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Summary

Increasing concentrations of atmospheric CO, and associated changes in climate are undoubtedly
impacting communities and ecosystem functioning. Despite the importance of soil ecosystem
services, little is known on how these changes will affect soil-dwelling communities. In this chapter,
we review and discuss the impact of elevated atmospheric CO, and climatic changes on three
of the functionally most important invertebrate taxa in soil ecosystems: nematodes, insects, and
earthworms. Elevated atmospheric CO, concentrations are mostly impacting these three groups
indirectly (e.g., plant-mediated mechanisms), whereas climatic changes (elevated temperature and
altered precipitation) are both directly and indirectly affecting soil invertebrates. Earthworms are
mostl;i positively affected by elevated atmospheric CO, and climate change; these effects are however
mostly indirect and more subtle than those observed in the other two taxa discussed. Chemical
ecology underpins biotic interactions belowground. Plant secondary metabolites patterns and their
diffusion in soil are influenced by climate change; therefore belowground chemical interactions are
likely to be influenced too. Soil ecosystems are at high risk and better comprehending the effect of
the rapid changes occurring will help to protect these highly complex ecosystems.

11.1 Introduction

Climate fluctuations have occurred over millions of years and have shaped ecosystems throughout
this period. The greenhouse gases carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O)
concentrations have increased of 40%, 150%, and 20%, respectively, from 1970 to 2010 (IPCC, 2013b).
The combined average temperature of the atmosphere and oceans is increasing together with changes
in both the amount and patterns of precipitation (IPCC, 2013b). The rapid pace of the recent changes
is alarming and likely to have serious impacts on ecosystems and biological communities therein
(Newman et al., 2011).

Most contemporary research on climate change has focused on aboveground communities to the
comparative neglect of belowground ecosystems. This is paradoxical since soils are at high risk with,
for example, ca. 11 ha of arable soil sealed (e.g., concreted or paved upon) every hour in Europe

(FAO, 2015; Wall et.a.112015). It is therefore essential to take up the challenge and assess the impact

Global Climate Change and Terrestrial Invertebrates, First Edition. Edited by Scott N. Johnson and T. Hefin Jones.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.

&



hiltpold
Cross-Out

hiltpold
Inserted Text
mainly

hiltpold
Inserted Text
s

hiltpold
Cross-Out

30031846
Cross-Out

30031846
Inserted Text
& Six

30031846
Inserted Text
*

30031846
Sticky Note
Please insert on a separate line:

*Current address: Department of Entomology and Wildlife Ecology, 
University of Delaware, USA


Trim Size: 189mm x 246mm  Single Column Johnson cll.tex V1-10/04/2016 9:53pm Page 202

202 | Multi-Trophic Interactions and Invertebrate Communities

of climate change on soil communities before irremediable damage is done to the wealth of ecological
services that soils confer.
The effects of climate and atmospheric CO, change (from here on, climate change encompasses
atmospheric changes and variations in CO,, warming and altered precipitations) on soil abiotic
conditions vary and numerous biotic feedbacks occur. For example, elevated atmospheric CO, con-
centrations (eCO,) decrease plant stomatal conductance and consequently increase soil moisture
(Cowan etal.,, 1977), whereas higher temperatures reduce soil moisture by increasing plant evapo-
transplratloni(Norby etal, 2004; Dermody et al., 2007). These variations in soil abiotic conditions
arising from climate change are likely to shape soil invertebrate communities (e.g., Blankinship et al.,
2011; Newman et al,, 2011; Lang et al., 2014; Garcia-Palacios et al., 2015; Nielsen et.a1120153), which
will have impacts at a global scale (Lavelle et al., 1997).

11.1.1  Soil Community Responses to Climate Change

The response of a diverse group of organisms, such as soil invertebrates, to eCO, cannot be easily
generalised and will vary for different members of the community. For example, in a greenhouse
experiment, earthworm biomass was ca. 50% greater at 700 ppm than a 350 ppm CO, whereas eCO,
treatment reduced some nematode communities (Yeates et al., 1997). In the field, eCO, did not affect
the abundance of invertebrate grazers (i.e., nematodes, mites and springtails) but large omnivorous
and predacious nematodes were fewer, possibly because of the changes in the soil structure and
particularly in the aggregate and pore sizes (Yeates et al., 2002; Niklaus et al., 2003).

Similarly, the consequences of warming and altered precipitation on soil invertebrates are also
highly variable, though changes in precipitation patterns are likely to have the strongest effect on
the abundance of soil biota (Blankinship et al., 2011) since arthropods are highly dependent on soil
moisture (e.g., Chikoski et al., 2006; Kardol et al., 2011; Sylvain et al., 2014; Williams et al., 2014). The
response of invertebrate communities appears to be largely idiosyncratic (Blankinship et al., 2011).
Yet, there is evidence that taxonomy, ecosystem type and the direction of the environmental change
are determinant factors that influence the response of soil-dwelling invertebrates to climate change.
The response of soil biota to climate change may also depend on the body size of the organisms as well
as on their trophic or functional grouping (Blankinship et al., 2011; A’Bear et al., 2014). In addition,
as suggested by the trophic dynamic theory (Lindeman, 1942), trophic levels differ in limitations and
thus climate and atmospheric change affect them differently. Moreover, the consequences of climate
change at any trophic level will have cascading effects up and down the food web (e.g., Scheu, 2002;
Xiao et al., 2005; Lang et al., 2014).

11.1.2 Scope of the Chapter

In this chapter we discuss in further detail the impact of eCO,, warming and altered precipitation
on three broad taxonomic and functional groups mentioned in a community context above:
(1) nematodes, (2) insects, and (3) earthworms. These groups represent major components of the
soil ecosystem. Nematodes are the most abundant soil invertebrates, represent several trophic
groups (i.e., fungivores, bacterivores, herbivores and predators) and play an essential role in C
and nutrient cycling (Yeates et al., 2009a). Many soil-dwelling insects are herbivores and devastate
crops, which impact human societies through yield decreases (Johnson & Murray, 2008); therefore
an understanding of how climate change will affect their pest status is essential. Some insects
are like earthworms in that they too are ecosystem engineers (Jones et al, 1994) and provide
ecosystem services, and might be used in climate change adaptation (Johnson et al., 2015). As
ecosystem engineers, earthworms are pivotal in belowground processes such as bioturbation and


30031846
Cross-Out

30031846
Inserted Text
& Farquhar

30031846
Cross-Out

30031846
Inserted Text
6b

30031846
Cross-Out

30031846
Cross-Out

30031846
Inserted Text
& Ball

30031846
Cross-Out

30031846
Inserted Text
& Luo

30031846
Cross-Out


Trim Size: 189mm x 246mm  Single Column Johnson cll.tex V1-10/04/2016 9:53pm Page 203

11 Climate Change in the Underworld: Impacts for Soil-Dwelling Invertebrates | 203

the incorporation of organic matter to the mineral fraction of soil. Mitigating the impact of climatic
changes on this group is therefore likely to be essential to ensure a sustainable use of soils as a natural
resource. In closing, we discuss aspects of belowground ecology in the context of climate change.

11.2 Effect of Climate Change on Nematodes, Omnipresent Soil
Invertebrates

Nematodes are ubiquitous in soils and the most numerous multicellular soil-dwelling animals in most
ecosystems (Fierer et al., 2009). They represent at least five distinct trophic groups and a multitude
of feeding guilds. Plant parasitic nematodes and microbial grazers, however, typically dominate soil
nematode communities (Nielsen etal., 2004; Nielsen et al., 2014). The plant parasites affect carbon
(C) and nutrient cycling directly by feeding on root biomass, and they can have substantial negative
impacts on plant biomass production in both natural and managed ecosystems, including agriculture
and horticulture. Microbial grazers stimulate the turnover of microbial biomass and moderate micro-
bial activities, which in turn influence ecosystem processes including decomposition, mineralization
and nutrient cycling. Other nematode trophic groups, including omnivores and predators, similarly
influence C and nutrient cycling, but their impacts occur mostly indirectly through predation or
control of plant pathogens. The true extent of the roles of nematodes in ecosystem functioning is not
well quantified (Bardgett et al., 1999; Hunt et-al.,, 2002; Nielsen et al., 2015b), but given their known
impacts on ecosystems, soil nematode community responses to climate change may have far-reaching
effects.

In this section we discuss the observed and potential soil nematode community responses to
climate change (Fig. 11.1) and how this might influence ecosystem functioning more broadly.
Evidence from field surveys indicates that nematode community composition is strongly related to
climate suggesting that predicted changes in temperature and precipitation might have substantial
long-term effects (Nielsen et al., 2014). There is less evidence to suggest that eCO, should influence
soil nematode communities directly but indirect effects may theoretically be expected. These
observations are now being supported by in situ climate change manipulations, and we provide
an overview of the observed effects under field conditions. We focus first on the effects of eCO,,
which is expected to influence nematode communities mostly mediated by vegetation responses
(Nielsen et al., 2015), and then discuss the effects of altered precipitation regimes and increased
temperatures (warming) as these two global change drivers are likely to have the strongest direct
impact on soil nematode communities. It is worth noting that the realized effects of climate change
will be moderated by interactions between eCO,, warming, and altered precipitation regimes as
these rarely change in isolation. Yet, very few studies have investigated the interactive effects of these
global change drivers on soil nematode communities. Potential broader impacts of soil nematode
community responses to climate change on ecosystems are briefly discussed at the end of the section.

11.2.1 Nematode Responses to eCO,

Carbon dioxide concentrations are much higher in soil than in the atmosphere, and therefore, eCO,
is unlikely to substantially influence soil nematode communities directly. However, indirect effects
are likely to occur due to changes in root exudates and litter input associated with altered vegetation
structure and composition (Nielsen et al., 2015b). For instance, C:N ratio in plant tissue has been
shown to increase under eCO, (Pendall et al., 2004b; Milchunas et al., 2005), which may influence
their quality as a food source for belowground herbivores including plant parasitic nematodes with
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Figure 11.1 Direct and indirect effect of climate change on nematodes. The solid arrows indicate direct effects, while
dashed arrows indicate indirect effects. Blue arrows represent shift in the community whereas green arrows indicate a
positive impact and red arrows a negative impact on the community. Indirect effects are/mediate by (1) changes in the
soil structure, (2) increased soil moisture resulting from lower stomatal conductance, (3) shifts in the plant community,
(4) a reduction of plant quality (often reflected by higher C:N ratio), and (5) decreased population of predators and/or
parasitoids, and (6) a higher N rhizodeposition. Details and references in the text. (Drawings: I. Hiltpold, WSU, Australia)

cascading impacts on the soil food web more broadly. Along the same lines, Frederiksen et al. (2001)
found that wheat litter grown under eCO, showed reduced decomposition rates and supported lower
abundances of bacterial grazers including nematodes in situ indicating indirect effects of eCO, on
ecosystem processes. Moreover, eCO, has been shown to enhance fine root growth and distribution
(e.g., Rogers et al., 1996; Curtis et-al, 1998; Pendall et al., 2004a; Prior et al., 2012; Madhu 2013;
Pacholski et al., 2015). Root architecture plays a role in the ability of entomopathogenic nematodes
to find and infect insect hosts in the rhizosphere (Demarta et al., 2014). Indeed, entomopathogenic
nematodes appeared to be more infectious in the presence of root systems or structure mimicking
root systems (Ennis et al., 2010; Demarta et al.,, 2014), but increased root complexity results in
a lower infectiousness of entomopathogenic nematodes (Demarta et al., 2014). In this context,
eCO, can potentially lessen successful implementation of entomopathogenic nematodes in pest
control strategies. More broadly, it is often observed that eCO, reduces evapotranspiration with
cascading effects on soil moisture, which could benefit nematode communities as these are limited
by soil moisture availability at least in some ecosystem types. Furthermore, there is some evidence
that suggests that eCO, may influence soil aggregation, which might in turn influence nematode
communities through a reduction in soil pore neck diameters (Niklaus et al., 2003).
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A recent meta-analysis by A’Bear et al. (2014) found an overall negative effect of eCO, on nematode
abundances except for plant parasitic nematodes. However, plant parasitic nematodes may still
respond to eCO,. For instance, a study investigating the effects of eCO, at three grassland sites found
no effect on total abundance of plant parasites, but the abundance of Anguinidae increased at one
site and Hoplolaimidae decreased at another (Ayres et al., 2008) indicating changes in community
structure. In another study, eCO, increased the abundance of the plant parasitic Trichodoridae
and reduced the abundance of bacterial feeding Rhabditidae in low nitrogen (N) soil, whereas the
abundance of predators/omnivores increased in high N soil due to an increase in Dorylaimida and
the abundance of bacterial feeding Cephalobidae decreased (Hoeksema et al., 2000). Hence, it is
clear that eCO, can influence both nematode abundances and community composition although
some studies have found limited effects (Allen et al., 2005; Ayres et al., 2008; Eisenhauer et al., 2013).
However, ecosystem level implications of these changes are not well established.

11.2.2 Nematode Responses to Warming

Nematodes are likely to respond to warming through both direct and indirect effects. Most regions
are predicted to become warmer under future climates (IPCC, 2013b). While soil temperatures
will be buffered to some degree compared to surface air temperatures, even moderate increases
in soil temperatures are likely to enhance nematode activity and metabolic rates, and through this
reproduction, provided that other environmental variables such as soil moisture are not limiting.
Moreover, indirect effects are likely through shifts in plant community composition, microbial
biomass and composition, and edaphic variables including potential increased stress associated
with decreased soil moisture under elevated temperature (e.g., Nielsen et al., 2015b). However, the
number of studies reporting the effects of warming on soil nematode communities is still surprisingly
limited and results are often idiosyncratic. For instance, two years of increased soil temperature
(+1.7°C and +3.4°C) had no effect on total or trophic group abundances in a temperate-boreal forest
ecotone, although there was an increase in microbial feeders relative to plant parasites (Thakur et al.,
2014) suggesting an overall shift in community composition. By contrast, 1°C soil warming in a
heath was found to reduce the abundance of nematodes including root herbivores and interestingly
there was shift towards longer-lived species perhaps due to longer growing seasons (Stevnbak et al.,
2012). Similarly, in a subarctic heath and a fell field, summer warming was shown to influence
nematode community structure with an observed increase in abundance of Aphelenchoides and
Filenchus, both species with rapid life cycles and high fecundity, whereas the abundance of species
with slower reproductive cycles, specifically Eudorylaimus and Teratocephalus, decreased (Ruess
etal, 1999). Finally, warming has been observed to influence soil nematode community composition
at least in some vegetation types and bare soil in temperate semiarid ecosystems (Bakonyi et al.,
2007) as well as nematode diversity in maize fields (Dong et al., 2013). Collectively, these results
suggest that warming can have strong effects on soil nematode community composition even when
total nematode abundance is not affected.

A couple of meta-analyses aimed to synthesize the effects of warming on soil nematode communi-
ties. One of the first meta-analyses of studies that investigated belowground effects of climate change
suggested that increased temperature consistently increase nematode abundances (Blankinship et al.,
2011), but this was not confirmed by a more recent meta-analysis (A’Bear et al., 2014). The latter
paper found no strong directional effect of increased temperature on total nematode abundance, but
instead showed that plant parasitic nematodes respond negatively, and fungal feeding and predatory
nematodes respond positively, to increased temperatures (A’Bear et al., 2014). Such divergent trophic
level responses to warming indicate whole soil food web level responses to warming and suggest
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broader impacts on ecosystem functioning. However, it is clear that responses are context dependent
and further research is required to establish general patterns and to further our understanding of
potential feedbacks of warming driven nematode community responses to the ecosystem.

11.2.3 Nematode Responses to Altered Precipitation Regimes

Soil nematodes are effectively aquatic animals that rely on water films for movement and feeding
(Vandegehuchte et al., 2015). Thus, any climate change that influences soil moisture availability is
likely to affect soil nematode communities. Water is a limiting resource in many ecosystems and
increased precipitation is theoretically expected to have a positive effect on soil nematodes. By
extension, reduced precipitation could be expected to have negative effects on soil nematodes,
whereas the effects of changes in seasonality or event size and frequency are more difficult to predict
(Nielsen etal,, 2015a). Most field studies investigating the effect of altered precipitation regimes to
date have focused on increased or reduced precipitation, the latter often in terms of a drought event,
while very few studies have manipulated event size and frequency.

The effect of altered precipitation regimes has been summarized in two meta-analyses. The earlier
meta-analysis found no consistent effect of reduced precipitation on soil nematode abundances
(Blankinship et al., 2011), but given new data a more recent paper found that drought significantly
reduces the abundance of plant parasites and bacterial feeders (A’'Bear et al., 2014). For instance,
summer drought imposed for eight years in a heath negatively affected nematode abundances and
all other decomposer biota measured (Stevnbak et al., 2012). These results suggested a substantial
reduction in C flow through the decomposer community, which in turn indicate significant ecosys-
tem responses to summer drought. Also, reduced precipitation has been found to influence soil
nematode community composition with more pronounced effects in bare soils than under poplar,
and no effects in fescue grassland and a temperate semi-arid shrubland (Bakonyi et al., 2007). Another
study found that nematode families responded differentially to a one-year imposed drought in pine
woodland with Plectidae being highly sensitive to drought conditions whereas drought had no effect
on Cephalobidae and Qudsianematidae (Landesman et al., 2011). Hence, there may be taxonomically
specific responses to reduced precipitation and responses are often context-dependent (Sylvain
et al., 2014; Vandegehuchte et al., 2015). In particular, nematode communities in dryland soils
appear to be very robust to altered precipitation regimes with limited observed responses to reduced
precipitation (Vandegehuchte et al., 2015), at least in the short term. The capacity of nematodes to
tolerate reduced precipitation in dryland ecosystems is likely due to their adaptation to already low
soil moistures, and their capacity to enter stress tolerant life stages such as anhydrobiosis (Nielsen

, 2015a). However, longer-term exposure to reduced precipitation may have stronger effects.

e meta-analysis by A’Bear et al. (2014) further showed that increased precipitation has a strong
positive effect on soil nematode abundances, although these results are based on a relatively small
number of studies (n=7). For instance, irrigation to simulate a 100% increase in precipitation had a
strong positive effect on nematode abundances in a pineland after a'years manipulation (Landesman
et al, 2011), and another study, that investigated the effect of rainfall event size (2 mm versus
25 mm weekly), eCO,, and warming in an artificial grassland community, showed that the effect of
increased soil moisture availability was much greater than that of eCO, or warming (Kardol et al.,
2010). However, increased water availability has been observed to have no effect on total and trophic
group abundances in desert ecosystems (Darby et al., 2011; Sylvain et al., 2014), although increased
abundance of plant parasites (Freckman et al,, 1987; Vandegehuchte et al., 2015) and reduced
abundances (Sylvain et al., 2014) have been observed elsewhere. Studies investigating belowground
effects of changes in precipitation are increasing; however, more research is needed to establish
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general patterns, and the effects of changes in event size and frequency need to be considered more
explicitly (Nielsen 2015a).

It is worth noting here that while rainfall is predicted to increase in some areas around the world,
these increases are often predicted to be accompanied by warmer temperatures that may cause
increased evapotranspiration and therefore no net increase in soil moisture (IPCC, 2013a). This
interaction between precipitation regime and warming is crucial in understanding climate change
effects. Moreover, changes in precipitation may also interact with other global change drivers.
For instance, a recent study found that increased precipitation had a slight positive effect on total
nematode densities in a temperate forest but when N was added to simulate increased N deposition,
a strong negative effect was observed (Sun et al., 2013). Finally, even though relatively small effects
of altered precipitation regimes are observed in trophic or total nematode abundances in some
studies there may be ecologically relevant shifts in community composition. This is illustrated by
recent findings that suggest that functional guild abundances are more sensitive to climate changes
than trophic groups and therefore a better indication of potential shifts in food web structure and
ecosystem functioning (Cesarz et al., 2015). It is therefore important that responses are quantified at
appropriate taxonomic levels.

11.2.4 Ecosystem Level Effects of Nematode Responses to Climate Change

As discussed above, there is strong evidence that soil nematode communities show climate change
responses that are moderated by ecosystem characteristics such as vegetation type and nutrient
levels (Smolik et-al,, 1983; Klironomos et al., 1996; Niklaus et al., 2003). However, we need more
experimental data to build a robust framework to make generalizations, particularly if we want
to understand potential feedbacks on ecosystem functioning. This is very important given the
substantial impact trophic groups such as plant parasites might have on plant productivity. For
instance, Yeates et-al. (2009b) found that nine years of eCO, substantially increased the abundance
of a dominant plant parasite in a grazed pasture (Longidorus elongatus increased 3.48-fold) and a
follow-up pot experiment indicated that eCO, could result in increased belowground root herbivory
by nematodes. This, in turn, could have cascading effects on the soil food web more broadly by induc-
ing plant chemical responses. Similarly, Phleum pratense and Poa pratensis showed greater reduction
in root biomass due to the plant parasite Pratylenchus penetrans when grown at eCO, (650 ppm)
compared with plants grown at 350 ppm (Wilsey, 2001), indicating that global changes may moderate
belowground interactions between plants and herbivorous nematodes. While such data are very
insightful there is a need for more in-depth studies on how useful nematode communities are as
bioindicators of ecosystem state and food web complexity, and to more accurately measure how great
a role they play in C and nutrient cycling. In particular, developing new techniques that can assess
the degree to which the activity of soil nematodes moderate microbial activity and functioning would
be insightful in understanding ecosystem functioning and potential responses to global changes.

11.3 Effect of Climate Change on Insect Root Herbivores;
the Grazers of the Dark

Soil-dwelling insects that feed on roots are usually the juvenile stages of insects that live above-
ground as adults (Brown , 1990). These soil invertebrates can reach astonishing densities, with
root-feeding cicadas of deciduous forests of North America having the largest collective biomass per
unit area of any terrestrial animal (Karban, 1980). While the agricultural importance of root-feeding
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Figure 11.2 Direct and indirect effect of climate change on insects. The solid arrows indicate direct effects, while
dashed arrows indicate indirect effects. Blue arrows represent shift in the community whereas green arrows indicate a
positive impact and red arrows a negative impact on the community. See Figure 11.2 for nature of the indirect effects.
Details and references in the text.

insects has long been known (Blackshaw etal,, 2008), it is increasingly recognised that they also affect
numerous above- (Johnson et al., 2012a; SolLr et al,, 2012; Johnson et al., 2013a) and belowground
organisms (Johnson , 2015b). Root-feeding insects therefore represent important components
of many ecosystems, and while far less is understood about how climate change affects this trophic
group than their aboveground counterparts (Fig. 11.2), research in the field is undoubtedly increasing
(Staley et.ai, 2008; McKenzie et al., 2013).

11.3.1 Insect Root Herbivore Responses to eCO,

To our knowledge, CO, is the only greenhouse gas to be investigated in the context of its impact on
root-feeding insects (Staley 2008). Moreover, changes in CO, are likely to affect root-herbivores
purely via indirect (e.g., plant-mediated, Fig. 11.2) mechanisms since, like nematodes and earth-
worms, they are already exposed to much higher concentrations in the rhizosphere than is the case
aboveground (Payne etat, 1988). While the effects of eCO, on aboveground insect herbivores are
relatively well studied, ané several reviews and meta-analyses are now available (e.g., Stiling et-ak
2007; DeLucia et al., 2012; Robinson et al., 2012; Zavala et al., 2013), studies involving root herbivores
are scarce, by comparison, and seem to reach contrasting conclusions.

In an early study, Salt et al. (1996) reported that eCO, had no effect on the root-feeding aphid,
Pemphigus populi-transversus, despite increasing root biomass in aphid-free plants. eCO, often
increases root biomass relative to shoot mass (Rogers et al., 1994; Rogers et al., 1996) and also leads
to more branched root systems that are generally shallower (Gregory, 2006). Staley el;_a.ll (2008)
speculated that this increase in root biomass and architecture could promote the performance of
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some root herbivores, but it was more likely to affect root chewing herbivores that are limited by
the quantity rather than quality of their host roots. Indeed, root quality might be anticipated to
decrease in response to eCO,; a meta-analysis of over 100 studies reported that while both C and
N increased in both roots and shoots, C increased far more than N leading to an average increase
in C:N ratios of 11%, effectively reducing nitrogen concentrations in both roots and shoots (Luo
et al., 2006), either by dilution or reallocation (DeLucia et al., 2012). Given the importance of N in
insect herbivore diets (Mattson, 1980), we might reasonably assume this would negatively affect
root herbivores. There is recent evidence for this, with the body mass of root-feeding Argentine
scarab (Sericesthis nigrolineata) decreasing by 24% under eCO,, despite consuming 118% more root
tissue when feeding on the grass Microlaena stipoides (Johnson et al., 2014a). Compensatory feeding
by folivores is a common response to increased C:N in the foliage of plants grown under eCO,
(Stiling ., 2007; DeLucia et al., 2012), so it seems probable that such tactics might be employed
belowground too. Like folivores, which typically fail to redress this deterioration in host plant quality
(Stiling et-al., 2007), it seems that the S. nigrolineata could not maintain performance levels even
with compensatory feeding (Johnson et al., 2014a). Interestingly, when S. nigrolineata fed on a C,
grass, Cymbopogon refractus, its performance was typically lower than when feeding on M. stipoides,
but performance did not decline further under eCO,. This was likely due to the fact that the C:N
ratio in root tissue did not increase under eCO, (Johnson et al., 2014a). Unchanged C:N ratios in C,
plants grown under eCO, is often reported (Wand et al., 1999) because Rubisco, the initial enzyme
facilitating CO, assimilation into carbohydrates, operates close to its maximum capacity at ambient
atmospheric concentration of CO, (aCO,), so C, plants have less capacity to respond to eCO, than
C, plants (Ainsworth et al. 2004; DeLucia et al., 2012). Hence, belowground responses to eCO, will
be moderated by plant species functional type.

Secondary metabolites in shoots are frequently altered in response to eCO,, and this too can affect
herbivores aboveground (Ode et al., 2014). While it usually follows that eCO,-induced increases
in plant secondary metabolite concentrations diminish herbivore performance (Zavala et al., 2013;
Ode et al.,, 2014), this may not always be the case for root herbivores which appear to respond
quite differently to plant defences expressed belowground (Johnson et al, 2016). For instance,
vine weevils (Otiorhynchus sulcatus) feeding on blackcurrant grown under eCO, performed much
worse (33% and 23% declines in abundance and body mass, respectively) than when feeding on
plants grown at aCO, concentrations. Plants had 16% lower root growth under eCO, and this
most likely drove this decline in herbivore performance but, surprisingly, root phenolic compounds
were positively correlated with abundance and body mass. Vine weevils induced increases in root
phenolic compounds under aCO, concentrations but not at eCO, (Johnson et al., 2011).

While there is a general trend for host plant quality for herbivores to decline under eCO, (Robinson
etal, 1996; Stiling et.ai 2007; Ode et al., 2014), this isn’t necessarily true for all plant taxa. In partic-
ularﬁeguminous plants will often increase rates of root nodulation (Ryle et al., 1992) and biological
nitrogen fixation under eCO, (Soussana et-ak, 1996), which is accomplished via their association
with nitrogen fixing bacteria. While this increase in i availability can promote populations
of shoot herbivores, especially aphids (Guo et al., 2013; Guo et al.,, 2014; Johnson et al., 2014b; Ryalls
et al,, 2015), it has also been shown to affect root herbivores (Johnson et=ak, 2010). In particular,
the clover root weevil (Sitona lepidus) were 38% more abundant under eCdz, which the authors
linked to the doubling in root nodules in white clover (Trifolium repens) under these conditions
(Johnson 2010). The larvae of S. lepidus are particularly dependent on root nodules (Gerard,
2001) and it appears that the increased abundance of root nodules under eCO, promoted weevil
populations. Warmer air temperatures, which are anticipated to increase in tandem with eCO,,
tend to have opposite effects on nodulation in legumes because higher temperatures are inhibitory
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to many ai fixing bacteria (Zahran, 1999). In a study combining eCO, and air temperature,
root nodulation 1n lucerne (Medicago sativa) increased and decreased, respectively, under these
treatments. Emergence success of S. lineatus was positively correlated with these patterns of
nodulation, so eCO, promoted emergence whereas elevated temperatures diminished it (Ryalls
et al., 2013). Further studies, preferably those involving multiple environmental changes, are clearly
needed before we can determine any patterns in root herbivore responses to atmospheric change.

11.3.2 Insect Root Herbivore Responses to Warming

The soil is buffered, to some extent, from fluctuating temperatures and so soil dwelling invertebrates
might be affected less by predicted rises in air temperature than those living aboveground (Bale et al.,
2002). However, many root herbivores are affected by soil temperature (see Barnett et-al, 2013 for a
full account), and especially those feeding close to the soil surface. Leatherjacket larvaeﬁipulidae)
represent shallow feeders and reciprocal soil core transfer experiments using these insects showed
that warmer temperatures increased rates of development such as time to pupation (Coulson et al.,
1976). Using historical records, it was shown that UK spring (specifically May) temperatures were
highly correlated with emergence of Tipulids and for every 1°C increase, Tipulids would emerge,
on average, 7 days earlier (Pearce-Higgins et al., 2005). Tipulid emergence was predicted to advance
by 12 days by 2100 (Pearce-Higgins et al., 2005), which could affect the numerous bird species that
depend on them to feed their young (see Thomas et al., this volume). The carrot root fly (Delia
radicum) is another root herbivore to receive attention in respect to global warming; simulation
models predict that an increase of 3°C in soil temperatures would advance and prolong emergence
in Spring and create a larger third generation in late summer. A 5°C increase in soil temperature
would even result in a fourth generation in southern UK (Collier et al., 1991).

In addition to these direct effects, rising temperatures are likely to impact root herbivores via
plant-mediated mechanisms (Staley et-al., 2008; Barnett et-al., 2013). Plants respond in extraordi-
narily diverse ways to increased temperatures, which cannotte easily summarised or generalised.
Extrapolating from the meta-analysis of Zvereva et al. (2006), which focuses on foliar responses to
elevated temperature and eCO,, we might anticipate a general decline in root quality for herbivores.
When elevated temperature and CO, acted in tandem, elevated temperature negated the eCO,
induced increase in leaf carbohydrates, but amplified decreases in leaf N, causing the leaf C:N ratio
to increase overall (Zvereva et al., 2006). Decreases in root quality can trigger compensatory feeding
in root herbivores (Johnson et al., 2014a), and given that warmer temperatures directly accelerate
insect metabolism we could see sharp increases in rates of root herbivory and damage in the future.

11.3.3 Insect Root Herbivore Responses to Altered Precipitation

Altered patterns of precipitation are highly likely to affect root-feeding insects since soil moisture is
amongst the most important abiotic factors affecting their physiology and behaviour (Barnett
2013; Erb et.a.112013b). Numerous studies characterise how water availability affects root-feeding
insects, and several reviews cover this in some depth (Brown etal., 1990; Villani - 1990; Barnett
etal, 2013; Erb et al,, 2013a). In this section, we therefore focus primarily on extended periods of
drought, since climate change models predict this will occur more frequently in many parts of the
world.

Dry conditions usually affect soil-dwelling herbivores adversely because they often possess
permeable cuticles that make them prone to desiccation (Brown et-al, 1990). Indeed, there are
several examples of rainfall manipulation experiments that link reduced precipitation to population
decline (see Staley et_ai 2008 for details). Despite this, many soil-dwelling insects have evolved
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physiological and behavioural strategies for coping with decreased water availability (Barnett
2013). Physiological adaptations include the production of metabolic water, a by-product of the
oxidative catabolism of fats and carbohydrates (Wharton, 1985) and the formation of physical spir-
acle plastrons and hydrofugic hairs for water retention (Villani et al., 1999). Behavioural adaptations
are probably more effective and at the simplest level include movement down the soil profile from
dry regions to damper soils (Villani , 1990). In other cases, root-feeding scarabs manipulate the
microclimate by constructing earthen chambers in which they encase themselves, allowing them to
endure periods of drought (Villani et al., 1999). In contrast, seasonal declines in rainfall can benefit
some root-feeding insects. African black beetle (Heteronychus arator) populations, for instance,
are often supressed by early summer rainfall (Matthiessen et-al, 1991), because first instar larvae
cope badly with high soil moistures (King et al., 1981). In periods of seasonal drought, the larval
populations are no longer suppressed by the normally high moisture content, resulting in damaging
outbreaks (Matthiessen etal,, 1991).

In addition to the direct impacts of water availability on root-feeding insects, plant-mediated
effects are likely to be very important (Barnett 2013; Erb et-al, 2013b). Generally speaking,
periods of drought decrease growth and nutritional quality of the roots (Erb et al., 2013a) and
there is evidence for it increasing concentrations of root defensive compounds too (Zhang et al,,
2008). It might reasonably be expected that many root herbivores will be adversely affected via
such plant-mediated impacts. While periods of drought might adversely affect root herbivores via
bottom-up (i.e., plant-mediated) drivers, they could benefit from less effective top-down (i.e., natural
enemies) control. Preisser . (2004), for instance, showed that lupine ghost moth (Hepialus
californicus) larvae escaped control by entomopathogenic nematodes under dry conditions, which
resulted in population outbreaks of the moth. Seasonal shifts in rainfall, or increased frequency of
extreme events, could therefore cause temporal mismatches in such predator—prey cycles simply
because nematodes are so sensitive to prevailing soil water conditions.

11.3.4 Soil-Dwelling Insects as Modifiers of Climate Change Effects

The plant-mediated effects of environmental change on invertebrates is well represented in the
literature, but the effects of invertebrates on plant responses to environmental change, has received
relatively little attention. Two groups of soil-dwelling insect, in particular, have the capacity to
modify how plants respond to climatic and atmospheric change: herbivores and detritivores.

Root herbivores have a distinctive ecology that makes them particularly damaging to plants
(Zvereva et al., 2012; Johnson et al., 2016). Root herbivores can: (i) decrease nutrient and water
uptake, (ii) cause disproportionate resource losses by severing roots, (iii) divert assimilates below-
ground for root re-growth and (iv) impair photosynthesis by imposing water deficits (Johnson et-al,
2008; Zvereva et al., 2012). Plant biomass of C, plants is predicted to increase by 10-20% under eCO,
and C, plants by 0-10% (Newman et al., 2011), yet this crucially depends on plants increasing rates
of photosynthesis to accomplish this growth. While some foliar chewing herbivores stimulate rates
of photosynthesis (Nykénen et-al., 2004), presumably as the plant attempts compensatory growth to
tolerate attack, root herbivory has the exact opposite effect causing significant declines of around
12% (Zvereva et al., 2012). So while any kind of herbivory has the potential to reduce the positive
effects of eCO,, it seems that soil-dwelling herbivores have the capacity to completely negate these
effects. Indeed, this is exactly what happened when root herbivores attacked a brassica (Cardamine
pratensis) (Salt et al.,, 1996) and seedling eucalypts (Johnson et-al, 2013b). In both cases, plant
growth was restrained and plants grown under eCO, had similar biomass to those grown under
aCO,. Legumes possibly cope better and root herbivory did not diminish the fertilising impacts of
eCO, (Johnson e.t.ai 2010; Ryalls et al., 2013).
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In contrast, soil-dwelling detritivores such as dung beetles may mitigate the negative impacts
of environmental change. In addition to consuming animal faeces, dung beetles disperse and
incorporate it into the soil via burrowing activities. Most recently, dung beetles have been shown
to mitigate the effects of simulated drought on plants by increasing soil permeability to water and
reducing surface runoff (Johnson et al., 2016). Considered as ecosystem engineers, those species
of dung beetle that build networks of tunnels in the soil beneath the dung pad (the paracoprids)
are most likely to be beneficial in this respect (Johnson et al., 2015a), and field trials in Southern
Australia showed that dung beetles improved pasture productivity for up to a decade due, in large
part, to improved access to water (Doube 2014). Moreover, Doube (2014) make a
convincing argument that dung beetles promote carbon sequestration, so these invertebrates may
reduce atmospheric change (and therefore its impact) directly, at least as much as other carbon
sequestration measures (e.g., conservation tillage).

11.4 Effect of Climate Change on Earthworms, the Crawling Engineers
of Soil

In 1881, Charles Darwin wrote: “It may be doubted whether there are many other animals which
have played so important part of the history of the world, as these lowly organized creatures [earth-
worms].” (Darwin, 1881). This quotation embraces the importance of these ecosystem engineers
in our contemporary natural and agro-ecosystems. Indeed, these ubiquitous soil invertebrates
incessantly burrow galleries, mix organic and mineral matter, and produce casts. Earthworms are
essential to the formation of humic matter, are key players in nutrient cycling, alter soil hydrology and
drainage, or still affect plant population dynamic and community composition (i.e., dissemination of
seeds) (Lal, 1991; Thompson et al., 1993; Jones et al., 1994). In addition to modifying soil structure
(Shipitalo etal, 2004; Amossé et al., 2015), earthworms impact biota composition and soil processes
(Edwards et_af 1996; Eisenhauer, 2010; Blouin et al., 2013). Because they are a crucial component
of soil fertility and promote agricultural productivity (van Groenigen et al., 2014), understanding
the effect of climate change on earthworms will help to ensure food security. Yet, knowledge on the
impact of climate change on earthworm communities is still very scarce (Fig. 11.3).

11.4.1 Earthworm Responses to eCO,

Few studies report the effects of eCO, on earthworm density, biomass, or diversity. Milcu et al.
(2011) observed an increased earthworm biomass of Lumbricus terrestris in microcosms with high
plant diversity (eight species) under eCO,, probably due to higher N rhizodeposition. Conversely,
Chevallier et al. (2006) did not record any effect of eCO, on earthworm biomass (Lumbriscus rubellus
and Aporrectodea caliginosa) in grazed pastures in New Zealand. The effect of eCO, on earthworm
fitness, especially on cocoon production, incubation and hatching, are neglected (Butt et al., 1992).
Earthworms may even contribute modestly to global warming (Lubbers et al., 2013); while being
widely beneficial, they also increase soil CO, emissions by 33% through aerobic respiration and N,O
emission by 37% via their intestinal bacteria, as compared to emissions from soil where they are
absent (Lubbers et al., 2013).

Moving in the soil matrix, mixing, ingesting and excreting soil and organic matter particles (biotur-
bation), earthworms create biogenic structures such as burrows and casts (Lavelle et al., 1997). These
newly formed habitats are enriched in organic matter and nutrients and act as hotspots of biological
activity (Fonte et al,, 2007; Le Bayon et_a.&2009; Chapuis-Lardy et al., 2011). On a pasture in
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Figure 11.3 Direct and indirect effect of climate change on earthworms. The solid arrows indicate direct effects, while
dashed arrows indicate indirect effects. Blue arrows represent shift in the community whereas green arrows indicate a
positive impact and red arrows a negative impact on the community. See Figure 11.2 for nature of the indirect effects.
Details and references in the text.

Switzerland, annual production of earthworm surface-casts was 35% greater under eCO, (610 pl11)
due to a 10% increase in soil moisture (Arnone etal,, 1997). In a second study, the stimulatory effect of
eCO, on cast production was not observed when plant species diversity decreased from 31 to 12 and
five species (Arnone et al., 2013). Conversely, Chevallier et al. (2006) did not detect any direct effect
of eCO, on earthworm (L. rubellus and A. caliginosa) casting in a grazed pasture in New Zealand.
However, cast available N was lower under eCO, suggesting that N concentrations in casts reflect
N cycle processes (Chevallier et al., 2006). This impact of earthworms on nutrient biogeochemical
cycles in a context of climate change is reinforced in a review by Blouin et al. (2013) which highlighted
the crucial role of earthworms in C sequestration both in their burrow linings and in casts.

The variable distribution of organic matter patchiness in soil determines how earthworms influ-
ence plant response to nutrient heterogeneity. Thus, under eCO,, lower shoot and root biomass of
Lolium perenne were found in heterogeneous vs. homogeneous treatments when epigeic earthworms
(Eisenia faetida) were present (Garcia-Palacios et al., 2014). The authors suggested that earthworms
foraging from patches of L. perenne shoots stimulate microbial N mobilization thus decreasing N
availability for plants. Under eCO,, earthworms may therefore mediate plant biomass responses to
nutrient patchiness by affecting N capture (Garcia-Palacios et al., 2014).

As reviewed by Norby et al. (2001), eCO, influence on litter quality is not yet entirely clarified
and several experimental artefacts render a general interpretation of the refereed literature difficult.
Because of resorption of nutrients to perennial tissues during senescence, the decline in leaf litter N
concentration under eCO, is lower than N concentration measured in green leaves of plants grown
in the similar atmospheric conditions. This may suggest that indirect effect of eCO, would be greater
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on soil herbivores, consuming live tissues, than on decomposers, such as earthworms, consuming
mainly senescent material.

11.4.2 Earthworm Responses to Warming and Altered Precipitations

Hackenberger (2014) demonstrated that earthworm species composition, the ratio of ecological
categories (epigeics, endogeics and anecics) and juvenile:adult ratio changed along a transect of vary-
ing climate types and elevations. This suggests that temperature influences the species composition
of communities, possibly impacting the ecosystem services provided by these same communities.
As earthworm populations are regulated in a density-dependent manner, inter- and intra-specific
interactions may strongly affect species response and thereby structure and functioning of lumbricid
communities (Uvarov, 2009) with further consequence on soil processes.

Zaller . (1999b) noticed that elevated rainfall increased earthworm density, and consequently
casting activities. However, they did not record any impact on aboveground net primary production
(ANPP) of graminoids. Conversely, the same authors further demonstrated that increasing earth-
worm activities stimulates shoot growth (Zaller ., 1999a) and enhances ANPP (Zaller et al.,
2013). To unravel these conflicting results, the authors conducted a third experiment focussing on
earthworms’ impact on plant roots (Arnone et.all2014). At low earthworms density (37 individuals
m2), plants produced more deep roots to compensate for lower nutrient availability in shallow
soils resulting from reduced casting/activities. Whereas at high earthworm densities (114 and 169
individuals m™), large amounts of casts and greater nutrient availability compensated for physical
disruption of roots by worms and induced a shift in the higher carbon allocation toward ANPP
(Arnone et-al, 2014). These successive studies underlined the essential and integrative role of
earthworms on plant communities’ aboveground vs. belowground biomass allocation under climate
change, possibly impacting other functional and trophic groups in the ecosystem in addition to
agricultural yield. Earthworm bioturbation activity depends on both soil temperature (Whalen et al.,
2004) and moisture (Edwards et.alll996), and :are therefore likely to influenced by climate change.

11.4.3 Climate Change Modification of Earthworm-Plant-Microbe Interactions

Because earthworms impact soil seed banks (Forey et al., 2011), mainly by dispersing and feeding
on seeds (Eisenhauer et al., 2010), changes in their community composition or behaviour caused
by climate change will probably affect plant communities. Indeed, earthworms play a role in seed
transport and translocation into deep soil layers, acceleration or deceleration of seed germination and
seedling establishment. Eisenhauer et al. (2010) found that the selective ingestion of seeds depends on
several variables: earthworm body size, species specific habits and mode of digestion (e.g., depending
on gut enzyme activities and gizzard contraction) (Eisenhauer et al., 2010). Plants that are highly
reliant on earthworms for propagation will either benefit or suffer from climate change impact on
these organisms, depending on the direction of the effect. eCO, i the quality of plants (C:N
ratio) (Korner, 2000), as well as starch storage, lignin concentrations (Cotteaux et-al,, 2000), and in
allocation of photosynthates within the plant (Young, 1998). This effect on plants in turn results in
an increased consumption of litter by earthworms to compensate for N (Cotiteaux et al., 1991). Root
biomass either increases (Zaller et al., 2013) or remains stable (Eisenhauer et al., 2009) in the presence
of earthworms, therefore, disentangling the effects of climate change in this particular context is
challenging.

An increasing number of studies focus on the impact of climate change on earthworm and soil
microbe interactions (Zirbes et al., 2012). Niklaus et al.ﬁOOS) showed that soil microbial commu-
nities are not affected by eCO, while Cesarz et al. (2015) highlight that the decomposer community
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may switch from a bacterial-dominated to a fungal-dominated system at eCO,, indicating shifts in
the microbial community as well as the functional structure of belowground food-webs. Earthworms
have a dramatic impact on microorganism communities and therefore on the ecological services
provided by soil microbes. For instance, A. caliginosa mucus enhanced the mineralization and
humification of plant residues through the activation of microorganisms (Bityutskii et al., 2012).
Earthworms and mycorrhizal fungi, especially arbuscular (AMF), are commonly co-occurring and
interacting. These interactions depend on earthworm and plant species and are, generally speaking,
beneficial for soil ecosystems as they result in increased soil aggregate stability (Kohler-Milleret et al.,
2013), dispersal of non-pathogenic fungal spores and increased AMF colonization of plant roots by
140% (Zaller et al., 2013; Trouvé et al., 2014). Earthworms may also moderate plant performance
by disrupting the interactions between plants and their AMF symbionts (Grabmaier et al., 2014).
For instance, anecic earthworms (i.e., L. terrestris) reduced seedling emergence and diversity in the
presence of AMF (Glomus sp.) indicating that their feeding reduced the effect of AMF on the seeds
and seedlings (Zaller et al., 2011).

These interactions are species-specific and/or context dependent and general patterns are hard to
draw but it has to be emphasised that climate change may dramatically modify these systems with
unpredictable consequences at the ecosystem level.

11.4.4 Influence of Climate Change on Earthworms in Belowground Food Webs

In the context of belowground multitrophic interactions, several studies focus on tritrophic inter-
actions in the presence of earthworms. Earthworms increase the incorporation of plant residues
deep in the soil, which generally stimulate microbial activity but could also cause changes in the
microbial communities that induce plant defences (Cotteaux et al., 1991; Wurst, 2010). However,
earthworms with disparate life history traits may differ in their effects on aboveground herbivore
performance, with impacts mediated by plant responses, while earthworms and root herbivores
interact either directly, over the trophic web, or indirectly through the plants or changes in soil
characteristics (Wurst, 2010). Regarding root-feeding nematodes, earthworms have a direct trophic
effect (digestion) or indirect effects through the modification of soil properties (structure, water
regime, nutrient cycling) (Yeates, 1981). Thus earthworms counteract the negative effects of
root-feeding nematodes on plant performance (Blouin et al.,, 2005; Lohmann et al., 2009; Wurst,
2010). However, these effects depend on the community composition (Wurst, 2010) that inevitably
may vary under climatic changes. There is increasing evidence that earthworms also play a role in
the dispersion of beneficial entomopathogenic nematodes (Poinar et-al.,, 1975; Shapiro et al., 1993;
Shapiro et al., 1995; Campos-Herrera et al., 2006; Shapiro-Ilan ZOfS). Whether climate change
will have an impact on such interactions (and the dependent trophic cascades) remains unknown
but it is likely that any impact of climate on earthworm behaviour will cascade to upper and lower
levels of the complex soil food webs.

11.4.5 Influence of Climate Change on Earthworm Colonization of New Habitats

Climate change induces migration of species, and earthworms are-important invasive species with
severe above- and belowground consequences on native ecosystems. As revealed by Uvarov (2009),
in regions rich in native earthworm communities (i.e., Australia, New Zealand), the invasion of
peregrine earthworms may largely impact the functioning of natural and agroecosystems (Baker
et al., 2006). In areas devoid of earthworms, lumbricid invasions may cause substantial changes in
ecosystem structure and functioning (Frelich et al., 2006) with important implications for climate
change. Sudrez et al. (2006) found that the invasions follow a successional sequence (epigeic then
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anecic and finally endogeic species) and that the activities of the previous group facilitated the
habitat exploration by the following group. Changes in plant communities may also be induced
by earthworm invasive species as vectors éf seeds (Forey et al.,, 2011). In north America, Frelich
e.t;.a.l.l (2010) highlighted the role of exotic earthworms as drivers of “savanr}ﬁcation” of the forest
through increasing soil bulk density, decreasing N availability and removing the organic layer, thus
inhibiting the establishment of tree seedlings. In addition to such shifts in plant communities, the
extended range expansion of macro-detritivores, including earthworms (L. rubellus) into subarctic
environments, will probably result in a positive ecosystem feedback mechanism for climate change
via increased CO, release in the atmosphere (van Geffen et al.,, 2011).

11.5 Conclusions and Future Perspectives

Climate change impacts on soil invertebrate communities are mostly idiosyncratic although some
general patterns can be hypothesised (sections 11.2-11.4 and Table 11.1). Because several effects of
climate change on soil-dwelling invertebrate communities are indirect, often mediated by plants,

Table 11.1 Summary of the Impact of Climate Change on Nematodes, Insects and Earthworms.

CLIMATE CHANGE

uoneudoauid

— mostly negative |f| + variable + variable

== mostly indirect
changes in soil
properties

== mostly direct = mostly direct

< shifts in comm. & shifts in comm. < shifts in comm.

— mostly negative

+ variable

+ variable

==indirect

changes in plant == direct |== mostly direct

quality (higherC:N) @ W S
G shifts in comm. G shifts in comm.
+ positive + positive + mostly positive
== indirect == indirect .

changes in soil changes in == mostly direct

properties rhizodeposition ea rt h worm

< shifts in comm.
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it is very difficult to encompass the consequences on soil invertebrate communities, and cascading
effects on soil processes and ecological services. We have identified gaps in our current knowledge
on the effect of climate change on soil invertebrate communities. Experimental time scale needs
further attention given that most studies to date are relatively short-term. Such studies may be well
equipped to elucidate the potential effects of extreme events such heavy rainfall, high temperatures
or drought, but are unlikely to realistically reflect responses to longer-term impacts such as altered
precipitation regimes, increased temperature or eCO,. This is illustrated in studies that collect
samples across years. For instance, Sonnemann (2005) found that root hair feeding nematodes
showed a strong response to moderate increases in atmospheric CO, after one year but this effect
was not apparent in the second or third years, whereas predators were suppressed by eCO, in
the first year and enhanced in the second. Consequently, different conclusions will often be made
depending on the length of the study. There is a great need for studies that evaluate both short- and
long-term responses to climate change drivers.

In addition, very few studies have experimentally investigated the effects of changes in precip-
itation, increased temperatures and eCO, simultaneously. This is not surprising given logistical
constraints and substantial variability in climate change scenarios between regions and even between
models. However, climate change drivers are unlikely to change in isolation and their interactions
need to be considered to understand belowground community responses in detail. Moreover, the
effect of climate change will be moderated by other global change drivers such as land use and N
deposition further complicating the matter. On a positive note, there is evidence that an increasing
number of studies are addressing this issue.

Chemical ecology plays a particularly important role in soil invertebrate trophic interactions
since the soil environment precludes other sensory mechanisms (i.e., visual and acoustic cues, e.g.,
Rasmann et al., 2012b; Hiltpold et al., 2013); yet, to date this field of research is mostly neglected in
the context of climate change. Insect root herbivores use plant secondary metabolites to identify and
locate palatable root systems (e.g., Johnson et-al.,, 2006; Johnson et-al,, 2012b; Hiltpold et al., 2013).
Plant parasitic nematodes also rely on root exuéates to find hosts (Kﬁ et al,, 2011; Rasmann et al,,
2012a) and entomopathogenic nematodes exploit volatiles emitted by insect damaged roots to locate
their host (Boff et al., 2002; Rasmann et al., 2005; Ali et al., 2010; Hiltpold et al., 2010; Hiltpold et al.,
2011; Rasmann et al., 2011; Laznik ., 2013). The impact of root exudates in soil food webs highly
depends on the concentration of the released metabolites (e.g., Hiltpold et al., 2015) and changes
in exudate quality and quantity at eCO, (e.g., Tarnawski ., 2006) will possibly severely impact
invertebrate communities (e.g., Drigo et al., 2010). Changes in abiotic factors such as temperature,
soil moisture, and rainfall patterns will also interfere with plant chemical signalling. Indeed, Hiltpold
et.zl.-lk(2008) showed a negative correlation between soil moisture and the diffusion of root volatiles
in the ground. Despite this example, the impact of climate change on belowground chemical ecology
has so far been largely overlooked.

Filling these gaps in our knowledge is likely to be the next boundary to expand and will provide us
with a more holistic comprehension of the impact of climate change on belowground invertebrate
communities and soil ecosystem services.
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