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ABSTRACT — Research on aboveground-belowground interactions has recently experienced a boost. In spite of the
relative prosperity of scientific literature featuring aboveground herbivorous arthropods involved in aboveground-
belowground interactions, mites have so far been under-represented. To stimulate work with mites in this area, we
summarize existing research on plant-mediated interactions of aboveground herbivorous mites and belowground plant-
associated organisms. A literature search revealed 17 studies dealing with plant-inhabiting mites, all of which involve
the two-spotted spider mite Tetranychus urticae. We categorize the studies according to the belowground biota associated
with the mite’s host plants, summarize the observed effects of the belowground biota on the aboveground mites and dis-
cuss possible interaction mechanisms. The paucity of existing studies does not yet allow to draw general conclusions but
it is apparent that these aboveground-belowground interactions are strongly context-dependent and vary among plant
species and species of belowground biota. In conclusion, we argue that the wealth of knowledge on the behavior, ecology,
physiology, and genetic make-up of T. urticae and its natural enemies, and their suitability for laboratory rearing and ex-
perimental studies at various spatial scales and organizational levels, make these plant-inhabiting mites perfectly-suited
model organisms for future research on aboveground-belowground interactions.

KEYWORDS — Pathogen; symbiont; rhizosphere; Tetranychus urticae; predator; plant response; mycorrhiza; Phytoseiulus
persimilis

INTRODUCTION The resulting ecological complexity is enormous

and mirrored in the increasing wealth and diversity

In recent years, research concerned with plant- of scientific output on aboveground-belowground
associated organisms proceeded from regarding the interactions (for review see Wardle et al., 2004; van
belowground and aboveground spheres in isolation der Putten et al. 2001, 2009). For facilitation and pro-
to a more integrated view of multi-trophic inter- motion of scientific discussion, the published stud-
actions crossing the below-aboveground boundary. ies may be classified according to various proper-
The below- and aboveground each harbor a plen- ties, e.g. theoretical versus empirical studies (al-
titude of different species and functional groups, though according to van der Putten et al. (2009)
which interact with each other and their abiotic en- the vast majority of scientific literature on this topic
vironment at various temporal and spatial scales. deals with empirically produced data), according
http://www1l.montpellier.inra.fr/CBGP/acarologia/ 17

ISSN 0044-586-X (print). ISSN 2107-7207 (electronic)



Hoffmann D. and Schausberger P.

to organizational level (individual, population or
community effects) or experimental scale (labora-
tory, semi-field or field). Most existing reviews
and syntheses, however, chose to classify the orig-
inal literature according to the species or func-
tional groups involved, e.g. interactions between
decomposers and aboveground vertebrate (Bard-
gett and Wardle, 2003) or invertebrate (Scheu, 2001)
herbivores, mycorrhizal fungi and insects (Gange
and Brown, 2002; Koricheva et al., 2009), soil mi-
crobes and aboveground insects (Pineda et al., 2010),
aboveground and belowground insect herbivores
(Masters et al., 1993) or aboveground-belowground
interactions of various trophic levels occurring in
each sphere (van der Putten et al., 2001).

Here, we focused on  aboveground-
belowground interactions involving plant-
inhabiting mites. The first qualifying property for
scientific literature to be included in this review
was mites (Acari) associated with plants being part
of the studied system. Yet, arthropods of the arach-
nid subclass Acari are not specific to any partic-
ular terrestrial habitat (Krantz and Walter, 2009).
The Acari are an extremely diverse group and may
participate in aboveground-belowground interac-
tions in various ways. Soil mites, for example, may
be saprophytic and be part of the nutrient cycling
complex; they may also be fungivorous and thus
limiting growth and spread of plant-pathogenic
and/or symbiotic fungi in the soil; they may help
to disperse certain fungi by transporting the fungi’s
propagules or they may live as carnivorous preda-
tors and exert top down forces on the soil’s micro-
fauna (Coleman et al., 2004). This list is far from
being exhaustive but every function possibly af-
fects interactions of plants with other organisms.
Consequently, studies featuring mites as protag-
onists in aboveground-belowground interactions
differ greatly in types and outcome (e.g. Scheu,
2001; Coleman, 2008) and are difficult to cover in
a single review. We therefore decided to further
narrow the focus of this paper to herbivorous mites
feeding on aboveground plant parts, partaking in
plant-mediated interactions between above- and
belowground plant-associated organisms.

Arthropod herbivores are important compo-
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nents of agro-ecosystems. As crop pests they have
been and are thoroughly investigated. Accord-
ingly, insect herbivore-green plant systems have
been one of the first aboveground systems to be
linked to belowground interactions. Many re-
views have been published on the interactions
between herbivorous arthropods and the below-
ground (e.g. Bardgett and Wardle, 2010) but studies
featuring herbivorous mites are underrepresented.
Interestingly, all currently published studies con-
cerning aboveground herbivorous mites and their
role in aboveground-belowground interactions fea-
ture the two-spotted spider mite Tetranychus ur-
ticae Koch as a model herbivore. Tetranychus ur-
ticae is an ubiquitous polyphagous plant pest, oc-
curring on every continent and exploiting up to
900 different host plant species (Bolland et al., 1998;
Navajas, 1998). Due to its importance as a crop
pest, its biology, ecology and role in aboveground
trophic interactions have been thoroughly investi-
gated (e.g. Helle and Sabelis, 1985a,b). In this re-
view, we give an overview of empirical studies de-
scribing plant-mediated interactions between plant-
associated soil biota and T. urticae and its preda-
tors living on aboveground plant parts. We re-
port the outcomes of these studies, discuss possi-
ble mechanisms, look for common principles in the
observed interactions, and make a case for featur-
ing plant-inhabiting mites in future belowground-
aboveground research.

Going belowground

As a starting point, we surveyed the Science Cita-
tion Index Expanded, CAB Abstracts and Google
Scholar databases (all accessed October 2011) for
publications reporting interactions between mites
living on aboveground plant parts and below-
ground plant-associated organisms. The survey
yielded 17 studies, all of them concerned with T.
urticae (Table 1). The studies represent three differ-
ent functional groups of plant-associated soil biota.
Most studies were performed with either arbuscu-
lar mycorrhizal (7) or pathogenic (3) fungi. Five
publications dealt with bacteria as soil organisms,
one of which being the plant symbiont rhizobia.
There are no studies on the interactions between



herbivores feeding on roots and mites living on
aboveground plant parts. The study by Apriyanto
and Potter (1990) on the Tobacco Necrosis Virus
(TNV) is a borderline case regarding the scope of
this paper because TNV per se is not a soil-borne
organism, but is usually transmitted by soil-borne
zoospores of the plant-pathogenic fungus Olpidium
brassicae (Wor.) Dang. (Teakle and Gold, 1963).
The effects of two different soil biota, an endophytic
plant-pathogenic nematode and arbuscular mycor-
rhiza are reported in a single publication (Bonte et
al., 2010) and are thus represented as two entries in
table 1. Here, the performance of T. urticae in dif-
ferent soil biota treatments was assessed as a conse-
quence of local adaptation, therefore the study will
be discussed separately. In addition to the stud-
ies found in the literature databases, we included
our recently published study on arbuscular myc-
orrhiza adaptively changing spider mite induced
plant volatiles (Schausberger et al., 2012). We did
not include the study by Findlay et al. (1996) show-
ing that spider mite damage had a negative effect on
leaf litter decomposition. As leaf litter is no longer
part of a living plant, the described interaction is not
considered plant-mediated.

Spider mites and soil-borne pathogens

The first study on plant-mediated interactions be-
tween a plant associated soil organism and T. ur-
ticae was performed by Karban et al. (1987) us-
ing the soil-borne pathogen Verticillium dalhiae Kleb.
Previous studies had shown that aboveground mi-
croorganisms such as plant-pathogenic fungi, bac-
teria and viruses were able to induce resistance to
similar and other microorganisms in host plants, a
phenomenon often referred to as systemic acquired
resistance (SAR). Similar effects had been shown
for temporally or spatially separated herbivores,
dubbed induced resistance (IR) (for review of both
SAR and IR see Agrawal et al., 1999). Karban et
al. (1987) were however amongst the first to report
plant-mediated interactions between microorgan-
isms and herbivores, namely fungi and arthropods,
thereby connecting the hitherto separated concepts
of SAR and IR. Cotton plants, Gossypium hirsutum
L., were less susceptible to the root pathogen V.
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dahliae if subjected to feeding by T. urticae prior
to inoculation with the fungus. As the herbivore
and the pathogen were not present at the same
time, the authors concluded that these effects had
been induced by the spider mites and mediated by
the shared host plant (Karban et al., 1987). In the
same study, plants infested with V. dahlige and spi-
der mites simultaneously, carried less spider mites.
However, because plant biomass was negatively af-
fected by V. dalhiae, the negative effect of V. dalhiae
on spider mite reproduction could not be unam-
biguously ascribed to pathogen-induced resistance
to the herbivore. The proximate mechanisms of the
interaction could not be determined, yet for the first
time a clear link between the aboveground herbi-
vore T. urticae and a soil dwelling organism was es-
tablished (Karban ef al., 1987).

Subsequent studies addressed the effects of the
athracnosis causing fungus Colletotrichum lagenar-
ium (Pass.) Ell. et Halst. (Ajlan and Potter, 1991)
and infection with TNV, which is usually trans-
mitted by a soil-borne fungus (Apriyanto and Pot-
ter, 1990), on the performance of T. urticae on cu-
cumber plants. Neither study revealed an observ-
able effect of the soil borne pathogens on T. urticae.
On tomato plants, oviposition of T. urticae was de-
creased by 20-25% in the simultaneous presence of
the fungus Fusarium oxysporum Schltdl. (Jongebloed
et al., 1992). However, reduced oviposition of the
spider mites was not necessarily due to the fun-
gus because an effect of similar quality and magni-
tude was triggered by water stress (Jongebloed et
al., 1992). Pathogens as well as herbivore attacks
may influence a plethora of plant quality parame-
ters such as the qualitative and quantitative content
of nutrients, primary and secondary metabolites,
plant biomass, morphological features, water con-
tent, etc. and their relation to each other (van Dam
et al., 2003). A clear characterization of the underly-
ing mechanisms of plant-mediated interactions be-
tween the pathogens and the mites was not under-
taken in any of the above-mentioned studies (Kar-
ban et al., 1987; Ajlan and Potter, 1991; Apriyanto
and Potter, 1990; Jongebloed et al., 1992). Stout et al.
(2006) thoroughly reviewed the variability of plant-
mediated pathogen-herbivore interactions, but did
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not provide explanations for the lack of a common
trend in the above cited studies, which appear to be
fairly similar in their experimental setups.

Spider mites and belowground symbionts

Most terrestrial plants live in association with ar-
buscular mycorrhizal (AM) fungi (Smith and Read,
2008). The association of plant roots and such fungi,
commonly called mycorrhiza or mycorrhizal sym-
biosis, alters morphological and physiological plant
attributes and may thereby influence aboveground
plant-associated organisms such as pathogens, her-
bivores and their natural enemies (Gehring and
Whitham, 2002). Studies on direct effects of AM
symbiosis on host plants are numerous whereas
research on indirect interactions between AM and
aboveground bi- and tritrophic systems have just
recently gained popularity. Hoffmann et al. (2009,
2011a,b,c) scrutinized aboveground-belowground
interactions using a model system consisting of the
AM fungus Glomus mosseae Nicol. and Gerd., com-
mon bean plants Phaseolus vulgaris L., the herbivo-

rous spider mite T. urticae and its specialized nat-
ural enemy, the predatory mite Phytoseiulus per-
similis Athias-Henriot, or subsystems thereof. The
spider mites thrived better on mycorrhizal plants
and, in a choice situation, preferred the more nutri-
tious and phosphorous-rich mycorrhizal host plants
to their non-colonized counterparts (Hoffmann et
al., 2009). In general, the effect of AM on insect
herbivores may be highly variable (e.g. Gehring
and Whitham, 2002). This variability has been at-
tributed to the herbivores’ mode of feeding and spe-
cialization, plant and fungal species or genotype
and the abiotic environment (e.g. Bennett ef al.,
2006; Koricheva et al., 2009; Gange, 2007; Hartley
and Gange, 2009). As known from insect herbi-
vores (Bennett and Bever, 2007; Bennett et al., 2009),
also the effects of AM on spider mite performance
and plant response are highly variable and depend
on the AM fungus species involved (Nishida et al.,
2010). In an outdoor glass chamber experiment,
Lotus japonicus (Regel) Larsen was inoculated with
four different AM fungus species, namely Gigas-

TABLE 1: Studies investigating plant-mediated interactions between Tetranychus urticae and belowground plant-associated organisms

and viruses.

Soil-borne functional

Effects'? on

Effects"” on host Effects" on soil

Soil-borne species Host plant species i A Remarks References
group T. urticae plant borne species
Pathogenic fungi Verticillium dahliae Gossypium hirsutum - na. - Karban et al., 1987
Pathogenic fungi Colletrichum lagenarium Cucumis sativus No effect n.a. n.a. Ajlan and Potter, 1991
Pathogenic fungi Fusarium oxysporum Solanum lycopersicum - n.a. n.a. Jongebloed et al., 1992
Pathogenic viruses Tobacco necrosis virus® C. sativus No effect n.a. n.a. Apriyanto and Potter, 1990
Rhizobacteria Pseudomonas spp., C. sativus - n.a. n.a. Increase in phenol  Tomczyk, 1999, 2002, 2006;
Pseudomonas fluorescens and cucurbitacin ~ Tomczyk and Kielkiewicz,
2000
N-fixing bacteria Bradyrhizobium japonicum ,  Glycine max + + (w/o herbivore) na. Katayama et al., 2010
Bradyrhizobium elkani,
Rhizobium fredii
Mycorrhizal fungi Glomus mosseae Phaseolus vulgaris + + - Multitrophic effects Hoffmann et al., 2009,
2011a,b,c; Schausberger et al.,
2012
Mycorrhizal fungi Gigaspora margarita Lotus japonicus n.a. na. — (short term) Nishida et al ., 2009
Mycorrhizal fungi Glomus margarita, Glomus L. japonicus +/— +/— n.a. Nishida et al ., 2010
etunicatum, Glomus
intraradices, Acaulospora
longula
Mycorrhizal fungi Glomus mosseae P. vulgaris +- - na Plant P increased ~ Bonte et al., 2010
Parasitic nematodes Pratylenchus penetrans P. vulgaris +- - na Plant N and P Bonte et al ., 2010
increased

!+ and - indicate positive and negative effects, respectively

?n.a.: not assessed

3TNV per se is not soil-borne but transmitted by a soil-borne pathogen; infection was performed manually on leaves
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pora margarita Becker and Hall, Glomus etunicatum
Becker and Gerd, Glomus intraradices Schenk and
Smith or Acaulospora longula Spain and Schenck.
Not only did the AM fungal species differentially
affect the performance of T. urticae, but also the
chemical response of L. japonicus upon spider mite
attack. Compounds associated with induced resis-
tance to herbivores in general and spider mites in
particular were differentially altered, depending on
the AM fungus species (Nishida et al., 2010).

Glomus mosseae-Leguminosae associations are
predominantly, albeit not always, mutualistic, re-
sulting in a net benefit for the host plant (e.g. Ibi-
jbijen et al., 1996). For the system AM-bean-spider
mite, Hoffmann et al. (2011c) hypothesized that for
evolutionary stability of the symbiosis between the
plant and the AM fungus, the AM-mediated ben-
efit for the plants should not vanish or even turn
into a cost in the presence of the herbivores. Posi-
tive effects of AM on herbivore performance, pos-
sibly threatening plant fitness, should be compen-
sated for by AM-induced increase of plant tolerance
and/or AM-induced enhancement of third trophic
level natural enemies of the herbivores. Accord-
ingly, Hoffmann et al. (2011c) showed that plant
tolerance, the plant’s capacity to re-grow and re-
produce after herbivore damage, was positively af-
fected by AM symbiosis. Both increased plant tol-
erance and enhanced predation by P. persimilis re-
sulted in higher lifetime seed production of my-
corrhizal plants as compared to non-mycorrhizal
plants (Hoffmann et al., 2011c). Positive effects
of AM symbiosis on the predatory mites could be
traced back to bottom-up trophic cascades (Hoff-
mann et al., 2011a) and altered foraging and ovipo-
sition behaviors (Hoffmann et al., 2011b; Schaus-
berger et al., 2012). In fact, T. urticae feeding on
mycorrhizal bean plants was a more favorable prey
for P. persimilis than T. urticae feeding on non-
mycorrhizal plants. Thus, the positive effects of
AM on the spider mites cascaded up to the next
trophic level via changing the nutritional quality of
the prey (Hoffmann et al., 2011a). P. persimilis” pref-
erence for AM spider mite prey (Hoffmann et al.,
2011b) and stronger attraction to volatiles of spi-
der mite-infested mycorrhizal plants than those of
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non-mycorrhizal plants (Schausberger et al., 2012) is
therefore adaptive for the predatory mites.

When AM plants are attacked by herbivores,
also the belowground symbiotic fungus is affected
(see Gehring and Bennett, 2009). On common bean
plants, the reduction of plant damaging spider mite
populations by predatory mites led to an increase
in the percentage of root length colonized by the
AM fungus (Hoffmann et al., 2011c). Nishida et al.
(2009) observed that spider mites feeding on Lotus
plants (L. japonicus) for 3 days resulted in a short
term increase of AM colonization, which was then
however followed by a long term decrease. In spite
of the decrease in the level of root colonization, my-
corrhizal activity, measured as succinate dehydro-
genase activity rate in live root tissue, was lastingly
increased in plants attacked by T. urticae (Nishida
et al.,2009). If AM fungal colonization levels in-
crease in response to herbivory, these increases typ-
ically occur early after herbivore attack (Wamberg
et al., 2003; Nishida ef al., 2009) or under intermedi-
ate levels of herbivory (Kula et al., 2005). This may
be attributed to elevated root exudation shortly af-
ter herbivore attack to the benefit of the AM fun-
gus (Wamberg et al., 2003; Gange, 2007). Nonethe-
less, in the majority of cases, herbivory on above-
ground plant parts led to a decrease in root colo-
nization levels by the AM fungus, most likely due
to decreased carbon allocation to the roots (Gehring
and Whitham, 2002; Barto and Rillig, 2010).

As with AM symbiosis, plant-mediated effects of
nitrogen-fixing bacteria, rhizobia, on aboveground
plant-associated organisms are documented in sev-
eral publications (e.g. Kempel et al., 2009). Similar
to mycorrhizal fungi, nitrogen-fixing bacteria live
in obligate symbiosis with plant roots. They live
in root nodules of legumes and synthesize plant ac-
cessible nitrogen (N) compounds from atmospheric
N». Increased levels of N can therefore be observed
in tissue of plants associated with rhizobia (Lam-
bers et al., 2008). N is thought to be a limiting factor
in herbivore performance (Mattson, 1980). Apart
from an increase in N content, several other changes
in plant chemistry take place in the process of nodu-
lation and throughout the symbiosis. T. urticae feed-
ing on nodulating soybean plants (Glycine max) laid
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significantly more eggs than on a non-nodulating
mutant (Katayama et al., 2010). This effect, however,
was not exclusively attributable to increased N. In
soil with increasing N levels, ureid-N, an indicator
of N provided by rhizobia, was found to decrease as
compared to soil with low N. The positive effect on
mite reproduction persisted, indicating more com-
plex rhizobia-induced effects than a mere increase
in plant-accessible N.

Bacteria of the genus Pseudomonas are non-
obligate symbionts of plants and commonly en-
countered in the rhizosphere of terrestrial plants.
Some Pseudomonas species and strains are consid-
ered favorable for plant growth (Vessey, 2003) and
were thus dubbed plant growth promoting rhi-
zobacteria (PGPR), following the pioneering work
by van Peer et al. (1991). In greenhouses, the
inoculation of cucumber (Cucumis sativus) plants
with PGPRs (Pseudomonas spp) hampered spider
mite performance. Population growth was de-
creased by approximately 40% on an otherwise spi-
der mite-susceptible cucumber cultivar (Tomczyk,
1999). Feeding on PGPR-inoculated cucumber re-
sulted in reduced fecundity of T. urticae females.
Feeding damage observed on spider mite infested
leaves was less severe if PGPRs were present (Tom-
czyk and Kielkiewicz, 2000). In a follow-up study
with the same cucumber cultivar, Tomczyk (2002)
observed an increase in phenols and cucurbitacins
upon infestation with PGPRs and spider mites. Phe-
nols as well as cucurbitacins are thought to play im-
portant roles in plant defense against herbivore at-
tack. Changes in those secondary metabolites, how-
ever, seemed to depend on the plant cultivar and
mite densities (Tomczyk, 2002). Moreover, Pseu-
domonas fluorescens (Trev.) Mig. changed the forag-
ing behavior of the spider mites. Previous inocu-
lation with the bacteria decreased host-plant accep-
tance of T. urticae in a choice experiment (Tomzcyk,
2006).

Spider mite adaptation and belowground biota

As plants interact with belowground biota, their
phenotype and consequently their quality as host
plants to herbivores may be altered. Plant genotypic
variation has formerly been investigated for its po-
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tential to influence local adaption of aboveground
herbivores, herbivore performance and communi-
ties (e.g. Egan and Ott, 2007; Zovi et al., 2008), but
little attention has been granted to the host plant’s
phenotypic variation as a driver of local adaptation
of herbivores. Spider mites proved to be highly
adaptable to different plant species (e.g. Agrawal,
2000; Magalhaes et al., 2007) and are therefore well
suited study organisms to investigate all kinds of
selective processes. Bonte et al. (2010) showed that
T. urticae can quickly adapt to phenotypic changes
induced by belowground biota. Spider mites were
reared for 15 generations on plants that were either
infested with AM fungi, nematodes or free of plant-
associated soil biota. The spider mite performance
on either plant group was then assessed in a recip-
rocal selection experiment. Spider mites performed
best on the plant phenotype of their provenance.
This effect was most marked in the AM and control-
adapted mites. Bonte et al. (2010) concluded that be-
lowground biota may be an important yet hitherto
overlooked driver of aboveground speciation.

Complex interactions, variable effects

The relatively small number of studies on plant-
mediated interactions between soil biota and spi-
der mites limits the value of generalizations from
current literature. Existing studies are biased to-
wards interactions with soil microorganisms and
lack other possibly important soil biota, e.g. be-
lowground herbivores. Most studies were con-
cerned with the performance of individual spider
mites and besides Hoffmann et al. (2011a,b,c) and
Schausberger et al. (2012) none of the studies dealt
with multi-trophic interactions. Proximately, the
observed changes in spider mite performance were
ascribed to induced direct resistance (e.g. Karban
et al., 1987) via an increase in plant secondary com-
pounds (Tomczyk 1999, 2002, 2006; Tomczyk and
Kielkiewicz, 2000), water stress (Jongebloed et al.,
1992), change in plant primary nutrient composi-
tion (Hoffmann et al., 2009; Katayama et al., 2010),
or combinations thereof (Nishida et al., 2010). Al-
though all studies were performed with the same
species of aboveground herbivore, no predictions
can be made regarding the outcome of the interac-



tion or possible mechanisms to be triggered. Ben-
eficial belowground organisms resulted in positive
(Hoffmann et al., 2009; Nishida et al., 2009) as well as
negative (Tomczyk, 1999, 2002, 2006; Tomczyk and
Kielkiewicz, 2000) outcomes for the spider mites.
By adding another trophic level, namely predatory
mites, the spider mite density decreased, turning
the originally beneficial interaction between AM
fungi and spider mites into a disadvantage for the
herbivore (Hoffmann et al., 2011c). As a result,
the only conclusion that can be drawn from the
presented studies is that plant-mediated interac-
tions between plant-mutualistic soil biota and spi-
der mites are dependent on the abiotic and biotic
context, the plant species and the species of the as-
sociated soil biota.

The scientific literature on the effect of below-
ground biota on insect herbivores is far more nu-
merous than that for mites and mirrors a greater di-
versity in functional groups of soil organisms (see
van der Putten ef al., 2009; Stout et al., 2006). How-
ever, despite the comparable wealth of studies with
insects, the deduction of general trends in the inter-
action with soil biota is hampered by strong inter-
specific variation between the insects tested, pos-
sibly correlated with the insect’s mode of feeding
and feeding specialization (Koricheva et al., 2009;
Stout et al., 2006; Walling, 2000). Studies using
insects are also more diverse in scale than stud-
ies using mites, featuring field experiments and
a growing yet still small number of multi-trophic
aboveground-belowground interactions (Bardgett
and Wardle, 2010).

A case for T. urticae and other plant-inhabiting
mites

The understanding of aboveground-belowground
interactions is considered essential for the predic-
tion and management of the ecological impacts of
climate change, loss of biodiversity and the expan-
sion of invasive species (Wardle et al., 2004; Bard-
gett and Wardle, 2010; van der Putten et al., 2004).
Yet, for research to live up to these expectations,
the hitherto assessed variability and context de-
pendency will have to be succeeded by the devel-
opment and formulation of more general theories
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and predictions. Future studies will hence need
to encompass interactions at various organizational
levels and utilize the whole array of experimental
scales (van der Putten et al., 2009; van Dam and
Heil, 2011). T. urticae appears to be especially apt
to serve as a model protagonist for several reasons.

Any attack on or symbiosis with a plant trig-
gers a complex cascade of plant responses. Gene-
expression may be altered, resources may be trans-
located and secondary plant compounds may be
synthesized de novo or in different quantities than in
undisturbed plants (Bezemer and van Dam, 2005).
In future studies, the employment of genomic and
metabolomic tools will be indispensable in order
to better understand the molecular mechanisms of
aboveground-belowground interactions. Here, T.
urticae may prove to be a perfect model organism:
primarily, because great progress has been made
to understand spider mite-induced plant defense at
the molecular level (e.g. Kant et al., 2008) and, sec-
ondly, the whole genome of T. urticae has recently
been published (Grbic et al., 2011).

Moreover, the spider mite’s ecology is relatively
well understood and its aboveground interactions
have been excessively studied (e.g. Janssen et al.,
1998). This knowledge base facilitates future ex-
cursions into plant-mediated interactions between
belowground organisms and aboveground multi-
trophic interactions involving spider mites. Due to
its ubiquitous occurrence and high agricultural rele-
vance, bio-monitoring and field studies linking spi-
der mites and plant-associated soil biota, may prove
fruitful.

Our status quo assessment revealed various
knowledge gaps and hence ideas for future studies.
Thus far, no study on the plant-mediated interac-
tion between spider mites and belowground herbi-
vores has been performed. The addition of other
herbivores aboveground has already been shown to
have an effect on the emitted volatile blend and the
response of P. persimilis submitted to the volatiles,
suggesting antagonistic and synergistic effects (De
Boer et al., 2008). Clearly, multitrophic interactions
above- and belowground, and if they are altered
by plant-mediated interactions in the correspond-
ing subsystem, will need further scrutiny. Scherber
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et al. (2010) determined in a highly complex field
monitoring study that the effect of primary pro-
ducers diminishes the higher the trophic level. Al-
though in this case only plant diversity had been in-
vestigated, similar effects may be expected for phe-
notypic variation of plant communities, which may
be induced by soil-borne biota.

Behavioral alterations in organisms involved
in aboveground-belowground interaction have
scarcely been investigated. Some of the above sum-
marized studies report changes in herbivore host
acceptance and even higher trophic levels may be
affected, as was shown for P. persimilis (Hoffmann
et al., 2011b,c; Schausberger et al., 2012). Similarly,
Aratchige et al. (2004) showed that tulip bulbs upon
attack by Aceria tulipae Keifer (Acari: Eriophydae)
may emit volatiles, which attract a litter- and plant-
inhabiting predatory mite in a y-tube olfactometer
experiment. If this effect persists under more natu-
ral conditions remains unclear. Apart from spider
mites, eriophyoid mites, most of which are highly
host specific and agronomically important, should
be considered for future research on aboveground-
belowground interactions. As many eriophyoids
induce gall formation in their host plants, molecu-
lar crosstalk and hence repercussions of compart-
mental effects may be quite different from other
more polyphagous and less host-adapted herbi-
vores (Lillo and Skoracka, 2009).

Investigations of effects of belowground interac-
tions on aboveground biological control have high
agronomical relevance. PGPRs and mycorrhizal
fungi are widely used as plant strengtheners in
commercial crop production. Yet, the scientific fun-
dament required to understand their complex ef-
fects on aboveground plant-herbivore-carnivore in-
teractions, and thus natural and biological control,
are largely lacking. Due to their agricultural and
scientific relevance, plant-inhabiting mites are ideal
study organisms for such research.
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