00087
https://doi.org/10.1146/annurev.es.25.110194.002303
https://doi.org/10.1371/journal.pone.0076447

Chapter 12 ®)
Eco-evolutionary Dynamics of Above- s
and Belowground Herbivores and Invasive
Plants

Wei Huang, Evan Siemann, and Jianqing Ding

12.1 Introduction

Herbivory is a major determinant of plant growth, reproduction, and defense.
Ecological changes in abundance and composition of herbivores may alter plant
phenotypic traits but also serve as an important selective agent triggering adaptive
evolution in these traits, which in turn may alter interactions with surrounding
organisms, in particular herbivores that exerted the selective pressure (Utsumi
2011; Ohgushi 2016). These interdependent ecological and evolutionary processes
are often viewed as “eco-evolutionary dynamics” and have been documented in
many different systems aboveground, but little attention has been paid to below-
ground (Fussmann et al. 2007; Pelletier et al. 2009; Hendry 2016). Moreover, above-
and belowground herbivores can indirectly interact with each other via the shared
host plant, resulting in a wide range of impacts on plant phenotypic traits depending
on whether their combined impacts are independent, synergistic, or offsetting
(Kaplan et al. 2008b; Erwin et al. 2014; Mundim et al. 2017). Thus, it is imperative
to include above- and belowground herbivores in eco-evolutionary dynamics of
plant and herbivore interactions in order to extrapolate how ecological changes in
herbivores drive plant trait evolution and how evolution of plant traits influences
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Fig. 12.1 The eco-evolutionary dynamics of above- and belowground interactions in invasive
plants. Invasive plants often experience lower above- and belowground herbivore loads in the
introduced range than in the native range. This ecological variation in herbivore pressure may drive
evolutionary changes in plant traits, for example, increasing growth and reproduction and decreas-
ing chemical defenses. Simultaneously, evolutionary changes in invasive plants may influence
ecological interactions between above- and belowground herbivores

ecological processes in plant-herbivore interactions (van der Putten et al. 2009; van
Geem et al. 2013).

Invasive plants are excellent candidates for examining the interplay between
ecological and evolutionary processes in the context of above- and belowground
interactions (Fig. 12.1) (van der Putten et al. 2009; Harvey et al. 2010; Vestergard
et al. 2015). Firstly, invasive plants are often released from their coevolved above-
and belowground specialist herbivores and may experience attack from a different
group of generalists in the introduced range (Elton 1958; Maron and Vila 2001;
Keane and Crawley 2002; but see Chun et al. 2010). The variations in abundance and
composition of herbivores in the introduced range may change selective pressure of
herbivory on invasive plants. Secondly, these ecological variations in herbivore
pressure may drive evolutionary changes in plant traits. Specifically, lower herbivore
loads in the introduced range may select for increased competitive ability of invasive
plants by evolutionary shifts in allocation from defense against herbivores to growth
and/or reproduction (Blumenthal and Hufbauer 2007; Feng et al. 2009; Huang et al.
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2010; but see Felker-Quinn et al. 2013). Lastly, evolutionary changes in invasive
plants may influence ecological interactions, when the interactions with above- and
belowground herbivores in the introduced range are modified by these genetic
changes in plant defense and growth traits (Pearse and Altermatt 2013; Tanner
et al. 2013; Bezemer et al. 2014). Thus, studies on the response of invasive and
native populations of invasive plant species to above- and belowground herbivores
may provide new insight into the interplay of ecological and evolutionary processes
in altering the interactions among aboveground herbivores, belowground herbivores,
and plants.

In this chapter, we review existing knowledge about eco-evolutionary dynamics
of aboveground herbivores, belowground herbivores, and invasive plants. We aim to
(1) provide an overview of the variation in herbivore communities associated with
invasive plants in both above- and belowground compartments, (2) identify how
above- and belowground herbivores drive selection on growth and defense traits of
invasive plants, and (3) discuss whether genetic differences in growth and defense
between native and invasive populations affect above- and belowground communi-
ties differently. In addition, we present a case study to illustrate interactions and
feedbacks in eco-evolutionary dynamics.

12.2 Variations in Above- and Belowground Herbivores
Between Introduced and Native Ranges

Herbivores can drastically influence plant growth, reproduction, abundance, and
distribution. The Enemy Release Hypothesis (ERH) postulates that exotic plants will
gain a competitive advantage over native plants through a plastic phenotypic (eco-
logical) response to escaping suppression by coevolved natural enemies (Elton 1958;
Maron and Vila 2001; Keane and Crawley 2002). Although invasive plants com-
monly escape their co-evolved specialists, they may also be attacked by generalist
natural enemies in the introduced range (Maron and Vila 2001; Bezemer et al. 2014).
The Biotic Resistance Hypothesis (BRH) emphasizes the importance of generalists
in limiting invasions and posits that some exotic plants will be constrained by
generalists because they can recognize, exploit, and suppress exotic plants in the
introduced range (Parker and Hay 2005).

In addition to varying by diet breadth, herbivores attacking invasive plants vary in
feeding guild, such as chewing vs. sucking feeders, foliar vs. seed feeders as well as
gall formers and miners. Many studies have found herbivore community composi-
tion differs between invasive plants and related resident plants. For example, Ando
et al. (2010) showed that herbivore species richness on invasive Solidago altissima
and the native congener S. virgaurea were similar in the introduced range, but
S. altissima plants were predominantly attacked by sucking feeders, while
S. virgaurea plants were mainly attacked by foliar chewers and miners. In a
manipulative common garden experiment, Burghardt and Tallamy (2013) found
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that the impact of plant origin (native vs. invasive plants) on abundance of herbi-
vores differed among herbivore feeding guilds. Plant origin had a stronger effect on
abundance of chewing feeders than sucking feeders, while xylem feeder abundance
was unaffected by plant origin.

To date, studies on the variations in herbivores between introduced and native
ranges of invasive plants have mainly focused on aboveground enemies. Below-
ground enemies have received little attention, despite the fact that belowground
enemies are pervasive in most terrestrial ecosystems and play critical roles in
mediating the abundance and spread of plants and plant-associated organisms (van
Dam 2009; van der Putten et al. 2009; Johnson and Rasmann 2015). In a biogeo-
graphical field survey, Cripps et al. (2006) showed that invasive plant Lepidium
draba is attacked by root chewers and galls in the native range, but no root
herbivores feed on L. draba in the introduced range, indicating L. draba completely
escaped from suppression by belowground herbivores. Although direct evidence of
escaping belowground herbivores is scarce, classical biological control provides
clear information that belowground herbivores may be a major driver of plant
invasions (Blossey 1993; Gerber et al. 2007; Huang et al. 2011). A review by
Blossey and Hunt-Joshi (2003) showed that a total of 49 belowground herbivores
have been released to control 19 invasive plants and more than half of them suppress
their host plants.

Taken together, previous studies clearly demonstrate that above- and below-
ground herbivore communities differ between native and introduced ranges in
their composition, abundance, and species richness (Maron and Vila 2001; Blossey
and Hunt-Joshi 2003; Cripps et al. 2006). Therefore, plant invasions offer an
excellent opportunity to investigate eco-evolutionary dynamics in both above- and
belowground compartments and future studies examining the role of natural enemies
in plant invasions should benefit from combined above- and belowground
perspectives.

12.3 Evolution of Plant Defense and Changes in Plant—
Herbivore Interactions During Plant Invasions

12.3.1 Impact of Aboveground Herbivores
12.3.1.1 Trade-Off Between Plant Growth and Defense

Herbivores feed on almost all parts of plants, including leaves, stems, roots, flowers,
fruits, and seeds. Thus, herbivory is considered an important selective agent in the
evolution of many plant traits, such as growth, reproduction, and defense (Agrawal
etal. 2012; Ziist et al. 2012; Huber et al. 2016a). As a result, release from co-evolved
natural enemies may not only lead to ecological benefits for invasive plants, but also
drive evolution in a suite of traits of invasive plants (Bossdorf et al. 2005; Lin et al.
2015b; Uesugi and Kessler 2016). As an extension of the ERH, the Evolution of
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Increased Competitive Ability hypothesis (EICA) posits that invasive plants that
escape from specialist herbivores may increase their competitive ability through an
evolutionary shift in resource allocation away from defense against herbivores
toward traits conferring increased competitive ability, such as growth and reproduc-
tion (Blossey and Notzold 1995).

Many studies have tested the predictions of EICA hypothesis, but found mixed
results (Bossdorf et al. 2005; Chun et al. 2010; Felker-Quinn et al. 2013). Some
studies supported the EICA hypothesis and found a trade-off between plant growth
and defense (Joshi and Tielborger 2012; Huang and Ding 2016). However, other
studies did not support the EICA hypothesis and showed that invasive plants had
either greater performance or lower defense (Meyer et al. 2005; Cafio et al. 2009).
The mixed results may be due to overlooking the abundance and composition of
herbivores in the introduced range (Miiller-Schirer et al. 2004; Orians and Ward
2010; Prior et al. 2015). Invasive plants often escape specialists, but may encounter
generalists in the introduced range. Furthermore, invasive plants may reestablish
associations with coevolved specialists or generalists due to accidental or intended
introductions by human activities. Thus, herbivores in the introduced range, regard-
less of origins, may also have the potential to affect the evolutionary direction and
magnitude of plant defense and growth.

12.3.1.2 Plant Resistance

Resistance is a defensive trait that protects a plant from herbivores by reducing the
performance and/or preference of the herbivores. Specialist and generalist herbivores
can exert opposite selection pressures on plant resistance (van der Meijden 1996;
Lankau 2007; Ali and Agrawal 2012). The Shifting Defense Hypothesis (SDH)
argued that invasive plants should maintain or increase their less-costly, toxic
defense compounds (qualitative defenses) to defend against generalists and decrease
their more-costly, digestibility-reducing compounds (quantitative defenses) which
are more important in defense against specialists (Miiller-Schirer et al. 2004). A
meta-analysis and some empirical studies supported SDH (Joshi and Vrieling 2005;
Doorduin and Vrieling 2011). However, invasive plants may reacquire their resis-
tance against herbivores, including specialists and generalists, when they are intro-
duced from native ranges, or when herbivores from introduced range could adapt to
the invasive plants (Siemann et al. 2006; Fukano and Yahara 2012; Sakata et al.
2014).

Plant resistance to herbivory is not only expressed constitutively, but can also be
induced upon herbivore attack (Karban and Myers 1989; Agrawal 2005; Kant et al.
2015). This induced resistance may be a cost-saving defense strategy, because plants
can increase resistance when herbivores are present, while shifting resources from
defense to growth and reproduction when herbivores are absent (Agrawal and
Karban 1999; Cipollini and Heil 2010; Karban 2011). Many studies have demon-
strated trade-offs between constitutive and induced resistance and trade-offs between
defense and growth (Kempel et al. 2011). It is, therefore, reasonable to expect that
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invasive populations that are rarely attacked by herbivores in the introduced range
should have higher induced resistance and lower constitutive resistance than their
native conspecifics. This shift in defense strategies may favor invasive plants in
competition with native plants. Although previous studies have demonstrated
changes in induced resistance of invasive plants (Cipollini et al. 2005; Eigenbrode
et al. 2008; Wang et al. 2012), theory that predicts evolutionary directions and
consequences is still in its infancy. Thus, we need more detailed comparisons
between native and invasive populations to fully evaluate how induced resistance
changes during plant invasion.

Furthermore, some plants utilize indirect defenses [e.g., extrafloral nectar (EFNs)
and volatile organic compounds (VOCs)] to attract predators or parasitoids of
herbivores for reducing damage levels (Arimura et al. 2005; Heil 2008; Kessler
and Heil 2011). To date, these indirect defenses have been demonstrated in many
plant species under both laboratory and field conditions (Poelman et al. 2011;
Mathur et al. 2013; Huang et al. 2015). In contrast to the evolution of direct defenses
which are affected mainly by herbivores alone, the evolution of indirect defenses
may be determined by herbivores and their natural enemies simultaneously
(Poelman and Kessler 2016). Novel herbivore communities or differences in the
predator and parasitoid communities in the introduced range may each influence
selection on indirect defense, resulting in indirect defense being more sensitive to the
changes in interaction network structure than is direct defense (Carrillo et al. 2012a;
Wang et al. 2013). Based on limited available information and mixed results in plant
invasion, it is still unclear how selection by herbivores affects indirect defense of
invasive plants. Furthermore, changes in indirect defense compounds in the intro-
duced range may also be the result of other selection pressures since VOCs and
EFNs are also affected by many other biotic factors, such as plant neighbor identity
and pollinators (Heil and Karban 2010; Heil 2011; Karban et al. 2014).

12.3.1.3 Plant Tolerance

In addition to resisting herbivore attack, plants also tolerate damage by herbivores.
Tolerance is the ability to prevent or attenuate the negative impacts of herbivores
through compensatory growth (Strauss and Agrawal 1999; Agrawal 2011; Fornoni
2011). The high growth rate of plants from invasive populations may lead to higher
tolerance since plant growth rate is often positively correlated with tolerance to
herbivory (Agrawal 2011). Also, negative correlations between herbivore resistance
and tolerance have been detected in many agricultural and wild plant species
(Nufiez-Farfan et al. 2007); as a result invasive plants with lower resistance may
have higher tolerance (Wang et al. 2011). Furthermore, invasive plants are still
attacked by some herbivores in the introduced range that could favor a strategy of
increased tolerance (Fornoni 2011). A growing body of research has indeed found
that invasive populations maintained or increased tolerance compared to conspecific
native populations after artificial damage, specialist or generalist herbivory, or in
field conditions (Bossdorf et al. 2004; Huang et al. 2010; Gard et al. 2013; Huang
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and Ding 2016). However, a few studies have found lower tolerance in invasive
populations (Oduor et al. 2011; Lin et al. 2015b). Testing the traits underlying such
differences in tolerance will reveal a better understanding of the role of herbivore
tolerance in plant invasions.

12.3.2 Impact of Belowground Herbivores

Up to now, investigation of the impact of herbivores on the evolutionary trajectories
of invasive plants has mostly focused on aboveground interactions and plant traits.
There is comparatively little known about whether and how belowground herbivores
affect root traits such as growth and belowground defense strategies of invasive
plants. It is likely belowground herbivores would affect plant traits because they also
have the potential to affect plant growth and defense (Pierre et al. 2012; Erwin et al.
2013; Huber et al. 2016a), and many invasive plants are released from suppression
by belowground herbivores (Blossey and Hunt-Joshi 2003; Cripps et al. 2006;
Knochel et al. 2010).

12.3.2.1 Plant Growth

Among plant root traits, root branching and specific root length (root length to mass
ratio) are two important indicators of environmental changes, such as temperature,
precipitation, and fertilization (Ostonen et al. 2007; Arredondo and Johnson 2011;
Postma et al. 2014). Greater branching and higher specific root length may lead
plants to absorb soil water and nutrients more efficiently, but may also render plants
more vulnerable to belowground herbivores. Recently, Dawson and Schrama (2016)
predicted that invasive plants should evolve to have greater branching and higher
specific root length when released from their belowground enemies because such
variations in root traits could increase their competitive ability through more
resource uptake. So far, however, no empirical study has tested this hypothesis. In
contrast, root biomass has been extensively studied and many studies have demon-
strated that plants from the introduced range invest relatively fewer resources to
belowground than to aboveground, leading to invasive populations that have lower
root-to-shoot ratio than native populations (Huang et al. 2012b; Liao et al. 2013; Lin
et al. 2015a).

12.3.2.2 Plant Defense

Plants are known to defend against belowground herbivores through increasing root
toxins after attack, releasing volatile chemicals to attract the enemies of below-
ground herbivores, and/or compensatory growth (Rasmann and Agrawal 2008; van
Dam 2009; Huber et al. 2016b). For plant root defense, in the study that put forward
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the EICA hypothesis, Blossey and Notzold (1995) tested the performance of root
feeding larvae of the weevil Hylobius transversovittatus, on potted plants of Lythrum
salicaria from introduced and native ranges. They found that larval weight and
survival were significantly higher on invasive plants than on native conspecifics,
indicating that L. salicaria may have evolved lower resistance to belowground
herbivores in the introduced range. For plant root tolerance, Huang et al. (2012b)
demonstrated that there was no significant difference in root tolerance between
native and invasive populations of Chinese tallow tree after root herbivory. How-
ever, to date, research on invasive plant root growth and defense is so limited that it
is unlikely to predict how root growth and defense of invasive plants evolve under
new selections. Thus, it is imperative to include different root traits and defensive
strategies into studies of invasive plants in order to extrapolate the evolutionary
trajectories of root growth and defensive strategies during the process of invasion.

12.3.3 Impact of Above- and Belowground Herbivore
Interactions

Above- and belowground herbivores are linked through induced responses of the
shared host plant. First, above- and belowground herbivores can interact through
plant direct resistance which can influence herbivore growth and/or foraging behav-
ior (Erb et al. 2009; Robert et al. 2012). Second, interactions between above- and
belowground herbivores can be mediated by plant indirect resistance [e.g., herbivore
induced plant volatiles (HIPVs)] which can attract the natural enemies of herbivores
(Rasmann and Turlings 2007; Soler et al. 2007). Finally, plant tolerance also has
potential to affect above- and belowground herbivores interactions via shifting
allocation of primary metabolites between above- and belowground structures
(Kaplan et al. 2008a; Johnson et al. 2009). Thus, it is reasonable to predict that
variation in selection on plant defense strategies may not only depend on the
abundance and identity of herbivores but also on the interactions among herbivores.
Genetic variation in plant defense may lead to different plant genotypes showing
different physiological responses to above- and belowground herbivores that in turn
alter the outcome of their interactions (Hol et al. 2004; Wurst et al. 2008; Kafle et al.
2014). Furthermore, the outcome of above- and belowground interactions with
different plant genotypes likely depends on the feeding guild, modes of feeding,
and diet breadth of herbivores with interactions potentially varying among specific
combinations of herbivores (Johnson et al. 2012; Singh et al. 2014).

Under these conditions, invasive plants are likely to confront new combinations
of both above- and belowground herbivores in terms of the taxa present as well as the
feeding guilds, especially when some guilds are lacking in the introduced range.
Thus, changes in above- and belowground herbivore interactions may also play a
critical role in driving adaptive evolution of defense strategies for invasive plants.
However, to date, most studies examining the role of herbivores in the evolution of
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defense during plant invasion focused on herbivore release and/or gain and treated
above- and belowground herbivores separately (if they included belowground her-
bivores). Furthermore, our current understanding of how genetic variation in inva-
sive plant defenses affects above- and belowground herbivores is quite limited. As a
consequence, we know little about feedbacks resulting from eco-evolutionary
dynamics. Thus, investigating the difference in above- and belowground herbivore
interactions between native and introduced ranges and feedback of genetic variation
in defense to above- and belowground herbivores would be two important steps to
understanding evolutionary trajectories of invasive plant defenses and corresponding
ecological consequences.

12.4 Case Studies: Above- and Belowground Herbivore
Interactions in Triadica sebifera

Triadica sebifera (synonyms include Sapium sebiferum) is a rapidly growing
Euphorb tree (Zhang and Lin 1994). It is native to China and has become a severe
invader in the southeastern United States (Siemann and Rogers 2003a; Pattison and
Mack 2008). In China, 7. sebifera is attacked by a diversity of specialist and
generalist herbivores from both above- and belowground compartments (Zheng
et al. 2005; Huang et al. 2014). However, only a few foliar chewing generalists
(no sucking feeders or seed predators) and no root herbivores are detected in the
USA (Siemann and Rogers 2003b, ¢), indicating 7. sebifera experiences low above-
and belowground herbivore loads after invasion. A recent apparently accidental
introduction of a specialist leaf miner and roller from Asia has expanded the feeding
modes of herbivores attacking 7. sebifera (Davis et al. 2013). Recent studies on
Triadica sebifera showed that T. sebifera generally had lower resistance to both
above- and belowground herbivores, higher tolerance to aboveground herbivores,
and comparable tolerance to belowground herbivores after invasion (Table 12.1).
Furthermore, con- and heterospecific above- and belowground herbivore interac-
tions were more intense on invasive populations than on native ones (Table 12.1).
These results suggest that invasive plants evolve different growth and defense
strategies to above- and belowground herbivores after invasion and feedback of
these changes to herbivores interactions is stronger after invasion (see below for
details).

12.4.1 Aboveground Herbivores

In a 14-year common garden experiment in North America, Siemann and Rogers
(2001) found that invasive populations of 7. sebifera had greater basal area and
produced more seeds, but had lower foliar tannins than native populations. These
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results were consistent with the EICA hypothesis and provided clear evidence that
release from herbivores facilitates evolutionary changes in resource allocation
between growth, reproduction, and defense. In another introduced site in Hawaii,
Siemann and Rogers (2003b) found that a generalist beetle from the native range
caused greater damage on plants from invasive populations. Similarly, caged North
American generalist grasshoppers (Siemann and Rogers 2003c) and Asian specialist
beetles (Zou et al. 2008b) caused more damage to plants from invasive populations
when given a choice between plants from invasive or native populations. Overall,
these studies indicate that 7. sebifera decreases resistance to aboveground herbivores
after invasion. However, the greater performance of plants from invasive
populations than native populations in common gardens in North America, Hawaii,
and Asia in which aboveground herbivores were suppressed suggests that the link
from herbivore damage to plant performance may not be simple (Siemann et al.
2017).

In contrast to resistance, invasive 7. sebifera exhibits higher tolerance to above-
ground herbivory than native conspecifics when plants are exposed to simulated
defoliation (Rogers and Siemann 2005), generalist herbivores (Rogers and Siemann
2005; Huang et al. 2012a; Carrillo et al. 2014), specialist herbivores (Zou et al.
2008b; Wang et al. 2011; Huang et al. 2012a), and natural herbivore communities
(Zou et al. 2008a, b). Huang et al. (2010) examined the resistance and tolerance of
T. sebifera from introduced and native ranges to specialist and generalist caterpillars.
Bioassays and chemical analyses demonstrated that invasive populations had lower
resistance to specialist caterpillars than native populations, but similar resistance to
the generalist caterpillar. Furthermore, a common garden experiment showed that
invasive populations had higher herbivore tolerance than native ones, especially for
generalists (Huang et al. 2010). Taken together, changes in composition (specialist
vs. generalist) and abundance (lower generalist loads) of aboveground herbivores
have the potential to drive T. sebifera to evolve lower resistance and higher tolerance
to herbivory.

In addition, 7. sebifera produces EFN in glands at the base and underside margins
of leaves that potentially act as an indirect defense through attracting arthropod
predators and parasitoids of herbivores. Several studies have investigated EFN
production of T. sebifera populations from introduced and native ranges, but results
were mixed. For example, invasive populations had less (Carrillo et al. 2012a),
similar, (Carrillo et al. 2012b) or more constitutive EFN production (Wang et al.
2013) than native populations in different studies. These contrasting results may
result from different methodology used because EFNs are affected by environmental
conditions and plant physiological status (Heil 2008; Izaguirre et al. 2013; Jones and
Koptur 2015). Although EFN production can be induced by aboveground herbivory,
studies showed that T. sebifera EFN production did not differ between native and
invasive populations after simulated leaf herbivory (Rogers et al. 2003; Carrillo et al.
2012a) or generalist caterpillar damage (Carrillo et al. 2012b). Wang et al. (2013)
investigated the impact of generalist and specialist herbivory on EFNs and found
similar responses to generalist herbivory, while specialist caterpillars elicited more
EFNs on plants from native populations than from invasive populations. These
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studies indicated that changes in aboveground herbivores between introduced and
native ranges may be also able to exert selection pressure on indirect resistance.
Plants may retain constitutive and induced EFN in the introduced range to efficiently
defend against generalists through attracting organisms in the higher trophic levels,
while induced indirect resistance to specialist herbivores is attenuated because of
lack of specialists.

12.4.2 Belowground Herbivores

Despite the fact that belowground herbivores strongly affect 7. sebifera in the native
range (Zheng et al. 2005), the role of belowground herbivores in driving the
evolution of T. sebifera traits has received less attention. To date, such studies
mainly focused on the response of T. sebifera to potential biological control agents
or simulated root herbivory. For example, Huang et al. (2012b) and Li et al. (2016)
found that larvae of a specialist flea beetle developed better on roots of plants from
invasive populations than native populations. Chemical analyses showed that the
invasive populations had lower root tannins than native populations, which may
underlie the observed changes in larval performance between invasive and native
populations (Huang et al. 2014). These results indicate that invasive 7. sebifera
decreases the investment of resources in belowground resistance, displaying the
same evolutionary pattern as aboveground resistance. However, in contrast to
increasing tolerance to aboveground herbivores, invasive populations had compara-
ble compensatory growth to native populations after feeding by larvae of specialist
flea beetle or simulated root damage (Huang et al. 2012b; Carrillo and Siemann
2016). These studies suggest that invasive plants, such as T. sebifera, have evolved
lower belowground resistance and maintained their tolerance to belowground her-
bivores, thus supporting the EICA hypothesis predictions that invasive plants invest
less resource into defense.

12.4.3 Above- and Belowground Herbivore Interactions

Aboveground herbivores may influence the induced response elicited by below-
ground herbivores, and vice versa, resulting in plant responses to single above- or
belowground herbivores differing from their responses to multiple herbivores (Erb
et al. 2008; Kaplan et al. 2008b; Huang et al. 2013, 2017; Soler et al. 2013). The
specialist flea beetle, Bikasha collaris, is a common herbivore attacking 7. sebifera
in the native range (Huang et al. 2011). The flea beetle has aboveground adult and
belowground larval life stages that cause serious damage to leaves and roots,
respectively. In a recent study, Huang et al. (2014) found that both larvae and adults
performed better on plants from invasive populations than from native populations,
suggesting invasive T. sebifera decreased resistance to herbivores in both above- and
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belowground compartments. However, adult feeding significantly decreased root
tannins and increased larval survival, and these effects were stronger on invasive
populations than on native populations. In contrast, larval feeding significantly
increased leaf tannins and decreased adult survival, but plant origin and larvae
feeding had no interactive effect. Apart from conspecific species, 7. sebifera is
also attacked by heterospecific above- and belowground herbivores in the native
range. Li et al. (2016) examined the interaction between aboveground specialist leaf-
rolling weevil Heterapoderopsis bicallosicollis and/or belowground B. collaris lar-
vae on T. sebifera from introduced and native ranges. In contrast to conspecific
species, the weevil and beetle inhibited each other. In addition, such reciprocal
negative feedback between weevil and beetle species was stronger in invasive
populations than in native populations. Overall, these studies show that the
contrasting patterns of asymmetric feedback (facilitation and inhibition) in conspe-
cific species and reciprocal negative feedback in heterospecific species are stronger
in invasive populations. However, how changed selective pressure drives observed
resistance strategies of invasive 7. sebifera is still unknown.

Above- and belowground herbivore interactions also affect invasive plant toler-
ance. Huang et al. (2012b) examined plant tolerance to B. collaris adult and larval
herbivory and found that invasive populations had higher tolerance to adult herbiv-
ory than native populations, while tolerance to larval herbivory was comparable. But
when both adults and larvae were present, tolerance was still not different between
invasive and native populations as there was no significant difference in biomass
between invasive and native populations. In a recent study using simulated above-
and belowground herbivory, Carrillo and Siemann (2016) also found there was no
difference in tolerance to combined above- and belowground damage between
invasive and native populations. These studies indicate that the presence of below-
ground herbivores strongly affects plant tolerance to aboveground herbivores, but
this effect only occurs in invasive populations.

Changes in resistance and tolerance may in turn influence invasive plant resource
investment into growth. In a study using B. collaris adults and larvae, Huang et al.
(2012b) found adults and larvae each significantly decreased plant biomass. But
adults more strongly affected aboveground biomass, while larvae more strongly
affected belowground biomass. Furthermore, when plants were exposed to both
herbivore stages, plants had lower biomass than predicted by the independent effects
of each herbivore, suggesting simultaneous above- and belowground herbivory had
a non-additive effect on plant growth.

Taken together, by examining the combined effects of above- and belowground
herbivores on growth and defense of invasive plant and evaluating the feedbacks of
invasive plant to above- and belowground herbivores simultaneously, these studies
on T. sebifera and its herbivores exhibited eco-evolutionary dynamics of above- and
belowground plant-herbivore interactions in biological invasion. These results sug-
gest that selection pressure imposed by both above- and belowground herbivores is
different from selection pressure imposed by either above- or belowground herbi-
vores alone, especially for invasive plant resistance and tolerance. Compared with
plants from native populations, plants from invasive populations had lower
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resistance to above- and belowground herbivory by generalists or specialists, but
higher tolerance to aboveground herbivory only. This in turn leads to invasive
populations that have greater total and aboveground biomass, but comparable
belowground biomass. These results indicate invasive plants may adopt an “above-
ground first” strategy, allocating more resources aboveground in response to selec-
tion for increased competitive ability, which increases aboveground tolerance to
herbivory (Huang et al. 2012a, b). Furthermore, evolution of invasive plant growth
and defense affects aboveground, belowground herbivores, and their interactions.
Invasive plants intensify the herbivores interactions, regardless of asymmetric feed-
back in conspecific species or reciprocal negative feedback in heterospecific species.
These intensified feedbacks may considerably change the population dynamics and
community compositions of herbivores in the introduced range.

12.5 Conclusions

The effect of combined above- and belowground herbivores on eco-evolutionary
dynamics of invasive plants is largely different from the effect of each single
herbivore (Fig. 12.1). Therefore, without integration of herbivores in both above-
and belowground compartments, it is hard to make accurate predictions of how
variation in herbivores contributes to the success of invasive plants. Furthermore,
changes in growth and defense of invasive plants have profound impacts on above-
and belowground herbivores, not only affecting herbivores in each compartment but
also their interactions (Fig. 12.1). Thus, without evaluation of the impacts of
invasive plants on herbivores in both above- and belowground compartments, it is
impossible to have full understanding of how invasive plants affect population
dynamics and community composition of herbivores in the introduced range.
Together, future studies should focus on the impacts of and feedbacks to herbivores
during plant invasions from both above- and belowground perspectives.

Our chapter also emphasizes that invasive plants may be excellent models to
explore fundamental ecological and evolutionary questions regarding multispecies
plant-herbivore interactions. This reflects, in part, that invasive plants experience
different herbivore pressure in the introduced range compared to their native range
and such changes in herbivore pressure may drive evolution of invasive plants in the
new range. Invasive plants may change defense and growth strategies in both the
above- and belowground compartments. The novel defense and growth strategies
may be adaptive for invasive plants when they suffer lower above- and belowground
herbivory in the introduced range compared with the native range. The resources
saved from lower defense may be used to increase plant growth and reproduction
and facilitate further invasion. Furthermore, novel defense and growth strategies
may alter the outcome of above- and belowground herbivore interactions in the
introduced range, for instance, strengthening or weakening the facilitation or inhi-
bition between herbivores. As a result, changed interactions between herbivores may
directly influence organisms that are closely associated with above- or belowground
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herbivores in higher trophic levels. Alternatively, it may also indirectly affect
competition between invasive plants and resident plants through host shifts of
herbivores between invasive and resident plants. Thus, the interactions and feed-
backs of above- and belowground herbivores may play an important role in plant
invasions and determine the magnitude of negative impacts on resident
communities.

Furthermore, studies on interactions of above- and belowground herbivores on
invasive plants also have practical implications for management of invasive species
(Huang et al. 2012b; Vestergard et al. 2015; Li et al. 2016). Biological control by
releasing host-specific herbivores of invasive plants has long been recognized as an
efficient and sustainable method of managing invasive plants, but the success rate is
not high (van Driesche et al. 2010). Simultaneously releasing both above- and
belowground host-specific herbivores or a single herbivore with above- and below-
ground life stages may make control more efficient, because herbivores attacking in
one plant compartment could modify plant defense (e.g., tolerance) in another
compartment (Huang et al. 2012b; Carrillo and Siemann 2016).

The current state of research also has important implications for the impacts of
herbivores on plant evolution of both above- and belowground traits. The selection
pressure of herbivores may not only affect plant parts where herbivores feed, but also
in distant parts that are not sites of herbivore feeding through resource allocation
trade-offs or plant systemic induced responses (Erb et al. 2008; Kaplan et al. 2008a;
Huang et al. 2012b; Biere and Goverse 2016). Therefore, aboveground herbivores
may not only be able to shape plant evolutionary trajectories of aboveground traits
but also traits of roots, and vice versa. Furthermore, selection pressure of herbivory
in above- and belowground compartments may be not constant, varying temporally
and spatially (Siemann and Rogers 2003b; Agrawal et al. 2006; Huber et al. 2016b).
Thus, temporal and spatial variability of above- and belowground herbivores may
yield different patterns of eco-evolutionary dynamics of herbivores and plants. For
example, native resident generalists may accumulate over time on invasive plants
and co-evolved specialists may be introduced for biological control of some invasive
plants (Siemann et al. 2006; Bezemer et al. 2014; Gruntman et al. 2017). Thus,
experiments at multiple temporal and spatial scales may help to better understand the
ecological and evolutionary processes of invasive plants both above- and
belowground.
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Chapter 13 )
Soil Biota as Drivers of Plant Community e
Assembly

Paul Kardol, Jonathan R. De Long, and Pierre Mariotte

13.1 Introduction

Soil organisms affect ecosystem processes, such as carbon (C) and nutrient cycling
(Nielsen et al. 2011; De Graaff et al. 2015), plant productivity (van der Heijden et al.
1998; Wagg et al. 2011), and the response of ecosystems to climate change and
increased atmospheric nitrogen (N) deposition (de Vries and Shade 2013), through
their influences on plants (Wardle et al. 2004). The effects of soil biota on plant
growth, performance, and productivity are relatively well studied (e.g., Bradford et al.
2002; Kulmatiski et al. 2014), but less is known about how soil biota drive plant
community assembly (Bennett and Cahill 2016; Sikes et al. 2016), namely, how local
assemblages are constructed from the regional species pool. This knowledge is
crucial in predicting long-term and large-scale ecosystem processes and how plant
communities reassemble in response to environmental changes (Kardol et al. 2013).
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Soil biota can affect plants both directly and indirectly (Wardle et al. 2004). Direct
effects can result from the accumulation of pathogens and root herbivores (e.g., van
der Putten et al. 1993) and from associations with mutualistic soil organisms such as
mycorrhizal fungi or N-fixing bacteria (e.g., Teste et al. 2017). Indirect effects can
result from the impacts of soil organisms on soil properties and nutrient dynamics
(e.g., Zhang et al. 2016). In this chapter, we discuss how these direct and indirect
effects of soil biota modify how plant communities assemble, from local-scale
priority effects to broad-scale vegetation dynamics. We discuss soil biota-mediated
niche modification and soil legacy effects and how these forces can drive plant
community assembly by affecting (1) plant-competitive and facilitative interactions,
(2) species replacements, and (3) patterns of coexistence and community diversity.
Finally, we discuss primary and secondary succession, biodiversity conservation,
plant invasion, and how current and projected global environmental changes may
alter the impacts of soil biota on plant community assembly.

13.2 Niche Modification, Priority Effects, and Soil Legacies

Soil organisms can sway the selection of species able to coexist in the community
through niche modification, such as changes in soil properties and microclimate and
associations with plant roots that favor or suppress certain species in the plant
community. Figure 13.1 depicts how different functional groups of soil organisms
and soil biodiversity affect plant community composition through the selective
assembly of species.

Soil bioturbators, such as earthworms and termites, can affect soil properties
directly by altering the physical structure of the soil environment, such as soil
porosity (Lavelle et al. 1997). These physical alterations influence the movement
of water though the soil profile and often result in increased soil N availability (van
Groenigen et al. 2014). As such, bioturbators can stimulate plant growth, but their
effects are species-specific, favoring resource-acquisitive species that are the stron-
gest competitors for N (Wurst et al. 2005) (Fig. 13.1a). Furthermore, saprotrophic
soil organisms change soil nutrient availability by decomposing and mineralizing
dead plant-, animal-, and microbe-derived organic matter, making nutrients available
again for plant uptake (Wardle et al. 2004). In general, saprotrophs stimulate plant
growth, allowing more individuals to coexist (Fig. 13.1b). However, an increase in
the ratio between fungal and bacterial energy channels in the decomposer food web
is typically associated with reduced nutrient cycling and low rates of nutrient supply
to plants (Wardle et al. 2004), reducing the total number of individual plants and
increasing the competitive ability of slow-growing, resource-conservative species
over fast-growing, nutrient-acquisitive species within the plant community
(Fig. 13.1c¢).

Plant species vary in their susceptibility to root pathogens and herbivores (Brown
and Gange 1990). Fast-growing species are often more susceptible than slow-
growing species because of trade-offs between investment in growth and
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Plant community composition Realized plant community after niche
without soil biota Soil biota modification by soil biota
Alaar 000] Bioturbators lAAAAALOO)
BlAaAA 000] Saprotrophs laarr0000)
C | AAANA OO0 | Increased f:b ratio |AA OOO|
D[ AAA QOO Generalist pathogens/herbivores |A 000|

E | AAN OOO| Specialist pathogens/herbivores |AAA OOO|
F |AAA OOO| Generalist mutualist |AA OOOOO|

G | A AN OOO| Specialist mutualists |AA OOOO.|

H |AAA OOO| INCREASED SOIL BIODIVERSITY |AAAAOO..|

A = fast-growing, susceptible to pathogens (resource acquisitive)

(O =slow-growing, mycorrhizal (resource conservative)

Fig. 13.1 Hypotheses on how soil organisms may modify niches and affect plant community
assembly through niche modification. Shown are hypothetical plant communities where each
symbol represents one individual plant. Triangles represent fast-growing, resource-acquisitive
species which are susceptible to root herbivores and pathogens. Circles represent slow-growing,
resource-conservative species which are less susceptible to root pathogens but may more strongly
depend on root mutualists such as mycorrhizal fungi. Different colors denote different species. Soil
biota can shift community density or productivity as indicated by the number of individuals present
in the realized community and by shifting species composition. (a) Bioturbation increases soil N
availability, which promotes fast-growing plant species at the expense of slow-growing species. (b)
By decomposing litter and soil organic matter, saprotrophic organisms increase nutrient availability
(i.e., increased niche size), which allow more individuals to coexist. (¢) An increase in the soil
fungal to bacteria ratio slows down nutrient cycling, which both constrains the number species able
to coexist and reduces the performance of nutrient-demanding resource-acquisitive plant species.
(d—e) Pathogens tend to reduce the abundance of fast-growing species while mutualists (f-g) often
promote the abundance of slow-growing species. (h) Overall, the increase in soil biota diversity
favors species coexistence and plant community diversity

reproduction versus investment in defense mechanisms and longevity, respectively
(Reynolds et al. 2003). Hence, generalist pathogens and herbivores would reduce
available niche space with stronger consequences for fast-growing than for slow-
growing species (Fig. 13.1d). Specialist root pathogens and herbivores, such as
certain plant-feeding nematodes, may cause local species extinction, which would
release the remaining species from competition (Fig. 13.1e). Generalist mutualists
enhance plant community resource utilization, thereby increasing the number of
individuals and species able to coexist and favoring those species associating with
the mutualists (Fig. 13.1f). In contrast, specialist mutualists selectively benefit their
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host species, gaining them competitive advantage over other species (van der
Heijden et al. 1998; Hoeksema 2005), which could reduce community diversity
(Fig. 13.1g). However, specialist mutualists could also facilitate the establishment
and persistence of species that would otherwise be absent. Finally, increased soil
biodiversity may increase niche space, which could stimulate plant community
productivity and species coexistence (van der Heijden et al. 1998; Wagg et al.
2014) (Fig. 13.1h).

Variation in the composition and diversity of soil biota can result from geograph-
ical segregation and environmental constraints (Classen et al. 2015). Together these
forces determine the regional soil species pool. Variation in the composition and
diversity of soil biota can also result from local feedbacks with plants (Bardgett and
van der Putten 2014). Plants exert species-specific effects on the soil community
through the input of species-specific litter (both root- and shoot-derived) to the soil
and through the accumulation of pathogens, herbivores, and mutualists in their
rhizospheres (van der Putten et al. 2013). Such species-specific effects not only
influence competitive interactions and dominance patterns, but can also result in
persistent biotic soil legacies, thereby driving temporal species replacements and
possibly longer-term community dynamics (Kardol et al. 2007) (Fig. 13.2). As such,
soil biota may cause priority effects, where plant-competitive interactions and
community dynamics depend on the timing and order of species arrival (Chase
2003; Fukami 2015). Early-arriving species can preempt and modify available
niches for later-arriving species through their effects on soil biota, causing long-
lasting historical contingency effects (Kardol et al. 2007; van de Voorde et al. 2011)
(Fig. 13.2). For example, plant species-specific effects on the soil microbial com-
munity may carry over to affect the relative abundance of plant species at a later
stage (Kardol et al. 2007). Along the same lines, mycorrhizal fungi can modify the
priority effects of early-arriving species on plant community diversity and commu-
nity composition (Burkle and Belote 2015). Moreover, root and shoot herbivores
may directly and indirectly affect soil microbial communities, which in turn can
create soil legacies for the next generation of plants (Kostenko et al. 2012;
Sonnemann et al. 2013).

Can we scale species-specific effects up to the ecosystem level? It is not well
understood how the above-described priority and historical contingency effects
resulting from plant interactions with soil biota persist in longer-term plant commu-
nity dynamics and whether historical contingency effects would be amplified over
time (Fukami and Nakajima 2013; Fukami 2015). However, feedbacks with soil
biota have been shown to explain relative species abundance in tropical forests
(Mangan et al. 2010) and grasslands (Klironomos 2002) and maintain the high
diversity in Mediterranean-climate shrublands (Teste et al. 2017) (Fig. 13.3).
These feedback effects are often explained by soil-borne pathogens promoting
local plant species coexistence and diversity via conspecific negative density depen-
dence (Bever et al. 2015). Studies have shown how local soil pathogen abundance
can explain the distribution of neighboring plant species (Gémez-Aparicio et al.
2012) and the assembly of plant communities across large spatial scales (Blomqvist
et al. 2000). Other studies have shown that soil biota can affect plant communities
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Fig. 13.2 Hypotheses on how soil biota may affect temporal plant community assembly through
plant—soil feedback and the provisioning of biotic soil legacies. Shown are hypothetical plant
communities where each symbol represents one individual plant. Triangles represent fast-growing,
resource-acquisitive species which are susceptible to root herbivores and pathogens. Circles
represent slow-growing, resource-conservative species which are less susceptible to root pathogens,
but may more strongly depend on root mutualists such as mycorrhizal fungi. Scenario A indicates
negative plant—soil feedback for the early-arriving species (¢ = 0), creating more available niche
space for the establishment of other, heterospecific individuals at the later successional stage (r = 1).
Scenario B, on the other hand, indicates positive plant—soil feedback for the early-arriving species
(t = 0), creating more available niche space for conspecific individuals to establish at the later
successional stage and, hence, less available niche space for heterospecific individuals (r = 1).
Further, the species-specific effects of the early-arriving species on the soil biological communities
determine which heterospecific species are able to establish at the later successional stage

through altering plant-facilitative interactions (Montesinos-Navarro et al. 2016). For
example, common mycorrhizal networks can connect multiple plant species and
promote the establishment of other plants near the original host plant (Moora and
Zobel 2009). The effects of soil pathogens and mycorrhizal networks on neighboring
plant species vary among plant species (van der Heijden and Horton 2009). In other
words, the resident plant community creates a soil biological filter, which could
drive larger-scale plant community dynamics.
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Fig. 13.3 Feedback with soil biota maintains high plant diversity of Mediterranean-climate
shrublands, as shown by Teste et al. (2017). In a glasshouse experiment, 16 co-occurring plant
species with different nutrient-acquisition strategies were grown in the presence of soil biota from
under their own or other plant species. Feedbacks with soil biota varied with nutrient-acquisition
strategy, and computer simulations showed that these feedbacks were strong enough to promote
species coexistence and maintain high plant community diversity. (a) Example of a hyperdiverse
shrubland near Lesueur National Park, Western Australia (photo credit and copyright © Etienne
Laliberté). (b) Impression of the glasshouse experiment testing plant responses to soil biota (photo
credit and copyright © Frangois P. Teste)

13.3 Primary and Secondary Succession

13.3.1 Primary Succession

Vascular plants are generally slow to establish during primary succession (Fig. 13.1)
on newly exposed surfaces such as glacial moraine, cooled volcanic lava, mobile
sand dunes, or mine tailings (e.g., Bardgett et al. 2007). Slow establishment cannot
be explained solely by dispersal limitation. Harsh conditions and low soil N avail-
ability are among the primary constraints (Vitousek et al. 1993; Laliberté et al. 2012;
Titus and del Moral 1998). Soil organisms can facilitate the initial stage of plant
community assembly though niche modification. In primary succession, plant
community assembly is generally preceded by a heterotrophic phase, i.e., aerial
deposition of highly dispersive invertebrates and/or allochthonous detritus that pro-
vides the initial inputs of energy and nutrients (e.g., Hodkinson et al. 2002; Bardgett
et al. 2007). Soil organisms, including microbes, testate amoebae, large inverte-
brates, are often windborne and may establish on newly exposed surfaces well before
vascular plants (Hodkinson et al. 2002; Wanner et al. 2015), facilitated by
allochthonous inputs of organic matter (Brankatschk et al. 2011).

Initial soil communities may conserve nutrients (particularly N) and as such
facilitate the establishment of vascular plants. Further, the defecation and death of
early-arriving soil animals initiates decomposition and thus gradual soil formation,
further steering the trajectory of plant community assembly. For example, Bardgett
et al. (2007) found that early-colonizing microbes were initially supported by “old”
C and that only after more than 50 years of organic matter accumulation was the soil
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microbial community primarily supported by plant-derived C. Community assembly
of saprotrophic microbes (Kazemi et al. 2016) and testate amoebae (Wanner et al.
2015) can be highly variable initially and converge later, likely as a response to plant
colonization. Inputs of nutrients and organic matter during early ecosystem devel-
opment are generally dominated by microbial C and N fixation (Schmidt et al. 2008).
In addition, the biomass of the soil meso- and macrofauna can increase rapidly
(Kaufmann 2001; Bokhorst et al. 2017) long before plant arrival and may further
contribute to niche modification and diversification during primary succession.

In primary succession, soil nutrient concentrations are often low. Therefore,
early-arriving plant species may depend on associations with soil organisms for
capturing nutrients. For example, the earliest colonizing plants on infertile volcanic
substrates are often legumes, in part because of their ability to fix atmospheric N, via
symbiosis with rhizobia bacteria (Wang et al. 2012). The N fixed by these legumes is
ultimately incorporated in the terrestrial N cycle. Since many legume species have
poor long-distance dispersal mechanisms, (re-)colonization of volcanic substrates
may proceed slowly (del Moral 1983). Once legumes have established, they may
facilitate the establishment of other species through increased niche availability
(Vitousek et al. 1987). During later stages of succession, rhizobia may further
shape community assembly by influencing soil N cycling and, hence, plant resource
competition. For example, it is known from mesocosms simulating early-
successional plant communities that rhizobia specializing on the dominant plants
can shift competitive interactions and community composition. Thereby, such spe-
cializations can negatively impact on community diversity through a combination of
both inhibitory and facilitative effects (Keller 2014). Additionally, mycorrhizal fungi
can also affect plant community assembly after volcanic eruptions. Initial plant
colonization after volcanic eruption often includes plants without obligate depen-
dency on mycorrhizal partnerships, but facultative species also colonize soon after
(Obase et al. 2008). Mycorrhizal spores may be brought in by wind dispersal, and
previous studies showed that facultative mycorrhizal species arrive and establish
relatively early during primary succession (Allen et al. 1992; Nara 2006). Once
established, short-distance dispersal occurs and the mycorrhizal network may
expand, facilitating the establishment of other plant species that depend on
mycorrhizae.

In foredune succession, soil-borne diseases and root herbivores modify plant-
competitive interactions, feedbacks, and species replacements, driving initial plant
community assembly (e.g., van der Putten et al. 1993; Brinkman et al. 2005). For
example, in the Dutch foredunes, the first-arriving plant species, Ammophila
arenaria, suffers from species-specific soil-borne diseases, giving room for
succeeding species that are more tolerant of or immune to the soil-borne diseases
of their predecessors (van der Putten et al. 1993). Root-feeding nematodes also affect
plant community dynamics (Brinkman et al. 2015). For example, van der Stoel et al.
(2002) used bioassays to demonstrate that the endoparasitic nematodes Heterodera
arenaria and Pratylenchus spp. rapidly built up in the root zone of A. arenaria and
coincided with a negative soil feedback. However, subsequent work by Brinkman
et al. (2005) indicated that negative feedback generated by A. arenaria could not
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solely be explained by root-feeding nematodes and most likely were caused by more
complex interactions among different groups of soil organisms.

13.3.2 Secondary Succession, Ecosystem Restoration,
and Biodiversity Conservation

While primary succession starts from newly exposed surfaces, virtually lacking any
soil life, secondary succession is the process of species colonization and replacement
which begins with some biological legacy following an initial disturbance or the
cessation of agricultural or forest management. The soil biotic legacy (Fig. 13.2)
depends on the pre-disturbance condition or the former land use. For example, after
abandonment of agricultural land, densities of soil pathogens and root herbivores
may initially be high, and the saprotrophic microbial community is often dominated
by bacteria rather than by fungi (i.e., a low F:B ratio, see Fig. 13.1). This is mostly
because agricultural management negatively affects saprotrophic and mycorrhizal
fungi (van der Wal et al. 2006) (see also Sect. 5.2). Similarly, other natural or
human-induced disturbances such as mining, wildfire, wind throws, and clear-cuts
affect soil communities. These disturbances affect some taxa or functional groups
more than others, confronting early-arriving plant species with a distinct soil biotic
legacy (e.g., Banning et al. 2011). For example, after coalmine reclamation,
degraded mycorrhizal communities could delay or inhibit the establishment of
later-successional species (Bauman et al. 2013).

After initial plant establishment, soil biota can further control succession through
the influence of early-successional species on the soil community. In secondary
succession on ex-arable land in the Netherlands, early-successional species create
negative soil feedbacks through species-specific buildup of soil microbial pathogens.
These feedbacks reduced the competitive strength of early-successional species and
thus accelerated succession (Kardol et al. 2006). In addition, early-arriving species
can have selective soil legacy effects on the growth of other plant species (Kardol
et al. 2007; van de Voorde et al. 2011). Moreover, the legacy effects of early-
successional grasses on mid-successional grasses through soil microbial community
development were more pronounced than effects on forbs (Kardol et al. 2007). As
such, soil biotic legacies can drive the direction in which a plant community
develops. It is unclear how long plant species-specific soil legacies last (Wurst and
Ohgushi 2015), but plant community dynamics at any stage of ecosystem develop-
ment may in part reflect soil community influences from the past.

Soil biota affect the rate and direction of community assembly during secondary
succession, but can also drive community diversity. In a greenhouse experiment, De
Deyn et al. (2003) showed how invertebrate soil fauna from a series of secondary
sward successional stages selectively suppressed fast-growing, early-successional
dominant plant species, and thereby enhanced the relative abundances of subordinate
species and species from later succession stages. These effects were most likely due
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to root-feeding nematodes and Elateridae larvae selectively feeding on the roots of
otherwise dominant grasses. A follow-up experiment further suggested that root-
feeding nematodes reduced the effects of nutrient supply on plant dominance,
leading to an increase in plant community diversity (De Deyn et al. 2004). Addi-
tionally, plant diversity can also be enhanced through subordinate plants benefitting
from associations with mycorrhizal fungi (Gange et al. 1990; de Leon et al. 2016).
Kardol et al. (2006) showed that late successional plant species displayed positive
feedbacks, particularly with soil organisms, most likely mycorrhizal fungi, from later
successional stages. This suggests that the absence of appropriately compatible
mycorrhizal spores after disturbances, such as an intensive agricultural land-use
(see Sect. 13.5.2), could delay plant community succession.

Can the rate and direction of changes in plant community assembly be manipu-
lated? Evidence for the importance of soil biota in successional plant communities
(Kardol et al. 2007) and the notion that plant community development may be
constrained by slow dispersal of soil mutualists (e.g., mycorrhizae) (Eschen et al.
2009; Zobel and Opik 2014) suggests that manipulation of soil biota could be used in
restoration of degraded plant communities. Ecosystem restoration after human
disturbances represents a special case of secondary succession where the initial
assembly order of plant communities may determine whether or not communities
develop towards the desired “target state.” Here, plant community assembly can be
assisted by artificially modifying species arrival order by sowing or planting species
that would not naturally colonize the restoration site (Kardol et al. 2009; Burkle and
Belote 2015). However, establishment of the desired species can depend on the
absence or presence of soil biota (Hodkinson et al. 2002). Simultaneous introduction
of plant propagules and soil organisms from a target site may enhance plant
community succession (Middleton and Bever 2012) and, moreover, may be more
effective than introduction of plant propagules or soil organisms alone.

Attempts to use soil inoculation to enhance ecosystem restoration have not always
been successful (Hedlund and Gormsen 2002; Aprahamian et al. 2016), often because
of a lack of compatibility in abiotic soil conditions between the “donor” and the
“receptor” sites (Kardol et al. 2009). Some studies, however, have shown how soil
inoculations can be used to assist the restoration of plant assemblages. In a green-
house study, Carbajo et al. (2011) found, for example, that inoculation of soil from
late-successional grassland into ex-arable land promoted the competitive ability of
target plant species. Furthermore, there is evidence that these beneficial effects of late-
successional soil may result from enhanced mycorrhizal associations. Indeed, in
tallgrass prairies, Koziol and Bever (2015, 2016) found that late-successional plant
species were more responsive to mycorrhizal inoculation than early-successional
species and had a higher degree of specificity to different mycorrhizal species. In
line with these findings, Helm and Carling (1993) demonstrated that soil transfer from
intermediate and late-successional stages was effective in establishing plant-
mycorrhizal associations in reforestation on abandoned mine lands. Similar results
were found for the establishment of late-successional target species on ex-arable land
(Eschen et al. 2009) and for seedling establishment in degraded drylands (Pineiro
et al. 2013).
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Fig. 13.4 Effects of inoculation with heathland soil on plant community assembly during second-
ary succession on ex-arable land in the Netherlands after top soil removal (Wubs et al. 2016). (a)
Control plot without soil inoculation, and (b) Plot inoculated with heathland soil (photo credits and
copyright © Jasper Wubs). (¢) Aerial view of the experimental area: in the lighter areas, the top soil
is removed. Within these areas, some darker parts are inoculated with heathland soil (Google Earth).
All photos were taken approximately 7 years after set up of the experiment

However, detailed knowledge on which soil communities would promote a
certain successional trajectory (Perring et al. 2015) is still lacking. Probably the
best example so far of the manipulation of soil biota to control plant community
development comes from a recent study by Wubs et al. (2016) (Fig. 13.4). They
established a large-scale experiment on ex-arable land and tested for the effects of
soil inocula from different origins (i.e., a grassland restored more than two decades
ago or a dry heathland) on plant community development. Different origins of the
soil inocula steered plant communities into the directions one would anticipate (i.e.,
towards grassland or heathland vegetation, respectively, depending on inocula
origin) (Fig. 13.4).

Finally, what is the role of soil biota in the conservation of diverse plant
communities? In Australian shrubland, Teste et al. (2017) found that plants of
contrasting nutrient strategies [i.e., N-fixers, arbuscular mycorrhizal (AM),
ectomycorrhizal (EM)] experienced different plant—soil feedbacks. These feedbacks
were strong enough to at least partly explain the high levels of plant diversity
observed in this system (Fig. 13.3). Additionally, Rodriguez-Echeverria et al.
(2013) found that specific bacterial communities were associated with benefactor
and beneficiary plants and that the positive effects of the soil biota on the beneficiary
plants were independent of the benefactor. This shows that the legacy effect of a
specific plant on soil biota can have far-reaching consequences. Essentially, specific
groups of soil organisms can shape facilitation relationships between plants and
might, therefore, promote community diversity. Furthermore, soil biota can play a
role in modifying competitive interactions between plants in a way that can enhance
diversity. For example, Pendergast et al. (2013) showed that in North American old
fields, soil communities from contrasting origins determined whether or not intra-
versus interspecific competition was stronger, all the while maintaining the
dominance of the forb Solidago canadensis. This indicates that the diversity of
subordinate species within a plant community may be maintained by complex biotic
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plant—soil feedback and competitive interactions. In line with this, Maron et al.
(2016) used alpine grassland species to show that biotic plant—soil feedbacks were
the likely cause of maintained diversity, while competition between species was less
important in heterospecific soils versus conspecific soils. This could mean that in this
alpine system, the soil community is a stronger player in maintaining plant commu-
nity diversity than competition. In summary, there is a need to consider complex
plant—soil biota interactions when developing programs to preserve plant
biodiversity.

13.4 Plant Invasions and Native Range Expansions

13.4.1 Invasive Plants and Priority Effects via Soil Biota

Invasive plants cause ecological and economic damage (van Kleunen et al. 2015)
and pose one of the largest threats to global biodiversity (McGeoch et al. 2010). One
way that invasive plants might interact with the soil community to affect their own
future dominance in a system is through soil-mediated priority effects (Fig. 13.2).
Priority effects may involve competition between plants for resources (Grman and
Suding 2010) or accumulation of allelochemicals in the soil (Bais et al. 2003).
However, the advantage of enhanced competitive ability amongst invasive plants
tends to diminish with increasing time since invasion (Gioria and Osborne 2014).
For example, Lankau et al. (2009) found that in North America, the invader Alliaria
petiolata produced chemicals that the local soil community is initially incapable of
breaking down. However, with increasing time since invasion, the soil decomposer
community adapted to cope with the chemical compounds produced by A. petiolata.
This finding indicates that over time, the soil community might mitigate the allelo-
pathic effects of an invader, allowing for the resurgence of native plants, subsequent
compositional changes to the plant community, and further niche modification.
Soil legacy effects (Fig. 13.2) may in part explain why invasive plant dominance
might persist. Such soil legacies can manifest in different ways. For example,
Kuebbing et al. (2016) found that the nonnative woody shrubs Lonicera maackii
and Ligustrum sinense generated significant (likely biotic) soil legacies. This led to
decreased native plant community root biomass, possibly resulting in reduced pres-
ence of native plants in the community over time. In further support of this, Eppinga
et al. (2006) found that the invasive grass Ammophila arenaria promoted the accu-
mulation of native pathogens, which subsequently excluded native plant species.
Moreover, Stinson et al. (2006) found that A. petiolata produced chemicals that
disrupted the mutualistic relationship between tree seedlings and mycorrhizal fungi,
essentially changing the types of plants that could establish. Exclusion of native tree
seedlings due to changes in the soil mycorrhizal community could potentially alter the
overstory plant community composition or even pave the way for the establishment
of additional invaders, generating an “invasional meltdown” (Simberloff and Von
Holle 1999; Simberloff 2006; O’Dowd et al. 2003; Green et al. 2011), although
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evidence for such invasional meltdowns involving plants and the soil community is
rare (but see Paudel et al. 2016).

Alternatively, the relaxation of the soil biotic filter may contribute to plant
invasion. The enemy release hypothesis suggests that invasive plants proliferate in
new ranges because they have escaped above- and belowground pathogens from
their home ranges (Maron and Vila 2001; Keane and Crawley 2002). For example,
Gundale et al. (2014) found that the North American native Pinus contorta
performed better when grown in soils from its nonnative range in Sweden than
when grown in soils from its home range. These differences in growth were the result
of the soil biotic community. Although P. contorta has yet to become invasive in
Sweden, it is invasive in other nonnative ranges, such as New Zealand and Argentina
(Dickie et al. 2014; Bravo-Monasterio et al. 2016). Therefore, there is concern that
its highly competitive growth could eventually allow it to outcompete native species
in Sweden, such as Pinus sylvestris and Picea abies (Despain 2001). This could
result in an altered tree species community composition due to a cascade effect
initiated by the soil biotic community, particularly if P. contorta invades areas above
the tree line or grasslands that are naturally devoid of trees (Bravo-Monasterio et al.
2016). Essentially, invasion by P. contorta leads to the occupation of an unfulfilled
niche, resultantly modifying the realized niche of other plant species (i.e., grasses,
forbs) that used to dominate the plant community.

Maron et al.’s (2014) study supports the enemy release hypothesis at a regional
scale. Six perennial European forb species exhibited no negative plant—soil feed-
backs in their introduced North American range, while negative feedbacks tended to
occur when they were grown in European soils. Soils were collected from across a
wide regional scale, suggesting that these effects were generated by soil biota with a
large spatial distribution. In another study, Diez et al. (2010) found in their survey of
New Zealand invasive plants that with increasing time since invasion, the soil biotic
community generated greater negative feedbacks. Although this study showed
higher invasive plant abundance to be associated with increasingly negative soil
feedbacks, such negative feedbacks may lead to suppression of the invaders.

Changes to the soil biotic filter wrought by invasive plants might not always be
proportional or consistent; namely, benefits or detriments of the soil biotic filter
might affect both native and invasive species, but the effects might not be equivalent
within a group. In old fields in Tennessee, USA, Stuble and Souza (2016) found that
the effects of early arrival were beneficial to both native and exotic plants, but the
effects of later arrival were disproportionately negative for natives compared to
exotics. Further, Sikes et al. (2016) found that the growth rates of the exotic grass
Melinis repens and the native grass Schizacharyium niveum were negatively affected
when each species was grown in soils with its “home” fungi. However, this negative
priority effect was negated when other plants or fungi from different sites were
introduced earlier, illustrating how the assembly of plant and soil communities
interact. Conversely, Molina-Montenegro et al. (2015) showed that the Chilean
alpine cushion plant Laretia acaulis promoted fungal endophytes that facilitated
the survival of both native and exotic plant seedlings. These findings indicate that
both negative and positive conditioning of soil biotic communities can occur. Even if



13 Soil Biota as Drivers of Plant Community Assembly 305

initial facilitative relationships do not occur, over time invasive plant species might
develop mutualistic relationships with belowground organisms such as mycorrhizae
(Callaway et al. 2004) or decomposers (Liao et al. 2008). These examples demon-
strate that invasive plants interact with the soil biota in ways that could change biotic
filters, leading to their persistence (i.e., via filtering that favors invasive plants due to
enhanced mutualisms) (Callaway et al. 2004) or decline (i.e., via filtering that
disfavors invasive plants due to rapid evolution of soil pathogens) (Bardgett and
van der Putten 2014).

What role do biotic communities play during restoration efforts that aim to
eradicate invasive plants? Simply removing invasive plant species from an ecosys-
tem may not be enough to affect restoration. The soil legacy effect of an invasive
plant can alter the soil biota, which could make it impossible for native plants to
reestablish. For example, in disturbed and pasture sites in Florida, USA, that were,
respectively, invaded by the grasses Melinis repens and Paspalum notatum,
Hamman and Hawkes (2013) found that restoration efforts were more successful
when a soil inoculum from under native plants was added. However, the effect of
soil biotic inoculum was site-specific, with sites that were more heavily invaded
experiencing less successful restoration. Furthermore, removing Pinus contorta trees
from a New Zealand forest left a legacy of EM fungi, which facilitated the estab-
lishment of another invasive tree, Pseudotsuga menziesii, and shifted the soil
community to bacteria-based channels (Dickie et al. 2014). In line with these
findings, Kulmatiski et al. (2006) discovered that invasive plants tend to dominate
in abandoned agricultural fields in Washington, USA, due to beneficial fungal
populations and faster nutrient cycling (likely due to changes in soil biota), with
competition playing a relatively minor role in determining plant community
composition.

13.4.2 Range Expansion

In addition to inter-continental plant invasion, global climate change and alterations
to land use (for further details, see Sect. 13.5) have caused intra-continental plant
range expansion (van der Putten et al. 2010). Range expansion of specific plant
species can lead to alterations to the local plant community (van der Putten 2012)
and plant—soil organism interactions (van der Putten et al. 2013). Plants that expand
their ranges might benefit from lower accumulation of rhizosphere pathogens,
resulting in reduced negative plant—soil feedback effects (Engelkes et al. 2008),
similar to what invasive plants experience in line with the enemy release hypothesis.
For example, Morrién and van der Putten (2013) found that range-expanding plants
tended to harbor fewer Fusarium spp. (a genus of pathogenic fungi) in their
rhizospheres compared to native congeners. Smaller negative soil effects could in
part explain range expansion. However, certain plant species might expand into a
range where they find a mismatch with the local soil community, given that soil
organisms are presumably relatively poor dispersers (Classen et al. 2015). A
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literature survey by Berg et al. (2010) showed that most organisms across trophic
groups appeared to have contrasting dispersal abilities, but little evidence has been
obtained to determine if mismatches between plant and soil communities exist (van
der Putten 2012).

The relationship between range-expanding plants and the soil biotic community
is often not unidirectional. For example, top-down and bottom-up control of parasitic
nematodes can vary at the interspecific level in range-expanding plants and their
native congeners (Wilschut et al. 2016). Additionally, van Grunsven et al. (2007)
found that range-expanding plants experienced less negative plant—soil feedbacks in
their expanded range than in their native range. However, nutrient availability
altered these effects. Therefore, broad conclusions may not be possible when
predicting these interactions. Furthermore, range-expanding plants might fill a
modified realized niche in their new range, leading to changes such as altered
nutrient cycling or primary productivity (van der Putten 2012). Finally, although
the soil community in a plant’s new range can often control the success or failure of
expansion, range-expanding native plants themselves can have both direct and
indirect impacts on the soil microbial community. Collins et al. (2016) showed
that the native sagebrush Artemisia rothrockii increased soil bacterial diversity
both directly and indirectly via changes to soil organic N and C stocks. Changes
to the microbial community as driven by a single range-expanding species could
have far-reaching impacts on the assembly of the entire plant community over time
that trump the effects of the original soil community. On the other hand, the loss of
soil biota could result in plant range contraction, or in certain circumstances the
presence of soil biota might even delay plant range contraction (Lankau et al. 2015).
However, experimental evidence testing these hypotheses is rare.

13.5 Global Environmental Change
13.5.1 Climate Change

Climatic change is expected to modify the structure of plant communities. Numerous
forms of climate perturbations, such as drought, warming, and elevated [CO,] are
occurring simultaneously, generating uncertainties in predicting the reassembly of
plant communities. For example, increases in atmospheric CO, concentrations can
accelerate succession by promoting the growth of late successional plant species and
thus increasing their dominance in the community (Polley et al. 2003). By contrast,
shifts in precipitation regimes can delay succession as disturbances, such as floods,
drought, and fire often favor early successional communities and limit the arrival or
the growth of late successional species (Laflower et al. 2016). Overall, the response
of plant communities to climate change and the consequences for successional
pathways has mostly been observed aboveground. Less emphasis has been put on
soil microbial communities and their potential effects on plant communities under
climate change (Fig. 13.5).
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Fig. 13.5 Global and land-use change factors can determine how plant communities assemble
and/or reassemble. However, soil biota can impact on how these factors affect plant community
assembly through a variety of mechanisms. For example, shifts from conservative to acquisitive soil
communities as the result of intensive agricultural practices might favor plants with similar (i.e.,
acquisitive) traits. Further, soil communities that are resistant to changes in precipitation regimes
might be better able to buffer the effect of, e.g., drought on the plant community, thereby helping to
maintain community diversity. These examples highlight the dynamic, interactive nature between
global and land use change, the soil community, and the plant community, pulling focus on the
necessity of considering how changes to one component could lead to alterations of the others. To
note, plant invasion and range expansion can affect plant community assembly either directly by
influencing the species pool (pink arrow) or indirectly through influencing the soil biological filter

What is the role of soil biota in plant community assembly under forecasted
climate change perturbations? Soil microbial community composition and biodiver-
sity are being altered by climate change, but evidence suggests that some soil
organisms can respond and adapt faster than plants. This may have direct impacts
on plant communities. For example, root colonization by mutualistic arbuscular
mycorrhizal (AM) fungi often increases under drought, warming, and elevated
[CO;] (e.g., Staddon et al. 2004), thus creating increased resistance and resilience
to disturbance for the host plant. A meta-analysis by Augé et al. (2015) suggests that
root colonization by AM fungi increased stomatal conductance in plants during
water stress, especially under moderate and severe drought. Further, in more than
90% of 32 studies, plant productivity and growth under drought was improved by
inoculation with AM fungi (Gehring et al. 2017). Beneficial effects of AM fungi
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under drought have implications for plant community composition, particularly
when AM fungi form stronger symbioses with some species than others. Mariotte
et al. (2017) demonstrated that conservative, subordinate species better resisted
drought conditions than acquisitive, dominant species. This was due to the higher
degree of mycorrhizal symbiosis of subordinate species, which allowed them to
maintain N uptake and increase water use efficiency under reduced water availabil-
ity. By favoring subordinate species over dominant species under climate change
perturbations, AM fungi can, therefore, maintain or increase plant diversity, thereby
potentially reducing dominant plant species in the community or even altering
succession (Fig. 13.5).

Microbe-mediated effects of climate change on plant communities can also result
from changes in decomposer communities, which affects soil C and nutrient cycling.
However, it is yet unclear if climate-induced changes in decomposer communities
will cause positive or negative effects on plants. So far, studies show variable results.
For example, Crowther and Bradford (2013) showed that saprotrophic fungi from
temperate woodland soils acclimate to warming by reducing their growth and
activity, which would consequently slow down soil organic matter (SOC) decom-
position and mineralization. On the other hand, Yuste et al. (2011) showed that, in
dry Mediterranean ecosystems, saprotrophic fungi were tolerant to drought and
maintained SOC decomposition even under harsh environmental conditions. This
suggests that climate change effects on saprotrophic fungi can either reduce or
maintain levels of plant-available nutrients. Jassey et al. (2013) showed how climate
change effects on saprotrophic microbes can affect plant community assembly. In a
warming experiment in peatland, they showed that warming changed the regulatory
role of Sphagnum polyphenols (i.e., niche modification), which inhibited top pred-
ators and promoted bacterial communities. This led to increases in nutrient cycling
and increased the abundance of vascular plants at the expense of mosses. Vascular
plants produce more easily degradable litter that promotes decomposers, thus poten-
tially creating positive feedbacks that might further accelerate nutrient cycling and
shift plant community structure.

In addition, soil nematodes and earthworms help make nutrients available to the
plant community through their waste, a function that could be maintained despite
forecasted changes in precipitation patterns. Indeed, a recent study showed that
nematodes can withstand deep soil frost that occurred due to simulated reduced
snow cover meant to mimic climate change-induced shifts in winter precipitation
regimes (De Long et al. 2016). Furthermore, Cesarz et al. (2015) found that the
negative effects of reduced precipitation on the nematode community were mitigated
by increased [CO,]. This finding demonstrates that interactions between global
change factors can cancel out the effects of individual factors, highlighting the
need to consider multiple factors in a single experiment. Finally, soil bioturbators
have been shown to be particularly resistant and resilient to climatic changes, with
their abundance remaining constant or increasing in response to climatic perturba-
tions. For example, earthworms have been shown to increase in abundance under
elevated [CO,] (Milcu et al. 2011). Moreover, Mariotte et al. (2016) showed that the
widely dominant earthworm Lumbricus terrestris increased in abundance after
drought and as such contributed to plant community recovery.
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In summary, the effects of the soil biota seem to depend on the type of climate
change factor considered (i.e., warming, drought, elevated [CO,]; see Fig. 13.5).
However, interactive effects of multiple climatic factors on soil biota and consequent
feedbacks to the plant community remain largely unknown (but see Cesarz et al.
2015). Too often studies evaluated the effects of climate change on plant and soil
communities separately and only a few experiments have been aimed at testing how
climate change-induced shifts in soil biota affected plant community composition,
reassembly, and succession.

13.5.2 Land-Use Change

Land-use intensification and conversion from natural to agricultural land may reduce
plant species diversity (Thébault et al. 2014). During the Green Revolution, human-
based processes such as deep soil tillage, fertilizer application, and chemical pest
control have replaced soil biological processes. Increased physical perturbations, in
combination with the expansion of monoculture cropping, have disrupted AM
fungal communities and networks (Hamel and Plenchette 2017). Similarly, the
abundance and functional diversity of earthworms has strongly declined under
agricultural intensification (Chan 2001). This suggests that the role of soil biota in
improving plant nutrient uptake (Hamel and Plenchette 2017) and recycling plant
inputs and protecting plants against diseases has rapidly decreased (Weller et al.
2002; Pieterse et al. 2014). At the same time, the homogeneous genetic and physical
environment of agro-systems (e.g., low plant diversity) has promoted the build-up of
new and host-specific soil pathogens (McDonald and Stukenbrock 2016). Further-
more, the reduction in abundance of soil mutualists and bioturbators and the increase
in pathogen abundance could ultimately affect the reassembly of plant communities
on ex-arable lands (Fig. 13.1), for example through niche modification or by altering
species-specific soil-plant interactions.

Can we restore the soil biodiversity in current or ex-arable agricultural systems?
The development of AM fungal inoculation technologies suggests that bringing back
mycorrhizal-based biological processes is possible. For example, an experiment on
chickpeas (Cicer arietinum) by Pellegrino and Bedini (2014) demonstrated that
inoculation with AM fungi increased crop yield, as well as the nutritional value of
the grain. The inoculation of soils with AM fungi can also improve soil fertility by
reducing nutrient loss from the soil (Cavagnaro et al. 2015), especially phosphorus
and N (van der Heijden 2010). In low-input grasslands or abandoned agro-systems,
mycorrhizal-mediated increases in nutrient availability (i.e., increased niche size)
could affect plant community reassembly by promoting fast-growing species, similar
to how saprotrophs increase nutrient availability and thereby favor fast-growing
species (Fig. 13.1b). Van der Heijden et al. (1998) also showed that soil inoculation
with a diverse AM fungal community promoted plant diversity because contrasting
plant species benefited from different AM fungal taxa. Inoculating ex-arable fields
with high diversity mycorrhizal communities could, therefore, encourage the
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reassembly of a diverse plant community. Moreover, AM fungal inoculation might
both improve the sustainability of crop systems and impact on community
reassembly after land abandonment. Additionally, Pieterse et al. (2014) showed
that induced systemic resistance might be a mechanism by which plant growth-
promoting soil organisms improve defenses against pathogens or root herbivores.
For example, they showed that mutualist species of Bacillus, Pseudomonas, and
Trichoderma activate the plant immune system, which enhances defense without
any cost for the host plant. Additionally, Fusarium, Streptomyces, and Actinomyces
can suppress soil pathogens (Weller et al. 2002) through competition for space,
hyperparasitism, or antagonism via production of secondary metabolites. Pathogens
often build up in crop systems (McDonald and Stukenbrock 2016), and inoculation
with disease-suppressive organisms could help restore a more “balanced” soil biotic
community composition by limiting the influence of generalist and specialist path-
ogens (e.g., Fig. 13.1). Therefore, microbial inoculation, alongside increased
multispecies intercropping and organic farming practices, could promote plant
community diversity in agricultural systems.

Soil biological legacies can last for a long time after abandonment of agricultural
practices. For example, Jangid et al. (2011) showed that 17 years after conversion of
croplands to grasslands, microbial communities of early-successional grasslands
were more similar to microbial communities of the original cropland compared to
those of long-term mowed grasslands. This suggests a lasting impact of land-use
history on the soil microbial community that continues to affect successive plant
communities (de la Pefia et al. 2016). Intensive land use generally favors bacterium-
dominated communities while reducing the abundance of fungi (e.g., Bardgett et al.
2001; van der Wal et al. 2006). For example, Fraterrigo et al. (2006) showed that
50 years after farming abandonment, soil communities of the recovering forest were
still characterized by higher abundance of bacteria and lower abundance of fungi
compared to the control unperturbed forest site. Bacterial-dominated soil communi-
ties (i.e., low fungal to bacterial ratio) are associated with more rapid decomposition
rates and faster nutrient cycling, which promotes N mineralization (Wardle et al.
2004; de Vries et al. 2013). A lasting reduction in the soil fungal to bacterial ratio
after cessation of agricultural activities is, therefore, expected to favor resource-
acquisitive plant species over conservative species (Fig. 13.1c; Grigulis et al. 2013),
thus increasing plant dominance and productivity while reducing diversity. Agricul-
tural soil legacies can also have strong impacts on the assembly of the recovering
vegetation by differentially affecting the success of early-colonizing species (Kardol
et al. 2007; Bauman et al. 2013) (see Sect. 3.2). However, it is important to note that
management practices related to land use do not always have major impacts on the
soil biota and subsequently plant community assembly. For example, it has been
shown that regular clear cut harvests reduced the diversity of EM communities but
did not affect the growth of regenerating tree seedlings and, thus, did not affect
community succession toward mature forests (Kranabetter 2004).

Overall, intensification and land-use change are largely responsible for the loss of
soil biota diversity in agro-systems, creating soil legacies that continue to affect plant
communities long after land-use abandonment. Certain management practices can
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mediate negative effects of land-use change on soil biota. Recent research also
suggests that soil biota-based technologies (e.g., AM fungi inoculants) can
contribute to more sustainable agricultural practices (e.g., Cavagnaro et al. 2015).
Moreover, soil inoculation with soil mutualists and disease-suppressive organisms
could help counterbalance soil legacies after land-use abandonment, through niche
modification, specific effects on pathogens, and improved plant resistance. Finally,
adopting practices such as no/low-till agriculture, multispecies intercropping, and
natural pest management will also help restore soil community function and diver-
sity, with knock-on effects for plant community reassembly (Fig. 13.5).

13.6 Synthesis and the Way Forward

In this chapter, we explored how soil biota drive plant community assembly through
niche modification and through soil legacies. Effects of soil biota on plant perfor-
mance have been studied intensively (e.g., Wardle et al. 2004), but our understand-
ing of how soil biota affect the processes by which plant species are filtered from the
species pool into local communities is still limited. As we discussed in this chapter,
this understanding can help us predict how plant communities reassemble under
altered land use, climatic change, and plant invasion. This will further allow us to
develop strategies for ecosystem restoration and conservation.

Where to go from here?—A major challenge in studying the effects of soil biota
in plant community assembly is our limited knowledge of the ecology of soil biota.
Novel developments in the analyses of soil communities promise to provide new
insights into the enormous genetic and taxonomic diversity belowground and the
divergent niches occupied by soil biota (e.g., Taylor et al. 2014). However, in
addition to molecular sequencing, we advocate prioritizing empirical studies manip-
ulating the order and timing of plant species arrival (or, in case of eradication of
invasive plants, the order of species removal) in combination with varying the
composition of soil communities. Such experiments would benefit from trait-based
approaches which are now common in plant ecology (van Kleunen et al. 2010), but
still in the early stages of development when it comes to soil biota (e.g., George and
Lindo 2015; Widenfalk et al. 2016). Further work needs to be done, but such trait-
based approaches should also help in teasing apart the relative contribution of
different groups of soil organisms, e.g., mutualists versus pathogens.

A further challenge lies in actively using soil biota (e.g., microbial inocula) for
sustainable agricultural practices, restoring and conserving endangered plant com-
munities, and combating the effects of climatic change and plant invasions. Account-
ing for interactions between different global change factors that simultaneously
affect plant and soil communities when designing experiments will enhance the
real-life applicability of the results obtained (Kardol et al. 2012). So far, most
experiments testing the effects of soil biota on plant community assembly have
been run under controlled (i.e., greenhouse) conditions. Therefore, our knowledge
on the relative importance of soil biota and how their effects vary in relation to
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environmental factors is still limited. Field experiments manipulating soil biota come
with their own challenges, but are nevertheless valuable due to an added sense of
realism. Alternative approaches would include controlled experiments using larger
mesocosms and adding environmental manipulations (e.g., soil chemistry or climate)
to the experimental design. Future studies should also focus on the importance of
local and regional species pools (both for plant and soil organisms) and how
community membership depends on dispersal.
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Chapter 14 )
Application and Theory of Plant—Soil e
Feedbacks on Aboveground Herbivores

Ian Kaplan, Ana Pineda, and Martijn Bezemer

14.1 Introduction

The soil is an essential component of all terrestrial ecosystems. It serves as a medium
in which plants root, but also houses an overwhelming abundance of living organisms
such as bacteria, fungi, protozoa, viruses, nematodes, and arthropods that interact in
complex networks (Wall 2004). Soil organisms consume organic compounds, other
soil organisms, or plant roots and recycle and mineralize nutrients or interact with
living plants. As primary producers, plants provide the basic resources to the soil food
web (Bardgett and Wardle 2010). They contribute litter originating from dead shoots
or roots, and living plant roots release compounds such as sugars, organic acids,
hormones, and secondary metabolites. Via these inputs, plants shape soil biotic
communities that use these resources or are influenced by them and alter the physical
and chemical properties of soils (Van der Putten et al. 2009, 2013).

Evidence is rapidly accumulating that these plant-mediated soil changes influence
the performance of other plants that grow later in the same soil (Klironomos 2002;
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Kulmatiski et al. 2008). This phenomenon is called plant—soil feedback, and it is
now receiving considerable attention in the ecological literature (Bever et al. 1997,
Ehrenfeld et al. 2005; Van der Putten et al. 2013). Many studies argue that plant—soil
feedbacks can aid in the understanding of invasiveness of exotic plants, succession
of natural plant communities, plant coexistence and plant competition, and even
plant-herbivore interactions (Klironomos 2002; Van der Putten et al. 2009, 2013).
Much of the work on plant—soil feedback is carried out with wild species and within
the context of natural plant communities. However, these legacy effects play a
central role in agriculture where the concept of soil sickness—which, by definition,
is a form of plant—soil feedback—has been recognized for centuries among those
cultivating crops (Huang et al. 2013).

In this chapter, we first briefly introduce the terminology and concepts used in
plant—soil feedback research. We then review the effect of plant—soil feedbacks on
aboveground phytophagous insects, a topic that is only beginning to develop but
clearly illustrates how soil properties cascade to influence relationships with foliar
herbivores. Next, we focus on the mechanisms by which soil microbiota induce
changes in plant growth and resistance and the consequences for plant-feeding insects
and their natural enemies. Finally, we discuss how knowledge about plant—soil
feedbacks can be used to steer soil communities in agricultural systems so that the
current or succeeding crops become more resistant to aboveground and belowground
insect pests and diseases.

14.2 Plant-Soil Feedback: Concepts and Definitions

Plant—soil feedback is the effect of a plant on the soil, that subsequently influences
the performance of another plant that grows later in the soil. If the initial plant
causing changes in the soil and the plant responding to these changes belong to the
same species, this is called conspecific or direct plant—soil feedback. When the
species that cause and respond to the effect differ, the feedback is called
heterospecific or indirect (Van der Putten et al. 2013). Conspecific feedbacks are
usually negative, whereas heterospecific feedbacks are variable and can be negative,
neutral, or positive (Kulmatiski et al. 2008; Van de Voorde et al. 2011).

Plant—soil feedback studies typically consist of two stages. During the first phase,
the plant influences the soil it grows in. This is called the “conditioning phase.” In
the majority of studies, “live” soil (i.e., non-sterilized, presumably rich with micro-
bial life) is collected from the field, and plants are then grown in pots filled with this
soil for a fixed period of time, often between 2 and 4 months. Alternatively, soil can
be collected from beneath specific plant species in the field or from monocultures. In
this case, the soil is naturally conditioned in the field rather than experimentally
assigned to plant species in controlled environments, but this approach is less
common (Bezemer et al. 2005; Badri et al. 2013; Pendergast et al. 2013; Kos et al.
2015a). The underlying assumption is that during the conditioning phase, plants
shape the soil microbial community in a specific manner via their input of organic
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compounds. The structure of the microbial community will change depending on the
amount and composition of root exudates and sloughed root tissue that is deposited
in the soil, and plant pathogens and symbionts will increase in the presence of their
host. Although often ignored, abiotic soil conditions such as nutrient availability,
moisture, and physical structure also change depending on the plant species that was
previously growing in the soil. These changes could either impact subsequent plant
growth directly (e.g., a nitrogen-fixing legume may provide excess nutrients for
plants sharing the same soil) or indirectly by modifying the microbial community
that also responds strongly to abiotic factors (Fierer et al. 2012; Ramirez et al. 2012).

At the end of the conditioning phase, the plant is removed and the remaining soil
is then used for the second phase. This is called the “feedback phase” or “test phase,”
in which the growth of a focal plant in the conditioned soil—also called “home
soil”—is compared to a control soil. As both abiotic and biotic soil properties change
during the conditioning phase, selecting the appropriate control is not trivial. Several
studies compare plant growth in conditioned soil with growth in the same soil that
was sterilized (Fig. 14.1a; e.g., Cortois et al. 2016). However, this comparison can be
misleading. Sterilization often increases nutrient availability and hence the feedback
effect is confounded by nutritional differences among the two soil groups, namely,
artificially lower nutrient levels in the conditioned treatment. Thus, negative effects
of conditioned soil on plant growth tend to be overestimated, particularly in low
fertility soils (Troelstra et al. 2001).

Three other types of controls are commonly used in plant—soil feedback studies.
First, feedback effects can be determined by comparing the growth in conditioned
“home” soil to live field soil that was not conditioned (Fig. 14.1b). A potential caveat
with this approach is that the “unconditioned” field soil is used during the condi-
tioning phase and as control soil during the feedback phase. As the conditioning
phase can take several months, the “unconditioned” field soil should be stored and
during storage the microbial composition can change. Alternatively, fresh “uncon-
ditioned” soil can be collected later at the beginning of the feedback phase. However,
because microbial communities vary over time and change depending on season,
climatic conditions, and plant age or phenology (Lauber et al. 2013), the later
collected soil may fundamentally differ from the soil originally used during the
conditioning phase. Second, growth of a focal plant in “home” soil conditioned by
the same species can be compared with “away” soil conditioned by another species.
This can be accomplished using several “away” soils, providing a quantitative
measure of the soil-mediated influence of a plant on conspecifics relative to other
species (Fig. 14.1c; e.g., Van de Voorde et al. 2011; Wubs and Bezemer 2016).
When a series of soils are used, the home soil can also be compared to a mixture of
all away soils (Engelkes et al. 2008; Brinkman et al. 2010). A third way of testing
plant—soil feedback effects is to inoculate sterilized soil with a small amount—ca.
10%—of conditioned soil. This can then be compared to inoculation using the same
amount of sterilized conditioned soil (Fig. 14.1d; e.g., Bever et al. 1997; Van der
Putten et al. 2013). A benefit of this approach is that the complicating effect of
nutritional differences from using pure conditioned soil, as shown in Fig. 14.1a, is
minimized since both treatments contain primarily sterile soil with relatively minor
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Fig. 14.1 Schematic view of several approaches that are used to examine plant—soil feedback
effects. Live soil is collected from a field site (“Field soil”’). During the conditioning phase, the focal
plant grows in this soil. At the end of the conditioning phase, the plant is removed from the soil and
the soil is used in the feedback phase. The plant—soil feedback effect of a focal species can be
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differences in total volume due to the addition of small quantities of inoculum in the
conditioning treatment. The drawback here is that adding low inoculum volumes
may underestimate the feedback if microbial factors are density dependent (i.e.,
adding 50% soil inoculum generates a relatively stronger impact compared with only
10% inoculum). To our knowledge, this is not well known or documented.

An important question that is still highly debated is whether and to what extent
plant—soil feedbacks are predictable. It is hypothesized that the phylogenetic relat-
edness between the plant that conditions the soil and the species that responds to this
soil predicts the magnitude of the feedback (Dostal and Paleckova 2011; Mehrabi
and Tuck 2015). The assumption is that closely related species share soil pathogens
or symbionts and, as most conspecific feedbacks are negative (Kulmatiski et al.
2008), the prediction is that there should be a negative relationship between relat-
edness and feedback. However, most studies, so far, indicate that relatedness is a
poor predictor (Dostal and Paleckova 2011; Mehrabi and Tuck 2015; Fitzpatrick
et al. 2017; but see Anacker et al. 2014). Other studies show that the strength of
feedbacks is better explained by proximate plant traits such as growth rate or specific
root length. Fast growing species generally exhibit stronger negative conspecific
feedbacks than slower growing ones (Cortois et al. 2016). Differences between
conditioning and response species in trait values also appear to be predictive, but
increases in trait differences can lead to both stronger and weaker feedbacks
(Fitzpatrick et al. 2017). Hence, to what extent plant traits can explain plant—soil
feedbacks remains an open question. Some plant—soil feedback effects may also be
predictable according to plant functional group with, for instance, grasses, legumes,
and forbs modifying the soil microbiome in fundamentally different ways (Cortois
et al. 2016). In this context, it is important to note that the effect of a plant species on
its soil community depends in large part on the microbial composition prior to
conditioning and that unconditioned soils already have a legacy. Thus, true uncon-
ditioned soils do not technically exist. This may partly explain why plant—soil
feedback studies that are carried out with the same species can show highly variable
outcomes and why it is so difficult to make general predictions.

<
Y

Fig. 14.1 (continued) determined by (a) comparing growth in home soil with that in sterilized home
soil; (b) comparing growth in conditioned soil versus unconditioned soil (field soil); (¢) comparing
growth in soil conditioned by the focal species (home) with growth in soil conditioned by another
species (away); or (d) comparing growth in sterile soil inoculated with a small amount of home soil
with growth in sterile soil inoculated with a small amount of sterile home soil or live away soil
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14.3 Plant-Soil Feedbacks and Aboveground Plant-Insect
Interactions

The majority of plant—soil feedback studies examine how changes in soil microbes
impact plant growth; however, changes in the amount or quality of the host plant due
to changes in the soil community can also influence aboveground herbivorous
insects (Wurst and Ohgushi 2015). Many studies show that the addition of specific
soil biota such as root herbivores (Johnson et al. 2012; Soler et al. 2012), mycorrhi-
zal fungi (Koricheva et al. 2009), rhizobacteria (Hol et al. 2010; Pineda et al. 2010;
Pangesti et al. 2013), or nematodes (Wondafrash et al. 2013) influence aboveground
plant-feeding insects. These prior investigations clearly illustrate the potential for
individual groups of soil organisms to shape aboveground interactions. Because
plant—soil feedbacks simultaneously change the full soil community, including all
taxonomic and functional groups, we expect feedbacks to have major consequences
for foliar insect herbivory. Yet, unlike plants, for which there is a clear prediction of
negative conspecific feedbacks, the insect response is far more difficult to anticipate.

The few studies that integrate leaf-feeding insects into plant—soil feedback
dynamics show that their interactions with host—plants are considerably altered. In
a study where ragwort (Senecio jacobaea) plants were grown in soils conditioned by
10 different plant species, abundance of the specialized aphid Aphis jacobaea varied
almost 10-fold between the worst and best soils in terms of A. jacobaea population
growth. These effects could be explained by plant—soil feedback-related changes in
amino acid concentration in the phloem (Kos et al. 2015a, b). In the same experiment
using the same host plant species, however, the generalist aphid Brachycaudus
cardui was far less sensitive to soils from the ten plant species, indicating that
these effects depend greatly on the combination of plants, soils, and insects used
(Kos et al. 2015a, b). Herbivory by generalist snails (Cepaea species) was also
unaffected by plant—soil feedback in a study with Solidago canadensis and
Tanacetum vulgare, even though T. vulgare exhibited a negative conspecific feed-
back (Schittko and Wurst 2014). More studies are needed to determine whether
generalist herbivores are less sensitive to plant—soil feedback and broadly to changes
in the composition of soil microbial communities. However, it is known that
generalists and specialists, or insects in different feeding guilds, vary in their
response to qualitative or quantitative changes in their host plants (Bezemer and
Jones 1998; Awmack and Leather 2002; Ali and Agrawal 2012). Root damage, for
instance, often increases the performance of aboveground sapsuckers while reducing
the performance of leaf-chewers (Johnson et al. 2008, 2012).

Not only are aboveground insects sensitive to plant—soil feedback, several studies
also show that foliar herbivory or grazing during the conditioning phase influences
the feedback effect (Medina-Roldan et al. 2012; Veen et al. 2014). Leaf damage by
the caterpillar Mamestra brassicae on S. jacobaea increased the negative conspecific
plant-soil feedback, possibly due to herbivore-induced changes in soil fungi
(Kostenko et al. 2012; Bezemer et al. 2013). Remarkably, herbivory during the
conditioning phase also increased the tolerance of S. jacobaea to aboveground
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herbivory during the feedback phase and increased insect performance on the later
growing plants. The emergence rate of Microplitis mediator parasitoids from cater-
pillar hosts was higher when plants were growing in soil in which conspecific plants
had been grown that were exposed to aboveground herbivory (Kostenko et al. 2012).
These studies suggest that aboveground multi-trophic interactions are influenced by
plant-mediated changes in soil microbiota and that aboveground higher trophic
levels alter plant—soil feedbacks.

Perhaps one of the best demonstrations of how plant—soil feedbacks affect
aboveground insect interactions comes from a study that used an elegant design to
isolate the microbial mechanism responsible for the effect (Badri et al. 2013). These
authors used field soil collected from Arabidopsis, pine, corn, and potato plantings;
then, created soil slurry amendments from these soils to dissect the microbial
component. To do so, they mixed the soil in liquid and collected the supernatant
to apply as an unfiltered microbial consortium to sterilized soil containing
Arabidopsis thaliana plants. This was compared with control plants receiving the
same slurry that was centrifuged and filter-sterilized (0.45 pm filters). The authors
report that larval weights of the leaf-feeding caterpillar Trichoplusia ni were reduced
on most microbe-inoculated plants compared with the control, regardless of which
feedback species was tested. A combination of 454 pyrosequencing of the soil
community and GC-MS to quantify the leaf metabolome further demonstrated that
these microbe-induced changes were mechanistically linked to foliar amino acid
content. Overall, this approach is similar to those described earlier in Fig. 14.1, but
offers several advantages, namely, isolating the microbial mechanism while exper-
imentally accounting for nutritional or allelopathic effects. The technique could be
further refined by using a series of nested sieves to assess which of several broad
microbial groups are responsible for eliciting effects on insects, as employed in
recent studies testing the role of soil biota in plant health (Wagg et al. 2014; Bender
and van der Heijden 2015).

14.4 Mechanisms of Plant—Soil Feedbacks on Plants
and Insects

Feedbacks can be caused by plant-mediated effects on multiple aspects of the soil
environment, including the biotic community, nutrient availability, and
allelochemical residues. Numerous phytochemicals, for example, have been identi-
fied that are released by roots into the rhizosphere (Bais et al. 2004), affecting the
growth or physiology of other plants (Hierro and Callaway 2003; Glinwood et al.
2011). In addition to the high amount of organic carbon released into the rhizosphere,
secondary metabolites are exuded such as phenolics, glucosinolates, and even phy-
tohormones (van Dam and Bouwmeester 2016). Secondary metabolites, in particular,
are considered the most important compounds involved in chemical communication
between plants and soil organisms (van Dam and Bouwmeester 2016). Root exudates
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have been studied for decades because of their allellopathic effects on other plants.
And, whereas most of these compounds inhibit other plants as a means to avoid
competition, some compounds stimulate germination or growth of certain plants
(Inderjit et al. 2011).

A major challenge in allellopathy is to disentangle the contribution of direct and
indirect effects in plant—plant interactions (Cipollini et al. 2012; Zeng 2014). Root
exudates are key elements at shaping the rhizosphere microbiome, and many plant-
secreted chemicals are rapidly metabolized by soil microbes. Compounds such as
malic acid and benzoxazinoids enhance or recruit beneficial soil microbes into the
rhizosphere (Rudrappa et al. 2008; Neal et al. 2012). Similarly, strigolactones are a
recently discovered group of phytohormones that stimulate the germination of
parasitic plants, but at the same time elicit mycorrhizal colonization (Bouwmeester
et al. 2007), showing how plants can be directly and indirectly affected by root
exudates from a different plant. In the context of plant—soil feedbacks, exudates have
recently been shown to be a mechanism underlying plant—plant interactions through
microbial changes (Li et al. 2016a).

While allelopathy is mostly studied in the context of plant—plant competition, the
effects could also cascade to impact insects aboveground. For example, barley plants
exposed to root exudates of the weed grass Elytrigia repens became less acceptable
for the aphid Rhopalosiphum padi, and this could be reproduced by applying a
mixture of four chemicals previously identified in the root exudates from the weed
(Glinwood et al. 2003). Similarly, tobacco roots exude high amounts of nicotine into
the soil that later accumulate in rice leaf tissue aboveground, potentially reducing
insect herbivory (Zhang et al. 2015). If true, this would represent a novel mechanism
by which a plant can hijack the defensive metabolites of an unrelated plant via the
soil. Altering the levels of soil minerals involved in leaf defense by one plant, which
influences uptake in another plant, is another mechanism by which plants can
interact via soil feedbacks. Silicon, the most abundant mineral in the soil, can
prime plants for enhanced aboveground resistance to insect herbivores mediated
by jasmonic acid (Ye et al. 2013). It is yet unknown whether this mechanism
operates in plant—soil feedbacks but it warrants attention, i.e., silicon levels change
after the conditioning phase to affect subsequent plant—insect interactions.

Despite the fact that allelopathic interactions and nutritional changes are recog-
nized as potentially important drivers of plant—soil feedbacks, the vast majority of
published work tends to focus on effects mediated by soil biota. Thus, we focus the
discussion below largely on the biotic community. While we primarily emphasize
soil microbes, invertebrates can also be important and may be underappreciated in
feedbacks. It is well documented that belowground insect herbivores and detritivores
affect aboveground insects up to the fourth trophic level (Soler et al. 2005, 2012;
Rasmann and Turlings 2007; Wurst 2013). Another possible invertebrate mecha-
nism affecting foliar herbivory is feedbacks influencing soil-dwelling predators that
prey on aboveground herbivores, either by moving to the aerial tissues or preying on
developmental stages that occur in the soil (Mufioz-Cardenas et al. 2017). These
hypothetical mechanisms are not yet covered in the literature on plant—soil
feedbacks.
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Fig. 14.2 Conceptual view of how plants can differ in how they condition a standard soil
community (a) and how they respond or perceive this standard soil community. The soil microbial
community can have positive (green circles), negative (red circles), or neutral (grey circles) effects
on a plant. The size of the circle indicates the importance in the soil. Plant species 1 promotes
microbes that have a positive effect on plant growth (b) such as, e.g., plant-growth promoting
rhizobacteria or mycorrhizae, plant species 2 promotes plant microbes with negative effects such as
pathogens (c), and plant species 3 stimulates microbes that do not influence plant growth (d). Plant
species also differ in how they perceive a single soil. In the example, plant species 1 overall
perceives a soil as “positive” (e), plant species 2 perceives the same soil as “negative” (f) while the
soil is perceived as “neutral” by plant species 3 (g). The groups of soil microbes that have positive,
negative, or neutral effects also interact with each other in the soil food web, indicated by the dashed
arrows

14.4.1 How Plants Modify the Soil Biotic Environment

Plants influence the soil biotic community in a species-specific manner, and the
responses of a plant to changes in the composition or abundance of soil biota can also
differ greatly depending on the plant species being investigated (Fig. 14.2). This
bidirectional dependency leads to highly species-specific plant—soil feedbacks.
These results are usually attributed to the build-up of specialized soil pathogens;
however, the vast majority of plant—soil feedback studies only report the effects of
one plant on the growth of another without reporting the mechanisms involved. In
most instances, the specific soil organisms or groups of soil organisms responsible
for causing these effects are totally unknown. While many studies point at the
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important effects of soil pathogens in plant—soil feedbacks, the soil biotic commu-
nity consists of a wide array of microorganisms. These microorganisms can nega-
tively influence plant performance, such as pathogens, but others have positive
effects (e.g., plant growth promoting rhizobacteria, nitrogen-fixing rhizobia, mycor-
rhizal fungi). It is also important to realize that the abundance of the majority of soil
microbes do not appear to influence plant growth directly. Hence, the soil consists of
a consortium of microbes that have positive, negative, and neutral effects and the net
effects of all these interactions determine the soil feedback effect (Fig. 14.2).

Plants are a major driver at determining the soil and rhizosphere microbiome
(Fig. 14.2). Interestingly, this is not only at the species level, which is the focus of
plant—soil feedback studies, but even genotypes/cultivars of the same species or
plants at varying developmental stages can mold unique microbiomes (Bulgarelli
et al. 2013; Peiffer et al. 2013; Chaparro et al. 2014; Li et al. 2016b). For example,
natural accessions of Arabidopsis thaliana have completely different plant—soil
feedbacks, with some positive, some negative, and others neutral (Bukowski and
Petermann 2014).

14.4.2 How Plants and Insects Respond to Microbial
Changes in the Soil

Recent evidence suggests that plants initially perceive mutualistic microbes as
potential invaders and trigger an immune response (Zamioudis and Pieterse 2012).
Later, a dialogue between plant and microbe leads to mutualistic interactions and to
changes in plant physiology. At higher trophic levels, two main mechanisms are
thought to be responsible for the effects of soil microbes on herbivores. On one hand,
beneficial soil microbes often improve plant performance, by means of growth or
nutritional quality, which, in turn, leads to improved herbivore performance. On the
other hand, certain soil microbes induce resistance in systemic tissues against
pathogens and insects (Zehnder et al. 1997; Pangesti et al. 2014; Pieterse et al.
2014). The balance of these opposing forces—plant growth promotion and induced
systemic resistance—determines the final effect of soil microbes on insect herbivores
and is probably the main determinant of variable outcomes observed for microbe—
plant—insect relationships. It is important to note that soils with an identical com-
munity can be perceived entirely different by two plants (i.e., positive by one species
and negative by the other one), even if these two plants are phylogenetically closely
related (Fig. 14.2). This explains why such a broad range of plant—soil feedback
effects are typically reported, even when the origin of soil is the same.

Induced systemic resistance is mainly studied in the context of microbial patho-
gens, but it is also activated in response to herbivory. Some of the characteristics of
induced systemic resistance, compared with other types of induced resistance, are:
(1) it is triggered by colonization with nonpathogenic microbes; (2) it involves
priming of plant defense; (3) it is regulated by the plant immune system, mostly
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through the signaling pathways controlled by the hormones jasmonic acid, salicylic
acid, and ethylene (Soler et al. 2013; Martinez-Medina et al. 2016). The priming
concept implies that in the absence of an attacker, no major defensive changes occur
in the plant, but upon attack the plant responds faster and/or stronger than it
otherwise would. This renders the plant more resistant when colonized by appropri-
ate rhizosphere microbes. Independent of priming, however, soil microbes also
directly enhance the levels of defensive metabolites with negative consequences
for herbivores and pathogens (van de Mortel et al. 2012; Sanchez-Bel et al. 2016). In
either case, the effect that microbes have on insects depends on which pathway each
group triggers. Because hormones such as JA and SA can display negative cross-
talk, microbes could trigger induced systemic susceptibility when SA-inducing
microbes co-occur with JA-inducing insects, or vice versa (Soler et al. 2013).

Another mechanism includes the direct effects of endophytic microbes on insects
aboveground. During the germination and seedling stage, plants can acquire
microbes from the soil that act as foliar endophytes. Some of these leaf endophytes,
such as those from certain grasses, produce alkaloids that are toxic for the herbivores
(although these are frequently seed-transmitted). Recent studies have shown that
several entomopathogenic microbes can also have an endophytic stage (Ownley
et al. 2010). Fungi such as Metarrhizium and Beauveria are common in soils and can
colonize plants and promote growth (Jaber and Enkerli 2016).

Mycorrhizal fungi have perhaps been the dominant microbial group investigated
for interactions involving insects (Gehring and Bennett 2009; Koricheva et al. 2009;
Pineda et al. 2010). However, recent work has shown that soil microbe—plant—above-
ground insect interactions also occur in non-mycorrhizal plants. An example is
crucifers that do not form symbioses with mycorrhizal fungi. In this system, plant
growth promoting rhizobacteria induce analogous effects, with the outcome poten-
tially being determined by insect diet breadth. Generalist caterpillars such as Mamestra
brassicae and Spodoptera exigua are negatively affected by Pseudomonas bacteria,
but specialists such as Pieris brassicae and P. rapae are unaffected, and aphids such as
Myzus persicae and Brevicoryne brassicae are positively and not affected, respectively
(van Oosten et al. 2008; Pineda et al. 2012; Pangesti et al. 2014).

The above-mentioned studies were carried out using a single bacterial strain of
Pseuomonas. However, several studies have argued that microbial complexity
matters in microbe—plant—insect interactions and that the effects on plants, herbi-
vores and natural enemies vary depending on the combination of microbial strains
present (Gange et al. 2003, 2005). Although most studies show that combinations
have detrimental effects for plants in terms of herbivory compared to single strain
inoculations (Gadhave et al. 2016), the opposite effect is also sometimes the case
(Saravanakumar et al. 2008). Unfortunately, many isolated microbial strains that
seem promising in laboratory experiments fail in the field even when applied as
mixtures, probably due to competition with the established soil microbiome
(Gadhave et al. 2016; Raaijmakers and Mazzola 2016). In this context, it is important
to realize that in real soils that encompass a wide array of microbes, plants are
exposed simultaneously to positive and negative microbe interactions (Fig. 14.2)
that can all induce plant defense and growth responses.
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14.5 Opportunities and Challenges for Manipulating Plant—
Soil Feedbacks in Agriculture

The emergence of microbes as beneficial partners in crop production is apparent as
many large companies, even those historically focused on pesticides, now maintain
microbial development groups. Some consider this the final frontier as plant breed-
ing and synthetic fertilizers appear close to maximizing their impacts on yield
(Mayer 2014). Early microbial products include inocula, mostly focused on a
small number of strains and genera of fungi (e.g., Trichoderma) and bacteria (e.g.,
Bacillus) as a soil amendment. Only a fraction of soil microbes can be cultured,
however, and many of those that can be isolated and reapplied elsewhere do not
persist in their new environment. Thus, the microbial commercialization pipeline
creates an enormous taxonomic bottleneck with the vast majority of microbes
bypassed due to methodological constraints. In addition, a prevailing school of
thought in the scientific community maintains that the reductionist approach taken
by microbial strain isolation will ultimately fail because the whole is the greater than
the sum of its parts (Vandenkoornhuyse et al. 2015; Raaijmakers and Mazzola
2016). In other words, microbes are best studied as whole microbiomes where
emergent properties among thousands of taxa clustered by interaction networks are
responsible for observed benefits to plant health (Berendsen et al. 2012; Mendes
et al. 2013; Philippot et al. 2013; van der Heijden and Hartmann 2016). While the
reductionist versus holistic debate is far from resolved in plant health research,
interestingly, a parallel debate is occurring in human health studies where probiotic
supplements, once touted as a cure for numerous ailments, are being replaced by
community-level fecal transplants (Borody and Khoruts 2012). Methodological
advances in next generation sequencing platforms continually allow scientists to
provide increasing taxonomic resolution on the microbiome. Even if this increased
knowledge of microbial community structure and composition cannot result in the
isolation of specific microbial strains for inoculation in new soils, these improved
analyses will at the very least point to taxa that should be targeted in microbiome
manipulations. We now know, for example, that even rare microbes impact foliar
insect herbivory (Hol et al. 2010). These rare species could be favored or discour-
aged by changing any number of agricultural management practices.

The question then becomes how to steer microbial communities in agricultural
soils to benefit crop growth, yield, and/or protection against pests (see Pineda et al.
2017). This bypasses the aforementioned problems associated with maintaining
single-strain cultures and persistence in foreign soils, but introduces a new set of
unique challenges. For instance, manipulation of complete microbiomes is likely to
result in variable outcomes and it is unclear how to consistently mold complex
communities in the field. This is not for lack of thought. A number of recent reviews
discuss ways to harness agricultural microbiomes for crop production (Bakker et al.
2012; Lakshmanan et al. 2014; Barea 2015; Schlaeppi and Bulgarelli 2015; Bender
et al. 2016; Dessaux et al. 2016; Busby et al. 2017; Pineda et al. 2017). Although the
impacts of specific agricultural practices on soil life are well described, these
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practices tend to be coarse tools that either enhance (e.g., compost amendments) or
disrupt (e.g., tillage) soil biota. Similarly, differences in soil properties between
organic versus conventional cropping systems are well characterized (Drinkwater
et al. 1995; Williams et al. 2014; van der Heijden and Hartmann 2016). Notably,
organic growers have long claimed that their crops are more resistant to insect pests
due to enhanced microbial activity in the soil (although experimental evidence to
support this anecdotal claim remains elusive); yet, aside from building organic
matter, harnessing this effect has not been feasible.

We argue that the conceptual framework provided by plant—soil feedbacks pro-
vides a novel means to shape the phytobiome (sensu Leach et al. 2017) to enhance
crop performance and protection. Plant—soil feedbacks differ from existing soil
engineering approaches in a few key ways. Perhaps most importantly, their impact
is species-specific, i.e., each plant conditions the soil to create a unique microbiome
compared with that of other species. While some of the core concepts of plant—soil
feedbacks are inherently woven into the fabric of agricultural management strategies
such as crop rotation, surprisingly, the term is almost never used in applied studies
(but see Hol et al. 2013; Huang et al. 2013; Dias et al. 2015; Miller and Menalled
2015). Further, the two ideas—i.e., plant—soil feedback versus crop rotation or
diversity, in general—are not the same. Most consider increasing plant diversity,
from monoculture to polyculture, as beneficial for sustainable agriculture (Ratnadass
et al. 2012); however, the rationale is largely based on disrupting life cycles for host-
specific pests and pathogens (Borneman and Becker 2007). Under this scenario,
incorporating virtually any non-self plant will suffice. Plant—soil feedback similarly
recognizes that “self” or “home” soil generally has detrimental impacts on focal
plants, but also acknowledges that heterospecific plants usually have vastly different
legacy effects (van der Putten et al. 2013). This subtle, but significant, shift in
perspective has important consequences for management. Polycultures are not
simply about breaking disease cycles; ideally, they are engineered to identify and
exploit synergistic plant pairings. We suspect that most farmers, as well as agricul-
tural scientists, are aware that rotations are desirable because single species cultiva-
tion leads to disease build-up over time, but far fewer appreciate that the identity of
the preceding crop or non-crop plant matters.

An agricultural plant—soil feedback perspective is unique for a few additional
reasons. First, the mechanism capitalizes on the varied benefits from a diverse
microbiome, including beneficial associations, rather than merely focusing on the
suppression of one or a few phytopathogens (compare Figs. 14.3 and 14.4). Second,
the approach explicitly accounts for microbe—crop—insect interactions that combat
aboveground pests via induced systemic resistance. Crop rotations can also reduce
insect pest populations but through an entirely different route that is analogous to
pathogen suppression. The corn rootworm (Diabrotica virgifera), for example, is
controlled by rotating corn and soybean across years. This rotation is effective
because soybean is a non-host for rootworms and thus disrupts their life cycle
(Vidal et al. 2005), not because soybean creates a more desirable microbiome for
subsequent corn plantings.
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previous crop

Fig. 14.3 Consequences of conspecific plant—soil feedback and microbial mechanisms responsible
for the effect. Tomato cultivates host-specific pathogens that become increasingly prevalent—indi-
cated by gradually darker shade of red halo surrounding tomato roots and soil inset showing growth of
nematodes, fungal hyphae, and bacteria—when a second tomato plant is preceded by tomato in the
same soil over time. Note that the second tomato plant (on the right) attains a smaller final size
compared to the initial tomato plant (on the left) and has consequences for foliar-feeding insects such
as the hornworm caterpillar, Manduca sexta, shown in the aboveground inset. Illustration created by
Thomas Degen

Last, it is important to note that plant—soil feedbacks fit well in the context of
existing agricultural management schemes. Spatial influences can occur through
intercropping whereby one crop shapes the soil for a neighboring crop (Li et al.
2007; Brooker et al. 2015; Li et al. 2016a). This obviously necessitates close
proximity as would occur when alternating rows host a different crop. However,
plant—soil feedbacks are mostly studied in a temporal sequence with the two plants
separated over time in the same location (Brinkman et al. 2010). This is also most
relevant to modern crop management practices. While intercropping is relatively
uncommon, at least in large-scale industrial agriculture used for most global food
production, sequences such as rotations and cover crops are widely employed, even
in high intensity systems. Also, it can be more complicated to isolate the soil
mechanism at play in intercropping because of the confounding influence that leaf
volatiles have on aboveground insect host-plant finding (Glinwood et al. 2011; Kos
et al. 2015c). As a result, we focus our discussion and examples below on temporal
relationships in agricultural fields.
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previous crop

Fig. 14.4 Consequences of heterospecific plant—soil feedback and microbial mechanisms respon-
sible for the effect. In this case, corn cultivates host-specific pathogens, indicated by the blue halo
surrounding corn roots and soil inset showing nematodes, fungal hyphae, and bacteria. However,
when corn is replaced over time by tomato, which cultivates a unique species-specific microbial
assemblage indicated by the red halo in Fig. 14.3, the resulting “average” blue and red communities
create a purple halo with a more diverse microbial inset and overall larger tomato plant compared
with the conspecific feedback depicted in Fig. 14.3. Illustration created by Thomas Degen

14.5.1 Cover Crops as Plant-Soil Feedback Drivers

Cover crops are noncash crops used to manage soils—e.g., erosion, nutrients,
organic matter—and pests such as weeds and soil-borne pathogens or nematodes
(Schipanski et al. 2014; Wittwer et al. 2017). In temperate annual systems, covers are
often fall-seeded after the summer crop is harvested and then put on biomass through
the fall, after which the plant is either winter-killed or maintained through the
subsequent spring. Thus, cover crops can be thought of as an “extra” non-crop
species sandwiched between a single crop cycle. In the Midwestern USA, which has
among the most intense agricultural systems in the world, the popularity of cover
crops is increasing (Singer et al. 2007; Dunn et al. 2016), as is the case for other
regions in the USA and beyond. Cover crops are a particularly interesting target for
plant—soil feedbacks because of the larger variety of species available compared with
rotations that are limited to economically viable crops.
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Several legumes are popular covers such as vetch (Vicia sp.) and clover (Trifo-
lium sp.) that are notable for adding nutrients to the soil as a green manure, which can
reduce the nitrogen inputs needed for subsequent crops (Ebelhar et al. 1984). Insect
pests respond differently to crops treated with organic versus synthetic fertilizers
(Eigenbrode and Pimentel 1988; Altieri and Nicholls 2003; Staley et al. 2010).
Therefore, we anticipate a strong nutritional legacy of a leguminous cover on
crop—insect relationships by simply shifting the form of nitrogen metabolized by
the later occurring plant. Yet, to our knowledge, this hypothetical scenario has not
been experimentally demonstrated, despite the likelihood from what we know of
pest responses to different fertilizer types.

Covers also generate allelopathic interactions that have both direct consequences
for soil microbes and indirect effects on foliar insects via the crop (Farooq et al.
2011; Huang et al. 2013). Mustards (Brassica sp.), for example, are common cover
crops that release isothiocyanates with antimicrobial properties into the soil.
Although this is helpful when used to suppress plant-pathogenic nematodes
(Hooks et al. 2010), it may also disrupt beneficial rhizosphere associations. Indian
mustard (Brassica juncea) planted as a cover reduced mycorrhizal availability for
corn plants that followed (Njeru et al. 2014). Similarly, B. juncea acts as a
bio-fumigant for entomopathogenic nematodes, interfering with biocontrol of insect
crop pests (Ramirez et al. 2009). These same covers simultaneously shift the
community composition of free-living nematodes involved in decomposition and
food web processes (Gruvera et al. 2010).

Another ubiquitous cover crop, rye (Secale cereale), dramatically reduced the
abundance of the invasive soybean aphid (Aphis glycines), a major soybean pest in
the Midwestern USA (Koch et al. 2012, 2015). This example is especially interesting
because the pattern repeatedly occurred on large-scale commercial fields. Further,
the authors sampled the natural enemy community to determine whether the pattern
could be explained by higher predator density, which can occur with cover crops due
to increased structural complexity and refuge (Blubaugh et al. 2016). Because there
were no differences in any of the predator guilds, they can exclude this potential
mechanism and concluded that: “Interactions between soybean and rye may affect
host plant quality and deserve further investigation as potential mechanisms driving
differences in aphid populations”. Rye is known to exude benzoxazinoids from their
roots (Schulz et al. 2013), and this may be a mediating factor.

A key consideration of whether and how covers impact crops and their insect
pests is the manner in which it is managed, which varies greatly. Sometimes crops
are directly planted into living covers, while other times the cover is killed first. If it
is killed, this can be accomplished in a few ways, namely with either herbicides or
tillage. This decision has a major bearing on microbial life due to the disruptive
capacity of tillage on the soil ecosystem. The residues of dead cover crops can also
be left to decompose on the soil surface or it can be incorporated into the soil matrix,
resulting in litter-mediated feedbacks. This not only affects microbial activity, but
also the abundance of decomposing arthropods such as Collembola that serve as
prey for spiders and other generalist predators that forage widely between the above-
and below-ground systems (Miyashita et al. 2003; Birkhofer et al. 2008; Mufoz-
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Cardenas et al. 2017). These real management decisions undoubtedly mediate the
mechanism, magnitude, and direction of plant—soil feedbacks of cover crops on later
following cash crops, but in almost all cases these have not been directly quantified,
especially as they relate to pest population dynamics.

14.5.2 Crop Rotations as Plant-Soil Feedback Drivers

Crop rotations are similar to cover crops, except that the feedback has a longer time
lag with the soil legacy extending nearly one full year from the fall to the following
spring. While crop residues can remain from the previous year’s planting, particu-
larly in no-till or reduced till systems, this is less common than with cover crops.
Thus, the mechanisms are likely different in rotations.

Because agricultural rotations have been employed for centuries to avoid “soil
sickness” (Huang et al. 2013; van der Putten et al. 2013), it is frequently assumed
that the feedback of one crop on the next is well documented. Shockingly, this is not
the case. As outlined in a comprehensive review by Dias et al. (2015), upon
surveying 149 publications on crop rotations they conclude: “after carefully
reviewing all the papers obtained through our search we could not find a single
one containing science-based criteria for crop rotations. . .there appears to be no
consistent scientific basis to justify the use of a particular crop rotation over another.”
This evidence seems to support the notion that crop rotations are decided more on
nonscientific criteria such as social or economic factors.

The only “rule” that may be guided by plant—soil feedbacks is that growers are
typically advised to avoid successive plantings with two crops in the same family. For
instance, if you planted cucumbers in a given field, you would avoid planting
cucumber again, or a close relative (i.e., any other crop in the Cucurbitaceae such
as watermelon or pumpkin), for several years. In the interim, any non-cucurbitaceous
crop is acceptable. Thus, there is an implicit phylogenetic underpinning to the lone
crop rotation guideline, even though there is little scientific evidence to support this
rule of thumb. As noted earlier, phylogeny is often a poor predictor of plant—soil
feedbacks (Mehrabi and Tuck 2015). This was also true when evaluated in the only
known test using an actual crop rotation (Miller and Menalled 2015), and our own
work in tomato using a diversified vegetable rotation supports this assertion
(Ingerslew and Kaplan 2018). Making the matter more complicated, crop cultivar
choice can also affect the outcome of these interactions (Li et al. 2016b). This is not to
say that crop rotational diversity does not matter, but rather that the type of diversity
needed is unclear at this point. Indeed, diversity among rotation crops, compared to
single-species cultivation, is functionally linked to microbial diversity and positively
affects belowground ecosystem processes (Tiemann et al. 2015).

Despite the fact that plant—soil feedbacks in rotations are poorly studied and the
one rule for their management appears to lack a strong scientific foundation, studies
have clearly shown that crop identity shapes microbiomes (Garbeva et al. 2008;
Navarro-Noya et al. 2013; Jiang et al. 2016). Moreover, these shifts have species-
specific consequences for crops that follow (Yang et al. 2013). It is surprising that so
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little is known about how rotations affect insects, aside from disrupting life cycles
(e.g., Gallo and Pekar 2001; Chilcutt and Matocha 2007; but see Lundgren et al.
2017). Future studies should try to document the functional links between rotation
identity, soil microbiome composition, and foliar insect pest pressure. A good model
can be seen in the only study, to our knowledge, that explicitly makes these
connections, provided by Schrama et al. (2016). This work examines the soil legacy
effect of four bioenergy crops—maize, willow, Miscanthus X giganteus, switch-
grass—on wheat as a follow-up food crop. In addition to having major consequences
for the soil microbial community, species-specific legacy effects were observed for
wheat growth and susceptibility to insects. Specifically, wheat grown in willow soil
had a higher biomass, but also favored the aphid Rhopalosiphum padi, whose
population growth was nearly twice as high on willow soil compared with the
other bioenergy crops. It appears that the soil-mediated nutritional benefits passed
on from willow to wheat extend aboveground to wheat consumers, although this
mechanism needs to be verified by measuring phloem chemistry.

14.5.3 Future Opportunities and Implementation Challenges

Beyond the standard agricultural approaches such as cover crops and rotations,
plant—soil feedbacks could be exploited in other new ways that have yet to be
demonstrated. For example, in our own work in Chrysanthemum, growers cultivate
flowers in monoculture with steam sterilization that severely disrupts soil
microbiomes, leading to the spread of r-selected pathogens (van der Voort et al.
2016). Consequently, we have experimented with using the legacy from a wide
variety of wild plant species to condition the soil for optimizing flower growth and
resistance to foliar insect pests (Bezemer et al., unpublished data). Even using as
little as 10% of feedback soil as an inoculum can transfer these effects across species
and potentially much less than this amount could be used (0.1-10% of total soil
volume according to Berendsen et al. 2012). However, this creates an interesting
dilemma: how to best transplant microbiomes from one plant to another. A recent
large-scale field study showed over a 6-year period how adding soil inoculum for
ecosystem restoration results in different soil communities but also target plant
communities, ranging from grassland to heathland vegetation depending on the
inoculum source (Wubs et al. 2016). Should microbiomes be transferred in a soil
matrix or can a complex microbial consortium be consolidated in liquid for direct
targeted injection into the rhizosphere of focal crops (as in Badri et al. 2013)? How
long can microbiomes be stored in these matrices while retaining their integrity?
These, among other, questions are yet to be answered, but warrant attention.
Rather than moving microbiomes from other locations, another approach could
be to select or engineer plants with optimized plant—soil feedbacks (Gopal and Gupta
2016). This could work especially well for high intensity systems where rotation or
other forms of diversity are difficult or impossible to introduce. While plant—soil
feedbacks are usually studied at an interspecific level, different plant genotypes
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within a species vary widely in feedbacks at an intraspecific level (Bukowski and
Petermann 2014; Li et al. 2016b). Perhaps crops could be selected to behave more
like invasive plants (Klironomos 2002), with neutral or positive plant—soil feed-
backs. This could be accomplished via traditional breeding, simple cultivar selec-
tion, or grafting onto rootstock with desirable feedback properties. An important
consideration in all of these tactics is the ability of crops to steer microbiomes from
the outset. Clearly, wild plants are selected to recruit an assemblage of beneficial
rhizosphere microbes for their survival in nature (e.g., Santhanam et al. 2015), but
accumulating evidence shows that domestication may have resulted in crops with
impaired rhizosphere associations (Pérez-Jaramillo et al. 2016). This domestication
syndrome should be considered, ideally by comparing crops with their progenitors to
evaluate potential losses in these traits and exploring ways to reintroduce them using
wild germplasm.

An overriding issue that ecologists are rarely forced to confront, but farmers,
agronomists, and industry scientists are, is consistency. The unfortunate reality is
that microbiome composition is highly variable over small spatial scales and turns
over rapidly even in the same soil over short periods of time. Thus, is it reasonable to
expect the same manipulations to work equally well in different fields that vary, for
example, in soil type (e.g., clay vs. sandy soils) or across years where precipitation
patterns fluctuate from wet to dry? While the degree of consistency is debatable (i.e.,
is achieving a particular outcome 80% of the time sufficient?), some amount of
consistency is absolutely required for these to be reliable management tools and this
issue must be addressed by applied ecologists. The basis for these manipulations are
already implemented in crop rotation guidelines; however, employing a plant—soil
feedback framework in agriculture will help account for the wider diversity of
aboveground benefits afforded to plants by their belowground symbiotic partners.
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15.1 Introduction

Trait-mediated indirect interactions are a major component of community organi-
zation (Ohgushi 2005). There is increasing evidence that plant-based interaction
networks in terrestrial systems involve numerous feedback loops, and many of these
indirect interactions are mediated via herbivore-induced plant responses (Ohgushi
et al. 2007, 2012). In this context, plant-mediated above—belowground linkages in
terrestrial systems have received much attention in the past two decades (Bardgett
and Wardle 2010). Research on interactions between above- and belowground
organisms, communities, and ecosystem functions has clarified that plants and
their variable traits are important mediators of these indirect interactions and
above- and belowground communities. Thus, many of the above- and belowground
processes in terrestrial ecosystems are indirectly linked to each other through plant-
mediated mechanisms. To understand how terrestrial ecosystem functions will
respond to global change (e.g., climatic changes, land use intensification, and
biological invasions) and the loss of biodiversity, an integrative above- and below-
ground perspective is critical. The soil with its high diversity of species and
functions is crucial for the performance of plants, which affect as primary producers
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associated interaction webs and communities above and below the ground, and
should be integrated as a key component in community ecology. Also, for agricul-
ture and sustainable resource use, it is important to understand the functional links in
terrestrial ecosystems (i.e., the connection of above- and belowground ecosystem
processes such as production, consumption, and decomposition).

This book offers an overview on basic and applied research on plant-mediated
above- and belowground interactions and their functional consequences. It harnesses
diverse expertise on a wide variety of aspects of above- and belowground interac-
tions and considers different approaches ranging from single taxa and guilds to
community and ecosystem level responses. These approaches span different scales
and complexity and provide an in-depth overview of the current knowledge and
future perspectives of above- and belowground linkages in terrestrial ecosystems. As
far as possible, we focus on the community and ecosystem consequences of the
linkage of above- and belowground through plant-mediated indirect interactions. In
particular, we develop the evolutionary and community and/or ecosystem aspects of
such interactions within the wider context of community ecology.

15.2 What Have We Learned from the Past Work?

The preceding chapters in this volume have identified key developments, discover-
ies, and conceptual advances in aboveground—belowground community ecology. In
this section, we aim to summarize some of the most important advances in the
research field, as a whole, drawing on the central conclusions from several of the
chapters. Note that Bardgett (Chap. 1) provides a nice piece of historical review on
the development of this research field in the past two decades, which we do not cover
in this section.

In terms of investigating the belowground component of above- and belowground
interactions, which is usually the most challenging aspect, Johnson et al. (Chap. 2)
broadly describe a range of approaches applicable to laboratory and field studies. All
of these approaches have strengths and weaknesses and there is no singular meth-
odological development that could be regarded as a “breakthrough” or a “game
changer.” Instead, the authors suggest that community ecologists have become
increasingly aware of techniques traditionally used by soil scientists and progres-
sively willing to incorporate these into above- and belowground experiments.

Complementing such experimental approaches with modeling is subsequently
explored by Meyer (Chap. 3), which is especially relevant when one considers the
high numbers of species and interactions involved in above- and belowground
communities. Models in ecology can reveal mechanisms and consequences of
assumptions where data are scarce, identify knowledge gaps, and generate testable
hypotheses. Ecologists have made some progress in the research field of
aboveground-belowground community ecology, although only a few of these
models incorporate more than three species and more than one type of interaction.
Further, many of the existing above- and belowground models have been developed
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in applied fields such as the agricultural sciences and are underrepresented in
theoretical community ecology. Future above- and belowground modeling should
thus more fully exploit the strengths of modeling approaches (i.e., include greater
trophic complexity, explicitly address spatio-temporal scales, and emphasize close
empirical-modeling cooperation).

The most widely studied, though perhaps still the most poorly understood
because of their sheer diversity, component of belowground communities are soil
microbial communities. Gadhave and Gange (Chap. 6) highlight how we have learnt
much about how bacterial communities can have profound effects on foliar defen-
sive chemistry and the herbivorous insects that feed on such foliage. This even
extends to higher trophic levels, including predators and parasitoids of the herbi-
vorous insects. Remarkably, changing the population of just one bacterial species can
bring about such changes in plant chemistry and aboveground multi-trophic food
webs. In terms of experimentation, the addition of rhizobacteria to soil is fraught with
problems however. Of the most significant of these problems is that establishment of
bacteria, and thus effects on the plant, is entirely context dependent, being influenced
by the existing rhizobacterial populations, the soil, the plant itself, and the com-
petitive ability of the introduced species. As many other chapters observe, most
experiments have been done with crop plants, often in highly controlled conditions
that do not mimic field conditions. There is, therefore, a very large gap in our
understanding of above- and belowground interactions in natural communities.
The authors also suggest that increasingly cheaper next generation sequencing
technologies may help address this and unravel the nature of the plant microbiome
in relation to above- and belowground interactions. In particular, they suggest that
plant growth promoting rhizobacteria (PGPR) may be a major and widespread, but
mostly unrecognized, driver of aboveground insect communities.

While PGPR have mainly beneficial effects on plants, with diverse effects on
aboveground communities, Castagneyrol et al. (Chap. 7) point out that microbes
which are pathogenic to plants can be involved in above- and belowground interac-
tions. Direct interactions between pathogens and herbivorous insects when they
share plant tissues (either roots or shoots) have been known for the last few decades,
but only recently have ecologists studied indirect interactions between these groups
when they occupy different parts of the plant. Such indirect, plant-mediated inter-
actions remain poorly studied, but the fact we now know of their existence suggests
that they should be incorporated more broadly into aboveground-belowground
community ecology.

When it comes to above- and belowground interactions involving soil macro-
invertebrates, Wurst et al. (Chap. 8) observe that ecologists have largely focused on
the effects of earthworms and insect root herbivores on aboveground communities.
A key finding in this area is that the effects of these taxa on aboveground organisms
can either operate through systemic changes in plant traits (typically when organisms
interact with plants simultaneously) or may operate through legacy effects. In the
latter case, soil macro-invertebrates (the so called macrofauna) alter belowground
conditions in a manner that affects future plant performance and plant traits, which
then affects aboveground organisms. Above- and belowground organisms,
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therefore, do not necessarily interact with the plant at the same time as each other.
Scaling up of such interactions appears to be particularly constrained by a lack of
information on the spatio-temporal distribution of soil macrofauna. Some of the
more recent approaches discussed by Johnson et al. (Chap. 2), particularly
approaches such as meta-barcoding, may assist with this.

Ritzenthaler et al. (Chap. 9) consider that the most significant development in
herbivore-microbial linkages has been the delineation of a feedback loop between
herbivores and plants via microbial responses to herbivore deposition. More specifi-
cally, aboveground herbivores influence soil nitrogen and carbon cycles by intro-
ducing foliage, frass, cadavers, and honeydew into the soil. Ultimately, these inputs
alter decomposition processes via changes in soil microbial communities. Conse-
quently, these impacts on nutrient cycling influence the availability and quality of
host plants for herbivores and higher trophic groups.

An early conceptual framework for considering interactions between above- and
belowground invertebrates (mainly herbivores) came from the “stress response
hypothesis” and the “defense induction hypothesis” discussed by Kergunteuil et al.
(Chap. 10). The former tended to focus on changes in primary metabolites in plants,
especially related to changes in nitrogen availability in the plant, whereas the second
hypothesis was thought to operate mainly through systemic induction of plant
defenses (e.g., secondary metabolites). While researchers often acknowledged
these mechanisms could operate concomitantly, there was a tendency to consider
above- and belowground interactions as being driven either by changes in primary
or secondary metabolites. A significant shift in thinking has been to avoid this
artificial dichotomy. Nonetheless, we know far more about how belowground
herbivores affect aboveground herbivores than vice versa and have a fairly incom-
plete picture of general trends between the two groups. In response to this gap,
Kergunteuil et al. (Chap. 10) propose a novel conceptual framework that uses
environmental variation along ecological clines for disentangling the relative effect
of biotic and abiotic factors. The aim of this framework is to better explain the
evolution and maintenance of above- and belowground interactions in natural
conditions.

Barber (Chap. 11) extends this to include interactions between plant antagonists
(e.g., herbivores) and plant mutualists (e.g., pollinators). In particular, he emphasizes
how the herbivore taxa and sequence of arrival on the plant are important for
determining the existence and strength of any such interaction.

In terms of soil biota as drivers of plant community assemblies, Kardol et al.
(Chap. 13) report how a key advance in the research field has been to establish that
soil biota are important niche modifiers with significant consequences for
plant growth and community assembly (i.e., how local assemblages are constructed
from the regional species pool). Different functional groups of soil organisms
modify plant niche space either through directly altering soil properties, for example,
via bioturbation, or through altering the plant competition. Soil-biota-mediated niche
modification in turn can cause species turnover (e.g., successional replacements) if
soil biota make niches unsuitable for resident plant species by filtering them out,
which creates opportunities for other species better adapted to the modified niche
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space. Further, soil enemy-free niche space can facilitate the establishment of exotic
or range-expanding plants. Soil biota can also promote plant species coexistence and
community diversity by niche diversification (i.e., an increase in total available niche
space). Recent studies indicate that soil biota can even be used to steer plant
community restoration through facilitating the establishment of certain target
species.

An important recent development identified by Kaplan et al. (Chap. 14) has been
to relate plant-soil feedbacks (PSF) to above- and belowground herbivory by
insects. Herbivory induces changes in plant physiology (e.g., root exudation and
leaf senescence), which in turn modify the soil biotic environment. In this context,
herbivory can drive PSFs by changing the impact of a given plant in conditioning the
soil for subsequent plant performance. In addition, herbivory is likely to differ on
plants growing in soil conditioned by con- versus hetero-specifics due to changes in
plant nutritional quality that alter insect preference or performance. Unlike PSFs on
plant growth, which are often driven by the buildup of one or a few species-specific
pathogens and conspecific feedbacks are usually negative, associations with insect
herbivory likely involve holistic changes to the rhizosphere microbiome and are thus
more difficult to predict. A current challenge is to steer PSFs in agricultural fields to
make crops more resistant to insect pests and diseases.

15.3 Key Issues for Future Challenges

The reviews and syntheses covered in this book highlight several key issues for
exciting challenges in promoting future research in this research field. These chal-
lenges involve (1) evolutionary perspective, (2) scaling-up to community and
ecosystem, (3) global environmental changes and sustainable crop production.
These critical issues, which previous studies have rarely considered, will undoubt-
edly stimulate further development of the research field of aboveground-below-
ground community ecology.

15.3.1 Evolutionary Perspectives

Eco-evolutionary dynamics, the interplay of evolution and ecological processes, is
crucial for understanding the evolution of biological diversity, community structure,
and ecosystem functions (Schoener 2011; Hendry 2017). Since there are multiple
scales of biological organization from genes to ecosystems, ecologists have long
recognized the importance of integrating across the biological scales. Despite that
this issue is particularly important in above- and belowground interactions involved
in multi-trophic systems, previous research has lacked a perspective of evolutionary
consequences of above- and belowground linkages. For example, genetic variation
in plant traits and subsequent evolution of those traits can affect species composition
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of soil microbial communities, which may in turn alter the evolutionary trajectory of
plant traits (terHorst and Zee 2016). Also, particular genotypes of plants lead to soil
microbial communities that are best suited to decompose the litter of that genotype,
and this association can increase the success of seedlings of the same genotype
(Madritch and Lindroth 2011; Schweitzer et al. 2014). To evaluate selective pressure
of interactions on plant reproductive success, we need to explore fitness effects to
reveal which of the observed responses are adaptive for whom and to quantify the
importance of these interactions for the structuring of communities (Maron 1998;
Van Dam and Heil 2011; Barber et al. 2015). Since selection pressure caused by
herbivory in above- and belowground compartments varies temporally and spatially,
the temporal and spatial variability of herbivore abundance may yield different
patterns of eco-evolutionary dynamics in interactions between herbivores and plants.

In this book, several chapters principally challenge to answer the important
questions of how trait evolution of plants and associated organisms plays a role in
modifying higher biological organization of communities and/or ecosystems
through a wide range of above- and belowground interactions (Chaps. 4, 5, 10,
and 12) to more accurately understand communities and ecosystems within an
evolutionary framework via the factors affecting the strength and direction of natural
selection. In addition, several authors suggest the importance of phenotypic plastic-
ity of plants to cope with heterogeneous environments, as well as trait evolution
(Chaps. 4, 10, and 12; see Ohgushi 2016 for a review).

From a perspective of plant—soil feedbacks, Schweitzer et al. (Chap. 4) illustrate
evolutionary consequences of the linkage of plants and soils through indirect genetic
effects. Local adaptation and maladaptation will occur because of difference in
feedbacks between plant traits and soil conditions due to variation of selective
pressures from soil microbes or nutrients. Genetically based positive, neutral, and
negative feedbacks may occur among genotypes within a population, among
populations, and among populations along environmental gradients. Plant—soil
feedbacks not only have ecological consequences but may also play unappreciated
and critical roles in evolutionary processes. Strong selective gradients within and
among populations can lead to matches and mismatches in ecological traits and soils
that can change the selective landscape. Likewise, Kergunteuil et al. (Chap. 10)
demonstrate the eco-evolutionary drivers of plant-mediated above- and belowground
interactions along elevation gradients, which are well suited to disentangle the
resulting eco-evolutionary factors affecting above- and belowground outcomes due
to steady changes in abiotic factors along which biotic interaction variations can
unfold. They focus on evolutionary forces driving plant defenses, because insect
herbivory can exert strong selection on the evolution of anti-herbivore defenses. Not
only genetic adaptation but also phenotypic plasticity enables plants to cope with a
heterogeneous environment.

Plant traits can evolve in response to selective pressures from above- and below-
ground interactions of not only antagonists but also mutualists (Barber et al. 2011;
van Geem et al. 2013). In this context, Barber (Chap. 11) documents how antagonists
and mutualists in the above- and belowground compartments closely interact with
each other, and that shifts in antagonistic and mutualistic interactions could feedback
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to influence plant fitness. If cross-compartment effects influence plant fitness and
thus population dynamics, they may also lead to changes in plant community
composition, as herbivory on both sides of the soil surface can affect plant commu-
nity structure. In particular, we need to study feedbacks of indirect fitness effects on
plants, with incorporating a wider range of organisms and scaling-up to different
environmental and community contexts. Careful assessment of herbivore impacts on
plants, including levels of herbivory to shoots and roots, growth effects, and plant
fitness, will help to clarify the importance of indirect herbivore effects on plant
communities.

It is imperative to include above- and belowground herbivores to extrapolate how
ecological changes in herbivores drive trait evolution of plants and how evolution of
plant traits influences plant-herbivore interactions (van der Putten et al. 2009; van
Geem et al. 2013). Invasive plants are excellent candidates for exploring of the
interplay between ecological and evolutionary processes. Huang et al. (Chap. 12)
illustrate how the eco-evolutionary dynamics is critical to understand above- and
belowground interactions of invasive plants. Specifically, invasive plants can escape
selective forces of above- and belowground herbivores in native ranges and are
exposed to new selective forces in introduced ranges. These ecological variations in
herbivore pressure may drive evolutionary changes via plant fitness. Since novel
arthropod communities established on invasive plants may each influence selection
on their defensive traits, changes in above- and belowground herbivore interactions
can drive adaptive evolution of defense strategies including resistance and tolerance
of invasive plants. The difference in above- and belowground herbivore interactions
between native and introduced ranges and feedback of genetic variation in defense
against herbivores would be critical to understanding evolutionary trajectories of
invasive plant defenses and corresponding ecological consequences. In addition, it
should be noted that phenotypic plasticity in invasive plants would modify subse-
quent adaptive evolution and thus eco-evolutionary dynamics.

There is increasing evidence that fungi and pathogens mediate above- and
belowground interactions in an evolutionary context. Bennett et al. (Chap. 5)
argue that evolution can act in fungal-mediated above- and belowground interac-
tions, and that there is a wide opportunity for exploring the role of natural selection
in these interactions. In assessing whether fungal interactions alter evolution within
above-belowground communities, the authors point out three basic areas in which
selection influences fungal above- and belowground interactions: (1) one-way selec-
tive influences of fungi or aboveground organisms on each other, (2) evolutionary
feedbacks and co-evolutionary arms races of above- and belowground organisms,
and (3) the relative strength of indirect and direct selection on outcomes of above-
and belowground interactions. Likewise, the outcome of above- and belowground
interactions among pathogens and herbivores may be affected by trait evolution of
plants, pathogens, and herbivores. For instance, Castagneyrol et al. (Chap. 7) suggest
how evolution of plant resistance modifies pathogen-mediated above- and below-
ground interactions. Exploring the evolutionary consequences of belowground—
aboveground interactions between insects and pathogens for terrestrial plant-based
communities and ecosystems will be an exciting future avenue.
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Consequently, ecology and evolution are influencing each other in interaction
webs of above- and belowground organisms, in which the evolution of one species
causes evolutionary and ecological outcomes that in turn produce additional evol-
utionary and ecological effects through a wide variety of direct and indirect path-
ways in combined above- and belowground interaction networks.

15.3.2 Scaling-up to Community and Ecosystem Level
15.3.2.1 Community Perspectives

Aboveground and belowground communities are intrinsically linked, and feedbacks
between these compartments play a critical role in forming the plant-based commu-
nity structure (van der Putten et al. 2009). Increasing appreciation is that species
interactions should be understood in a community context, because other community
members alter outcomes of a focal interaction within or among trophic levels, and
thus the greater diversity of interactions (e.g., competition, facilitation, and preda-
tion) in a community produces different outcomes than individual interactions. Van
Dam and Heil (2011) suggested that plants mediate multiple interactions between
belowground and aboveground heterotrophic communities that have no direct phys-
ical contact. These interactions are positive or negative from the perspective of each
player and can go from the belowground to the aboveground community or vice
versa. Plant-mediated above- and belowground interactions occur between members
of many different species, feeding guilds and phyla, and can be of antagonistic,
synergistic, or neutral nature for one, several, or all members of the complex
communities that are associated with a single plant species. Hence, several authors
emphasize the importance of a community-based approach to scale up above- and
belowground linkages and their feedbacks, by including multiple herbivore species
and their natural enemies. For example, Bennett et al. (Chap. 5) provide the
community-based approach that incorporates multiple species and interactions to
understand communities of organisms in fungal mediated above- and belowground
interactions. This is because plants rarely interact with a single fungus or insect
species, but rather interact with a community of organisms. This greater diversity of
interactions via competition, facilitation, or predation may produce a different
landscape of outcomes than when a smaller suite of species is considered. Since
we have a very partial and quite idiosyncratic picture of plant-mediated interactions
between aboveground and belowground invertebrates, specific predictions in com-
munity linkage across soil boundaries have been poorly established.

Including multiple species of herbivores or microbes that directly consume a wide
range of plant tissues is a first step to scale up from a pairwise interaction to the
community scale. Recent above- and belowground linkage research has begun to
consider interactions of multiple consumer species, by adding other key herbivores
or microbes in both compartments. Such research has clarified that a focal above-
and belowground interaction can be greatly modified by other species, depending on



15 Current Knowledge and Future Challenges of Aboveground and. . . 353

species identity or arrival sequences. Interestingly, the sequence of herbivore arrival
can determine the outcomes of the above- and belowground interactions
(Johnson et al. 2012, Chap. 11), indicating the importance of temporal aspects of
the multiple interactions to form the plant-associated community. Wurst et al.
(Chap. 8) highlight the impact of soil macrofauna on aboveground organisms. For
example, root damage by insect herbivores impairs water and nutrient uptake as well
as storage of resources in root tissues, and it can disrupt vascular connection between
roots and shoots, thereby influencing aboveground herbivores. Additionally, insect
root herbivores and earthworms can influence plant interactions with root colonizing
microorganisms such as arbuscular mycorrhiza, pathogens, or symbiotic rhizo-
bacteria. Note that the bacterial community belowground has large effects on foliar
defensive chemistry, thus influencing insects that feed on the foliage and higher
trophic levels (i.e., predators and parasitoids) in the aboveground compartment
(Chap. 6). Although past studies have mainly focused on antagonistic interactions
above- and belowground, Barber (Chap. 11) points out that mutualism, involving,
e.g., pollinators and mutualistic soil microbes, should be included in above- and
belowground community research. A few studies have tried to increase functional
diversity of not only antagonists (e.g., herbivores and pathogens) but also mutualists
(e.g., pollinators aboveground or mycorrhiza and rhizobia bacteria belowground),
because herbivory belowground or aboveground can affect pollinator visitation for
example (Poveda et al. 2007; Barber et al. 2011).

The second step to integrate multi-species interactions across trophic levels is to
include natural enemies of herbivores (i.e., third trophic level) in above- and
belowground systems. To do so, we need to investigate whether and how important
indirect effects across multiple trophic levels, such as trophic cascade or apparent
competition, work within and between above- and belowground compartments.
Such indirect interactive effects across three trophic levels are caused due to changes
in not only plants but also herbivore quality or quantity, which may in turn affect the
abundance and performance of predators and/or parasitoids. In exploring three
trophic-level interactions, Kergunteuil et al. (Chap. 10) highlight the current shift
in above- and belowground research towards a multi-trophic context and the impor-
tance of considering the role of natural enemies. This is because population densities
of herbivores and their natural enemies are intimately correlated and influence plant
biomass available for both above- and belowground organisms. In addition, plants
attacked by herbivores produce information-rich cues enabling natural enemies to
locate their herbivore preys and consequently setting the stage for the tri-trophic
interactions to unfold. Plant traits that regulate the recruitment of natural enemies are
widespread in both above- and belowground compartments. On the other hand,
Barber (Chap. 11) points out the importance of root herbivores to reduce preference
and performance of parasitoids attacking aboveground herbivore hosts.

The past research interested in the tri-trophic interaction in above- and below-
ground systems has focused on chiefly bottom-up effects of herbivory on herbivore’s
natural enemies. However, because parasitoids and predators modulate the magni-
tude of herbivory, we can assume that top-down forces exerted by herbivore’s
natural enemies might also fashion above- and belowground interactions. Future
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research should take into account the influence of natural enemies according to their
life history traits and the host stage attacked. Indeed, those ecological parameters
may affect levels of herbivore pressures and plant stoichiometry differentially across
soil boundary. Also note that the importance of three trophic-level interactions in
forming aboveground communities has been widely accepted, but is little appreci-
ated in belowground studies. Thus, we need to explore (1) the functioning of multi-
trophic interactions in soil as compared with aboveground, (2) the links between
above- and belowground multi-trophic interactions, and (3) the ecological and
evolutionary consequences of these linkages across trophic levels. Another impor-
tant perspective on above- and belowground interactions in plant-based communities
is to focus on how these interactions determine community and biodiversity prop-
erties, such as overall abundance, species diversity and evenness, and community
composition. In this context, Kaplan et al. (Chap. 14) show how plants influence the
soil biotic community in a species-specific manner, and how the responses of a plant
to changes in the composition or abundance of soil biota can also differ greatly
depending on plant species.

Plant—soil feedbacks also influence diversity and composition of plant commu-
nities. Kardol et al. (Chap. 13) focus on how soil organisms influence plant com-
munity assembly through priority effects, soil legacy effects, and niche modification.
They argue that different functional groups of soil organisms drive competitive
interactions, species coexistence, and species turnover of plant communities by
directly altering soil properties or competitive ability of plants. Plants can regulate
the quantity and quality of resources available for the functioning of the soil biota. In
turn, the belowground community can regulate plant growth and community com-
position indirectly via altering the physical, chemical, and biological environment in
soils (Wardle et al. 2004). Therefore, future studies should place plant—soil feed-
backs in a community context to examine in more detail how top-down effects
across multiple trophic levels modify bottom-up effects and drive their feedbacks.
Furthermore, as our understanding of community consequences of above- and
belowground interactions has been largely dependent on short-term studies, we
need to incorporate plant- and soil-mediated legacy effects across years into per-
spectives of above- and belowground linkages, by exploring how long the changes
in plant traits and soil characteristics persist after above- and belowground interac-
tions cease and thus indirectly affect future plant-based community assembly
(Wurst and Ohgushi 2015).

15.3.2.2 Ecosystem Perspectives

Aboveground herbivores play a critical role in terrestrial ecosystems by creating
feedbacks between plant properties and soil processes (Bardgett and Wardle 2003;
Hartley and Jones 2004) and by enhancing nutrient cycling to the soil (Hunter et al.
2012). As a result, invertebrate herbivory can provide more N and P to the soil than
other sources of the same nutrients from plant litter. In fact, N and P fluxes from dead
herbivores to the soil are comparable to the main alternative pathway for these
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nutrients through plant litter (Hunter et al. 2012). These herbivore-mediated plant—
soil nutrient fluxes are highly sensitive to the changes in ecosystem properties that
occur during succession, suggesting that herbivores could influence the rate and
pattern of the ecosystem development through shifts in nutrient cycling. Hence,
aboveground invertebrate herbivores can make great contributions to acceleration of
nutrient cycling by putting nutrients to soil and thus activating soil microbes, in
particular in unproductive systems, and influence the rate and pattern of ecosystem
development (Metcalfe et al. 2016). Also, herbivore-induced root exudation has
impacts on ecosystem processes such as soil carbon cycling, soil CO; efflux, nutrient
cycling of N and P, soil stability, and microbial mineralization and immobilization
(Bardgett et al. 2014).

However, we know little about how the combined above- and belowground
interactions contribute to ecosystem functions, the interactions among primary pro-
ducers, herbivores, decomposers, and predators, and how the outcomes of these
interactions are altered by changes in the abiotic environments (van der Putten et al.
2009). To expand the spatial scale to the ecosystem level, we should explore how
above- and belowground interactions impact ecosystem functions and vice versa.
Since soil microbes largely determine nutrient dynamics in decomposition pro-
cesses, plant—soil feedbacks concern plant production processes, and thus above-
and belowground interactions will provide a better understanding of biological
interactions that generate ecosystem functioning (Bardgett and van der Putten
2014; van der Putten et al. 2016). In addition, belowground communities are
remarkably diverse and they play a major role in shaping aboveground biodiversity
and the functioning of terrestrial ecosystems (Bardgett and van der Putten 2014). It
should be also noted that ecosystem functioning is greatly dependent on high
functional redundancy in soil communities, and on belowground community com-
position, rather than species diversity. The challenge for the future is to use the
insights into how plant—soil feedbacks affect aboveground biodiversity and func-
tions to manage terrestrial ecosystems (van der Putten et al. 2013).

Two chapters directly deal with this issue. With regard to resource input from
aboveground invertebrate herbivores to soil, Ritzenthaler et al. (Chap. 9) explore
how various types of nutrient inputs from invertebrate herbivores to the soil are
critical to soil microbial communities and thus subsequent nutrient cycling that
governs ecosystem functioning and a feedback loop between herbivores and plants.
Nutrient inputs can result physically from invertebrates or from their consumption of
vegetation (i.e., litterfall and throughfall), thus invertebrate herbivores exhibit
top-down control on the soil microbes. In contrast, the microbes are exhibiting
bottom-up control on the vegetation by altering the quality and quantity of nutrients
reaching the plants, inevitably altering the invertebrate herbivores that consume the
affected plants. The plant itself also has a bottom-up control on the invertebrate
herbivores because of the production of chemical defenses. Then, the authors argue
that without considering the entire above- and belowground feedback loop, studies
could miss vital ecosystem functions and a more complete knowledge of how they
withstand environmental change.
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How the plant—soil feedbacks govern ecosystem function is explored by Schweit-
zer et al. (Chap. 4). At the intra-specific level, variation in plant traits leads to
conditioning of soil physical and chemical properties and biotic communities,
which has feedbacks to plants. They can have positive fitness effects that lead to
divergence of traits in plants, because the role of plant—soil feedbacks determines
plant performance and fitness. In fact, the degree of soil N conditioning positively
affected the feedbacks by soil biotic communities in the western USA. Importantly,
differences in plant—soil feedbacks were driven by among-population level differ-
ences in growth. These results indicate that plant traits that strongly impact soil
nutrients will lead to more positive plant—soil feedbacks and stronger patterns of
local adaptation, and specific members of the soil biotic community that closely tie
to N-cycling may be responsible for mediating these outcomes.

Note that ecosystem engineering, which can alter biotic and abiotic materials and
create new habitats to a wide variety of organisms, plays an important role in niche
construction, thereby forming communities and ecosystems. Kardol et al. (Chap. 13)
argue that soil organisms can sway the selection of species able to coexist in the
community through niche modification, such as changes in soil properties and
microclimate and associations with plant roots that favor or suppress certain species
in the plant community. Soil-biota-mediated niche modification can in turn cause
species turnover (e.g., successional replacements) if soil biota makes niches
unsuitable for resident plant species by filtering them out, which creates opportuni-
ties for other species better adapted to the modified niche space. Thus, it is important
to examine how different functional groups of soil organisms and soil biodiversity
affect plant community composition and ecosystem functions via plant-soil feed-
backs. Wurst et al. (Chap. 8) highlight the important roles of earthworms and ants as
soil ecosystem engineers, which exhibit cascading effects on communities and
ecosystem functioning above- and belowground. Earthworms can affect soil phys-
ical properties through feeding behavior as they ingest soil mixed with organic
material and by altering arrangement of soil organo-minerals, water infiltration,
and pore volume. Earthworms also change soil chemistry by collecting and
transporting soil organic matter within the soil profile and producing nutrient-rich
castings on the soil surface and belowground. In addition, they can increase N
leaching and C availability. Similarly, ants have impacts on soil physical properties
by creating macro-voids, galleries, and chambers, and effects on chemical properties
by collecting and transporting live and dead animal and/or plant materials to their
nest structures, and the additions of salivary secretions and excreta in nest construc-
tion. As a result, ants may facilitate the flow of water through the soil by their
channels and their effects on soil structure.

Consequently, understanding of how above- and belowground interactions con-
trol wide aspects of plant—soil feedbacks is critical for future development of above-
and belowground community ecology.
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15.3.3 Challenges and Chances: Global Environmental
Changes and Sustainable Crop Production

The earth and thus humankind face great challenges, such as global climatic
changes, land use intensification, biological invasion, and loss of species diversity,
affecting ecosystems and their functions. The growing world population demands a
growing production of food under less favorable and/or more variable environmental
conditions. The knowledge on interactions and functional links between above- and
belowground communities of terrestrial ecosystems is still in its infancy, but studies
suggest that interactions and feedback loops between above- and belowground biota
affect ecosystem functions and services such as productivity and pest control. Some
urgent questions are: How do the interactions and feedback loops respond to global
change such as climatic changes, land use intensification, and loss of species? How
can we save and/or manage above- and belowground diversity in order to support
ecosystem functions and services? These questions are still largely unanswered. This
volume offers an overview over the rapidly expanding research field on above- and
belowground community ecology and ideas how to proceed in the future.

The assembled knowledge on above- and belowground community ecology also
points to challenges faced by the research field. Several chapters focus on plant—soil
feedbacks considering the highly diverse microbial soil communities and their
impacts on plant traits (Chap. 4), plant community assembly (Chap. 13), and
aboveground herbivores (Chap. 14). This belowground microbial community
approach needs new technologies and methods to assess species and functional
diversity shifts in soil and their impacts on plants and higher trophic levels
(Chap. 2). But also plant-associated aboveground biota such as herbivores and
pathogens affect soil microbial communities (Chaps. 7 and 9), e.g., via changes in
the deposition of carbon sources. Thus, there is more and more evidence for complex
functional links between the below- and the aboveground compartment of terrestrial
ecosystems, and a general challenge is to leave the single species approaches behind
in order to acknowledge the diversity and complexity of the involved below- and
aboveground communities.

A further level of complexity is imposed by integrating the impact of environ-
mental changes and fluctuations (e.g., extreme weather events) in the research on
above- and belowground communities and their functional links (Chap. 10). Global
change factors such as land use change, shifts in temperature and precipitation
regimes, elevated CO,, and plant invasions and range expansions profoundly affect
both above- and belowground communities with consequences on their interactions
and functional links. Kardol et al. (Chap. 13) discuss the impacts of these global
change factors on plant community assembly mediated by changes in the soil
community. The effects, however, will not stop at the plant level, but cascade up
to higher trophic levels above the ground as highlighted by Kaplan et al. (Chap. 14)
showing the impacts of plant—soil feedbacks on aboveground herbivores. Addition-
ally, feedback loops have to be taken into account, since shifts in aboveground
herbivore communities may also impact belowground communities via plant-



358 T. Ohgushi et al.

mediated changes in resources as shown by Ritzenthaler et al. (Chap. 9). The latter
chapter also provides demonstrative examples how a rise in temperature will affect
several components of the feedback loops such as metabolisms of invertebrate
herbivores and microbes, C/N ratio of plants, the nutritional value of plant tissue
and herbivore frass, the level of consumption, growth rates, and biotic interactions,
with still largely unknown consequences for ecosystem functions. To predict the
impact of climatic changes, interactions between the belowground and aboveground
communities and the highlighted feedback loops need to be taken into account. In
this respect, modeling approaches might be essential, because of the complexity of
the systems and the limitations of experimental approaches in terms of replication
and time. Meyer (Chap. 3) gives a summary on modeling approaches used to deal
with above- and belowground interactions and provides suggestions for future
modeling.

Besides changes in climatic conditions, the invasion of exotic species is another
global change challenge. Huang et al. (Chap. 12) focus on the eco-evolutionary
dynamics of above-belowground herbivores on invasive plants. Invasive plants
respond differentially to above- and belowground herbivores than native plants,
but few studies consider interactions with both above- and belowground herbivores.
In illustrative examples, they show that the outcome of interactions depends on the
herbivory in the other compartment. Tolerance to aboveground herbivores and a
high growth rate seems to give invasive plants competitive advantages in their new
range. The evolution of new plant traits is suggested to depend on herbivory in both
compartments. In general, the success or failure of invasive plants may depend on
interactions with above- and belowground antagonists and mutualists. The authors
suggest that simultaneously releasing both above- and belowground host-specific
herbivores or a single herbivore with above- and belowground life stages may make
control of invasive plant species more likely.

Land use change is another important global issue that profoundly affects plant
interactions with above- and belowground biota. Wurst et al. (Chap. 8) present a
study (Sonnemann et al. 2016) showing that the plant-mediated above- and below-
ground interactions involving insect herbivores are modified by land use form and
intensity. Impacts of land use on above- and belowground communities are well
known, but how their interactions and feedback loops are influenced is widely
unknown. To better understand and predict the impacts of land use change and/or
intensity on plant and ecosystem performance, the interactions and functional links
between above- and belowground communities should be considered.

In several chapters, the chances of integrating above- and belowground linkages
in applied sciences are discussed. One field of application is restoration ecology,
since soil communities have been shown to influence ecological processes such as
the speed of plant succession (De Deyn et al. 2003; Kardol et al. 2006). These
possibilities are addressed by Kardol et al. (Chap. 13). Another field of application is
the manipulation of above- and belowground interactions in agricultural settings,
e.g., for crop protection. Gadhave and Gange (Chap. 6) summarize the knowledge on
plant-mediated interactions between rhizobacteria and aboveground insect herbi-
vores. Plant growth promoting rhizobacteria (PGPR) are seen as a neglected part of
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plant insect community ecology deserving further attention, both in natural situ-
ations and in an applied aspect, through their potential role as “biofertilizers” and
“bioprotectants.” Wurst et al. (Chap. 8) highlight the importance of soil macrofauna
for sustainable agriculture. Besides their well-known benefits on physical, chemical,
and biological soil characteristics, they may play a largely neglected role for plant
health and pest resistance. For example, as macrofauna—microbe interactions may
impact plant interactions with herbivores, they should be considered when develop-
ing microbe-based plant protection strategies in agricultural fields. Kaplan et al.
(Chap. 15) discuss opportunities and challenges for manipulating plant—soil feed-
backs in agriculture. Since plant breeding and synthetic fertilizers appear close to
maximizing their impacts on yield (Mayer 2014), the manipulation of microorgan-
isms in crop production seems a promising field of research and for further devel-
opments in agriculture. However, there are still great methodological challenges for
manipulating the soil microbiome and the consistency of their effects on crop plants
in time and space is questionable. Another aspect that needs more consideration is
the impact of cross-compartment interactions on both plant antagonists and mutual-
ists and their consequences for plant fitness discussed by Barber (Chap. 11). Above-
and belowground mutualists such as pollinators and mycorrhizal fungi are
influenced by herbivory in both compartments with so far largely unknown conse-
quences for plant fitness. More focus on plant fitness is definitely needed, both in
basic and applied studies, to estimate the influence of above- and belowground
interactions on evolutionary traits and crop yield.

15.4 Conclusion

In general, the foundation is now in place to bring us a deeper understanding of
aboveground and belowground community ecology. The linkages between above-
ground and belowground communities are a crucial part of the structure of terrestrial
ecosystems and contribute to their functioning, albeit our knowledge on the true
complexity of ecosystems in space and time is still scarce. Based on the chapters of
this volume, we highlighted some major challenges for the research field of
aboveground-belowground community ecology such as strengthening the evol-
utionary perspective, scaling-up to community and ecosystem level, and developing
applied solutions for global problems. These critical issues, which previous studies
have little considered, will undoubtedly enhance the perspectives for further devel-
opment of the research field. Also, they closely integrate evolution and ecosystem
functioning via combining aboveground and belowground communities, which will
develop and enrich the wide range of ecological perspectives. We hope that a deeper
understanding of aboveground and belowground community ecology will help
responding better to global challenges and adapting to the changing biosphere,
now and in the future.
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