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Soil fauna is crucial to soil formation, litter decomposition, nutrient cycling, biotic

regulation, and for promoting plant growth. Yet soil organisms remain underrepresented

in soil processes and in existing modeling exercises. This is a consequence of assuming

that much of the below-ground diversity is just ecologically “redundant” and that soil

food webs exhibit a higher degree of omnivory. However, evidence is accumulating on

the strong influence of abiotic filters (temperature, moisture, soil pH) and soil habitat

characteristics in controlling their spatial and temporal patterns. From this, new emerging

concepts such as “hot moments,” “biological accessibility,” and “trophic cascades”

have been coined to enable plausible explanations of the observed faunal responses

to environmental changes. Here, I argue that many of these findings are indeed

“happy accidents” (i.e., “eureka discoveries”) that remain disjointed between disciplines,

impeding us from making significant breakthroughs. Therefore, here I provide some

new perspectives on soil fauna research and highlight some experimental approaches

to better explore the great variety of organisms living in soils and their complex

interactions. A more comprehensive and dynamic holistic approach is needed to couple

soil pedological and biological processes and to combine current experimental and

theoretical knowledge if we aim to improve our predictive capacities in determining the

persistence of soil organic matter and soil ecosystem functioning.

Keywords: soil ecology, plant-soil interactions, soil fauna-microbial interactions, soil food web, non-trophic

interactions, functional diversity

INTRODUCTION

Soils are complex systems and their complexity resides in their heterogeneous nature: a mixture
of air, water, minerals, organic compounds, and living organisms. The spatial variation, both
horizontal and vertical, of all these constituents is related to soil forming agents varying at
different scales (frommicro- to macro-scales; Lin et al., 2005). Consequently, the horizontal patchy
distribution of soil properties (soil temperature, moisture, pH, litter/nutrient availability, etc.) also
drives the patchiness of the soil organisms across the landscape (Berg, 2012), and has been one of
the main arguments for explaining the great diversity observed in soil communities (Nielsen et al.,
2010). Furthermore, because soils also show vertical stratification of their elemental constituents
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(along the soil profile) as result of microclimate, soil texture, and
resource quantity and quality differing between soil horizons, soil
communities also change in abundance and structure with soil
depth (Berg and Bengtsson, 2007).

In addition, because the majority of these organisms are
aerobic, the amount of porous space, pore-size distribution,
surface area, and oxygen levels are crucial to their life cycles and
activities. The smallest creatures (microbes) use the micropores
filled with air to grow, whereas other bigger animals require
bigger spaces (macropores) or the water film surrounding
the soil particles to move in search for food. Therefore, soil
textural properties together with the depth of the water table
are also important factors regulating their diversity, population
sizes, and their vertical stratification. Ultimately, the structure
of the soil communities strongly depends not only on the
natural soil forming factors but also on human activities
(agriculture, forestry, urbanization) and determines the shape of
our landscapes, in terms of healthy or contaminated, pristine or
degraded soils.

Since all these drivers of biodiversity changes also operate
above-ground, it is expected that there must be some
concordance of mechanisms regulating the spatial patterns
and structure of both above- and below-ground communities.
In support of this, a small-scale field study revealed that the
relationships between environmental heterogeneity and species
richness might be a general property of ecological communities
(Nielsen et al., 2010). In contrast, the molecular examination of
17,516 environmental 18S rRNA gene sequences representing 20
phyla of soil animals covering a range of biomes and latitudes
around the world indicated otherwise, and the main conclusion
from this study was that below-ground animal diversity may be
inversely related to above-ground biodiversity (Wu et al., 2011).

The lack of distinct latitudinal gradients in soil biodiversity
contrasts with those clear global patterns observed for plants
above-ground and has led to the assumption that they are indeed
controlled by different factors (Bardgett and van der Putten,
2014). For example, Lozupone and Knight (2007) found that
salinity was the major environmental determinant of bacterial
diversity composition across the globe (rather than extremes
of temperature, pH, or other physical and chemical factors).
Similarly, in another global scale study, Tedersoo et al. (2014)
concluded that fungal richness is causally unrelated to plant
diversity and is better explained by climatic factors, followed by
edaphic and spatial patterns. Global patterns of the distribution
of macroscopic organisms are far poorer documented. However,
the little evidence available appears to indicate that, at large
scales, soil metazoans respond to altitudinal, latitudinal or area
gradients in the same way as those described for above-ground
organisms (Decaëns, 2010). In contrast, at local scales, the high
diversity of microhabitats commonly found in soils provides the
required niche portioning to create “hot spots” of diversity in just
a gram of soil (Bardgett and van der Putten, 2014).

Not only spatial patterns of soil biodiversity are difficult to
explain, but also its potential linkages to many soil processes
and the overall ecosystem functioning remains under debate.
For example, while some studies have found that reductions
in the abundance and presence of soil organisms results in

the decline of multiple ecosystem functions (e.g., Wagg et al.,
2014), others concluded that above-ground plant diversity alone
is a better predictor of ecosystem multi-functionality than soil
biodiversity (Jing et al., 2015). Soil organisms exhibit a wide array
of feeding preferences, life-cycles and survival strategies and they
interact within complex food webs [reviewed by Briones (2014)].
Consequently, “species richness” per se has very little influence
on soil processes and “functional dissimilarity” can have stronger
impacts on ecosystem functioning (Heemsbergen et al., 2004).
Therefore, besides the difficulties in linking above- and below-
ground diversities at different spatial scales, gaining a better
understanding of the biotic effects on ecosystem processes might
require incorporating a great number of components together
with several multi-trophic levels (Scherber et al., 2010) as well as
the much less considered non-trophic interactions (e.g., phoresy,
passive consumption; Goudard and Loreau, 2008). In addition,
if soil systems are indeed self-organized, and soil organisms
concentrate their activities within a selected set of discrete scales
with some form of overall coordination (Lavelle et al., 2016),
there is no need for looking for external factors controlling the
assemblages of soil constituents. Instead we might just need
to recognize the “unexpected” and that the linkages between
above-ground and below-ground diversity and soil processes are
difficult to predict.

The last three decades of soil ecology research has evidenced
that the initial focus on distributions of specific faunal groups
has turned significantly into understanding their activity roles,
plant-soil interactions, and ecosystem functions. In addition,
the studies accumulated so far clearly illustrate that, as soil
ecologists, we have been very efficient in gathering information
and proposing new hypothesis and ideas. Therefore, can we
then assume that we have thoroughly explored all the possible
research questions arisen when trying to obtain a more complete
view of how the soil systems are organized, how their different
components interact and how they respond to changes in the
belowground environment but also to those in the one above?

The most recent literature seems to indicate that further
advances will emerge from studying sub-organism level
responses and thus environmental DNA (Thomsen and
Willerslev, 2015) and various “omics” approaches (mainly
metagenomics, metatranscriptomics, proteomics, and
proteogenomics) are rapidly advancing, at least for the microbial
world (Nannipieri, 2014 and references therein). Furthermore,
recently “metaphenomics” has been proposed as a better way to
encompass the entire omics and the environmental constraints
(Jansson and Hofmockel, 2018). Should macroscopic organisms
then follow?

In this overview, I argue that before we become overly
involved with these new promising tools, which we do not
know what they exactly do or to what extent they can be
applied to bigger organisms, soil ecology might benefit from
looking at available information from a different perspective,
re-interpreting and integrating what we have learnt. There
are many basic physiological and behavioral aspects of soil
organisms, interactive biotic relationships (below-below and
above-below ground), functional roles and responses to the
abiotic environment that are consistently ignored or less
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explored, despite being aware of their existence. By bringing the
available information (old and/or new) together and breaking
the bridges with other disciplines, we could start fitting all these
puzzle pieces together and aim at a “eureka moment” in which
a more complete picture of the importance of soil fauna in
ecosystem functioning becomes revealed.

DESCRIBING SOIL BIODIVERSITY: FROM
BROAD GROUPS TO MOLECULES

The vast array of different organisms inhabiting the soil makes
it very difficult to establish broad groups where they can be
lumped in and in turn, make life easier for soil ecologists and
modelers (Briones, 2014). Despite the great progress achieved
in taxonomical diversity thanks to advances in molecular
techniques (e.g., DNA sequencing and fingerprinting of different
organisms, but also direct DNA extraction from a soil sample, i.e.,
environmental DNAor e-DNA), their applicability to soil ecology
studies remains difficult. This is due to the existence of relic
DNA that could overestimate the amount of biodiversity (Carini
et al., 2016), the lack of standardization in these methodological
procedures (Orgiazzi et al., 2015), the limited information that
they provide on the activity and viability (dead or alive) of many
groups (Cangelosi and Meschke, 2014), and the high number of
habitats and animal groups that still remain undersampled.

The broad classification into micro-, meso-, and macrofauna,
although having some conceptual advantages [e.g., it is assumed
that the bigger the animal the bigger the effects on soil processes,
e.g., Bradford et al. (2007), and that the bigger the animal the
most susceptible to environmental perturbations (e.g., Tsiafouli
et al., 2015; Briones and Schmidt, 2017)], also poses some
inconveniences. Among them, the difficulty in placing many
organisms into a specific group, partly because many of them
can vary considerably in size. For example, several mesofaunal
groups (such as mites, collembolans, enchytraeids) include
species that span from small specimens (around microfauna
body width values) to large ones (close to the values observed
for macrofauna). In addition, the methodologies to collect these
organisms are not group-specific and for example, protozoa (1–
2µm) are still extracted from the soil using microbiological
techniques. Not only that, from the systematic point of view,
should protozoa be considered as fauna, when they actually
consist of several phyla that do not belong to the Animal
kingdom? Or would it be better to lump them with microflora
(since most species are <50µm in size)? And what about
considering fungi as “microflora” when their mycelium can
extend over kilometers? The same can be said about trying to
link this classification to specific microhabitats and functional
roles, such as the traditional description of “mesofauna” as those
organisms that cannot create their own biogenic structures, when
for example enchytraeids can tunnel the soil profile and even
reach soil depths beyond the capabilities of many earthworm
epigeic species (“true ecosystem engineers”).

One alternative option is the use of functional classifications
and functional traits, i.e., instead of putting the focus on the
morphology of the soil organisms to split them into different
groups, the target would be to quantify their functional role

in the ecosystem (e.g., decomposition processes, soil physical
structure maintenance) or their responses to changes in the
environment (e.g., behavioral or life-history traits). Trait-based
approaches are becoming more widely used in soil community
ecology and standardized protocols are now available for the
most representative taxa (Moretti et al., 2017). These might
help us to gain a better understanding of why taxonomic
diversity and functional diversity do not often show the same
responses to habitat changes (Pey et al., 2014). Importantly, both
functional and trait-based approaches are based on activities
rather than on the presence of a certain organism and therefore,
enabling us to identify who are the true players, what they
exactly do and to what extent. Although, in many cases,
some of these features can be linked to morphology and
taxonomical identity, it avoids the inclusion of inactive states
(e.g., cocoons, cysts, letarged/diapaused specimens, carrion) that
will be unavoidably extracted in a DNA sample. Furthermore,
the fact that the bioturbation activities of some organisms
can also re-distribute the genetic material through the soil
matrix (Prosser and Hedgpeth, 2018) also pose more difficulties
to the interpretations derived from environmental DNA
analyses.

PLANTS TALKING AND RHIZOSPHERIC
FAUNA RESPONDING

In many ecological studies, the term primary production is
typically associated to above-ground plant biomass, usually
referred to “net primary production” or NPP, and completely
ignores “below-ground plant productivity.” This is due to plant
productivity being commonly referred to in agriculture context.
Consequently, for several decades, research on rhizospheric
fauna mainly concentrated on agricultural pests (Bonkowski
et al., 2009), and only from around 1990s onwards a
more complex invertebrate community was included (Lavelle,
1996). However, the role of plant roots in soil processes
cannot be dissociated from the vast array of organisms that
proliferate around them. These include, besides parasites,
herbivores and predators, free-living microbes feeding on root
exudates, and microbial grazers such as nematodes, collembolans
or worms.

While the association between plant roots and mycorrhiza
is known to be very old since they co-evolved together,
the interactions between soil fauna and plant roots are just
starting to be revealed and seem to be more complex than
anticipated (Bonkowski et al., 2009; Puga-Freitas and Blouin,
2015; Xiao et al., 2018). Plants produce a variety of secondary
metabolites, such as iridoid glycosides (through root exudates)
and volatile organic compounds (emitted by green leaves and
roots) for above-ground (e.g., to attract pollinators; Dudareva
and Pichersky, 2000) and below-ground communication (e.g., to
deter herbivores; Wurst et al., 2010). Accordingly, plants are not
just merely suppliers of litter for decomposers and instead, they
play an active role in attracting beneficial soil invertebrates (e.g.,
attracting entomopathogenic nematodes to kill the herbivore),
providing bacterial inoculum, disturbing the communication
between harmful bacteria and also, in modifying rhizodeposition
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and root architecture (for a more detailed description of the
intimate interactions of soil fauna with plant roots see Bonkowski
et al., 2009). All these chemical signals released by the plants are
directed to benefit their own growth and increase their viability
and vigorousity.

However, not only below-ground herbivore suppression can
indirectly result in a positive feedback on plant performance,
predator-induced shift in detritivore habitat can also help to
increase plant biomass. For example, the presence of a carabid
beetle (Agonum impressum) that commonly feeds on earthworms
resulted in a vertical movement of the prey from the upper to
lower soil layer, leading to improved soil properties and enhanced
plant biomass (Zhao et al., 2013). Interestingly, the positive effects
of this predator-driven response were only significant for above-
ground plant biomass but not for root biomass (although a non-
significant positive trend toward higher values in the treatment
with predators was detected). Hence, the next question will be
why despite the actions occurring below-ground the positive
response is only being detected above-ground? Could plants
become more efficient in taking up nutrients without increasing
their root surface area?. According to the reported results, the
predators did not significantly affect the overall earthworm
densities, but the proportion of the “larger” species (Pheretima
aspergillum) present in the top layer. This is an anecic species
that lives in permanent vertical burrows (Chang et al., 2009) and
hence, it could simply retreat to bottom end of its burrow to avoid
predation. In contrast, the burrow system of the second species
investigated here (Aporrectodea nocturna) comprises a few long
(>100mm) vertical burrows, exhibiting few branches and low
sinuosity (Capowiez et al., 2015). Since this latter species do not
possess a “located” home, it will find refuge anywhere in the soil
profile. Burrow temporal stability is known to affect not only the
amount of organicmatter deposited in the lining of the walls (e.g.,
Hoang et al., 2016), but also the activity of other organisms using
these tunnels (Butt and Lowe, 2007; Han et al., 2015) and intra-
specific competition (Grigoropoulou et al., 2009). Therefore, are
the observed results a reflection of a higher burrowing activity
of the “smaller” species or to a greater inactivity of the “larger”
one?

One clue to solve this puzzle is the fact that plants are
more efficient in foraging N in earthworm casts than in the
bulk soil (Agapit et al., 2018) and that root growth could be
limited through large increases in soil bioturbation as a result of
increased earthworm activity (Arnone and Zaller, 2014). From
this, it could be concluded that plant roots would benefit from
earthworm casting but not from their burrowing, which is exactly
what the predatory beetle achieved.

From this, it would be interesting to know whether plants
could stimulate a similar response without relying on an above-
ground predator and release any kind of “alarming secretions”
that would encourage soil organisms to produce more casting
material or to tunnel less, or even more in some cases, so they
can access nutrients or water more easily. A new promising tool,
which enables recording the acoustic signals emitted by plant
roots growing and earthworms burrowing (Lacoste et al., 2018),
might help us to decipher whether plant bioturbating activities
could also drive soil fauna responses.

SOIL FAUNA PASSING BY AND
MICROORGANISMS WAKING UP

Soil microbial activities are hampered by the fact that they are
strongly limited by C and N availabilities and their low dispersal
abilities prevents them from moving to a more favorable patch
with a better nutrient supply. The concept of the “sleeping
beauty paradox” coined by Lavelle et al. (1995) perfectly describes
the discrepancy between potentially high metabolic capabilities
and slow turnover rates by stating that microbial communities
are largely dormant and need a “Prince Charming,” either a
macroorganism, a physical process or an environmental factor,
which “awakens them” by facilitating their contact with the
nutrient pools.

As a result, new microsite areas (biopores, aggregates) are
created, where soil processes occur at a much faster rate at
least during short periods (hours to days) while the food
resources last. From this, another new concept in soil ecology has
emerged, “hot spots and hot moments” described by Kuzyakov
and Blagodatskaya (2015). This close link between these pulses
of microbial activity and nutrient availability explains the
contradictory estimates of active microorganisms in the soil
obtained in the laboratory and in the field. This is a consequence
of the use of indirect techniques that rely on substrate additions
and bioassays or that are based on static approaches (for a
full discussion of the current methods see Blagodatskaya and
Kuzyakov, 2013). This together with the high temporal and
spatial heterogeneity exhibited by soil microbial communities,
both across latitudes and vertically in the complex soil matrix,
clearly demonstrate that soil ecology urgently requires more
advances in this field.

Furthermore, the roles played by different soil invertebrates
in the dispersal of soil microorganisms deserve further
consideration. Both mesofauna (microarthropods) and
macrofauna (earthworms) are known to carry cells, spores
and mycelium attached to their bodies and in their guts and
then released out again via egestion in their feces. While phoresy
will help transported microorganisms in colonizing new areas,
gut passage could result in either activation or destruction of
the microbial cells (e.g., Schoënholzer et al., 1999; Renker et al.,
2005; Buse et al., 2014). In other cases, although spore/propagule
viability is retained, germination might be delayed (Talbot, 1952).
Whether these dispersal mechanisms are stochastic (awaiting for
a passing by invertebrate) or there is some attraction mechanism
involved is another interesting aspect that deserves more
experimental research. For example, earthworm skin secretes
mucus, a rather attractive source of labile C for microbes,
which could stimulate microbial activities and accelerate the
mineralization of soil organic matter (Scheu, 1991; Bernard et al.,
2012). “Fecal attraction” on earthworm casts and middens or
microarthropod fecal pellets is another way of congregating a
high number of microorganisms (Bohlen et al., 2002; Tagger
et al., 2008), and bacteria living in feces can serve a way of
intra-specific communication among certain insects (Wada-
Katsumata et al., 2015). On the other hand, microorganisms
can also attract soil invertebrates, and it has been shown that
fungal odor attracts collembolans (Bengtsson et al., 1988) which
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might enhance the dispersal of the fungi, but also the movement
of the fungivorous collembolan (Bengtsson et al., 1994). From
these studies, it is clear that many of these faunal-microbial
interactions are not always random and that finding how and
when a macroorganism can “switch on” a hot moment could
enhance our understanding of ecosystem functioning.

Furthermore, it would be interesting to know if any of
these mechanisms could also represent a hot spot for gene
transfer as it has been demonstrated that fungal hyphae
are useful infrastructures for bacteria to move toward more
accessible food sources but also for horizontal transfer of genes
between differing bacteria (Berthold et al., 2016). Could a soil
invertebrate wake up a fungal species and as a result, facilitate the
movement of bacteria through the soil and consequently, their
functional attributes (e.g., gene expression for nitrification or
denitrification)?

SOIL FOOD WEBS REVISITED: DINING AT
THE SOIL RESTAURANT

The first description of a topological food web appeared in 1912
and was produced by Pierce and Cushman (1912), who were
investigating the insect enemies of the cotton boll weevil. This
seminal work progressed by linking detrital biotic interactions
with other components of the aquatic and terrestrial ecosystems
[reviewed by Pimm et al. (1991)]. Unfortunately, our current
understanding on trophic interactions is far from complete and
we need a more refined picture of the number and identity of the
potential consumers at the different trophic levels. For example,
soil viruses and enchytraeids are usually omitted in these food
web simulations and nematodes and mites are the only groups
that might be subdivided into different feeding groups, whereas
the different ecological groupings of earthworms or the feeding
guilds of collembolans are typically ignored. This is important
because the inclusion or omission of a certain trophic level
or food source could change the overall interpretation of the
soil food web. For example, omitting the grazing activities of
certain groups, such as protozoa and nematodes could result in
underestimations of total N mineralisation rates, with reductions
of 28 and 12%, respectively (De Ruiter et al., 1993).

However, even in the case of a well-defined trophic
classification, we can also find some species “breaking the rules.”
For example, in the case of nematodes, by looking at their
head structures (i.e., presence/absence of stylets, teeth, etc.) we
can obtain information about their feeding habits (i.e., whether
they typically feed on bacteria, fungi, plants, other nematodes
or on a mixture of food sources); however, some species
from any of these groups can switch to cyanobacteria (Yeates,
1998). Similarly, collembolans, which are generally considered
to be fungivorous, include species feeding on nematodes
(Chamberlain et al., 2005). Andwhat about coprophagy exhibited
by mites, isopoda, enchytraeids and earthworms? This particular
case represents a special way of soil fauna interacting with
microorganisms and functions as an “external rumen” (Swift
et al., 1979) allowing many soil organisms to obtain extra
nutrients from suboptimal foods (Ponge, 1991). All these

behavioral patterns complicate their placement into a particular
trophic/functional group.

Furthermore, the number of trophic levels in terrestrial food
webs rarely exceed three levels (Hairston and Hairston, 1993),
due to the low efficiency of their trophic groups in assimilating
their preferred food and transferring energy from one level to
the next (i.e., fraction of the food below that is contributing to
the biomass production of the trophic level above). This has led
to the suggestion that complex soil food webs are not stable,
which contrasts with the pioneering work by earlier researchers
(Svensson and Rosswall, 1980; Parker et al., 1984; Hunt et al.,
1987; De Ruiter et al., 1995) and more recent work (Digel et al.,
2014; Van Altena et al., 2016) that described soil food webs with
4–8 trophic levels. For example, Digel et al. (2014) analyzed 48
forest soil foodwebs ranging from 89 to 168 taxa and found 729 to
3344 feeding interactions. The results from these studies indicate
that long and dynamically stable soil food webs are possible. The
key variables controlling the functioning of these more complex
web structures are the “number of species involved,” the “degrees
of connectedness“ and the “strengths of species interactions,”
which were identified byMay (1972) and tested by De Ruiter et al.
(1995). They found that the omnivorous links from the higher
predators in the web were crucial in terms of preserving stability,
confirmingMay’s theory that the most densely connected species,
that is where the trophic connections were most complex, were
crucial for their stability [see also review by (Manne and Pimm
(1996)]. Indeed, compared to other food webs, soil food webs are
characterized by exhibiting a higher degree of omnivory, with a
high number of species feeding on different trophic levels, as well
as cannibalism or “intra-guild predation” (Digel et al., 2014).

Omnivory can represent a problem when classifying
organisms according to their feeding habits and in quantifying
the effects of predation on the biomass of those organisms
placed at lower trophic levels. This, in turn, has implications on
the magnitude and extent of “trophic cascades” (sensu Scheu
and Setälä, 2002 and Wardle, 2002) and/or on the overall
dominance of “top-down vs. bottom-up regulation processes”
(sensuMoore et al., 2003). In relation to this, Neutel et al. (2002)
described the unequal effects of top-down regulations exhibited
by predators that feed on preys that belong to different trophic
levels and showed that prey density could determine their
preferential feeding on a particular prey and consequently, have
a significant effect on the trophic level where that consumed prey
is concentrating its activities.

However, is it really a omnivory/generalist feeding behavior
that characterizes the trophic relationships between soil
organisms or do soil animals actually rather prefer to choose
what to eat by looking at the whole menu, instead of just merely
going for their local basic food source? That is what I have
called “feeding flexibility” (Briones et al., 2010) to better describe
how soil mesofauna could switch from one diet to another in
response to changes in the environmental conditions (abiotic
or biotic). This concept differs from “biological accessability,”
which has been proposed as a better predictor of soil organic
matter turnover than recalcitrance (Dungait et al., 2012). The
accessibility of the organic sources to decomposers could be
mediated by physical (e.g., by a macroorganism facilitating
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the close contact) or chemical factors (e.g., by microbial pre-
conditioning of the plant material, as an “external rumen”).
I argue that besides cooperation between soil fauna and
microorganisms, some invertebrates are more selective than
currently assumed and they could feed on more labile or more
recalcitrant substrates depending on what is available on the
menu or what is easier to get under certain circumstances.
For example, the observed priming effects on soil fauna (e.g.,
Nieminen and Pohjola, 2014; Eck et al., 2015) explain how
organisms that typically feed on more humified organic matter
(e.g., enchytraeids and endogeic worms) could suddenly find
a labile substrate irresistible. However, this does not mean
that their diet naturally consists of a mixture of substances of
different nature (omnivory) because this variety of foods is not
always available and hence, they cannot rely on their regular
supply nor spend their energy in searching insistently for them.
Intra-specific competition can also drive changes in feeding
behaviors, and a beautiful example of this can be extracted
from the work by Anderson (1975), who showed that when two
species of oribatid mites were grown in isolation they preferred
to feed on similar sources, but when put together in competition
they changed their feeding habits by moving to a different layer
(litter or fermented). Similarly, if the soil at the surface becomes
too wet or too dry and the organisms are able to escape from

those adverse conditions by migrating down, their survival could

only be guaranteed if they can feed on any of the food choices
available at the deeper below-ground menu (and this might lead
to “compensatory feeding,” as it has been seen in root herbivores

in response to lower nutrient quality of the source; Johnson et al.,
2014). Perhaps, these feeding choices are “context-dependent”

and, under different abiotic and biotic pressures, the same species
could exhibit different feeding strategies.

Other factors that are currently impeding us from gaining a
full understanding of the functioning of the soil food webs are: (i)
redundancy (several species feeding on the same resource) and
complementarity within functional groups (Setälä et al., 2005),
which will also have implications on top-down and bottom-
up relationships; (ii) the fact that some soil organisms feed on
different diets or exhibit different feeding rates during their
lifetime (e.g., Briones et al., 2005) and hence, their tissue turnover
and feeding efficiencies/diets might also change with age, and (iii)
density-dependent effects on their feeding activities, which could
lead to positive or negative (direct and indirect) effects on their
prey (Kaneda and Kaneko, 2008). They all need to be integrated
in food web analyses to provide a more realistic (dynamic)
quantification of energy flows across the different trophic
levels.

Can we therefore conclude that at least some soil invertebrates
are selective (eating their preferable food when available), but
others are opportunistic (eating whatever is abundant at that
particular moment) or generalist feeders (eating whatever is
easy to obtain in order to avoid competition)? Could the
soil food webs also exhibit temporal “feeding pulses” during
“hot moments” (at one or several trophic levels), with a
measurable effect on the trophic levels below (“cascade trophic
effects”)?

SOIL FAUNA LINKAGES TO SOIL
PROCESSES AND ECOSYSTEM
FUNCTIONING

Despite our yet limited knowledge on the identity of the different
organisms inhabiting our soils, what is the usefulness of having
such a huge diversity? Is it truly necessary? Do every existing
species have a role in their lives? And, more importantly, is this
high richness always accompanied by a better performance of the
ecosystems where they live?

It could be expected that in those extreme environments (such
as cold and arid ecosystems) where nutrients are scarce and/or
supply discontinuous, due to environmental pressures (climatic,
soil conditions, etc.), soil biodiversity will be low and food
chains short. Under these conditions, any nutritional surplus will
lead to a “hot moment” (sensu Kuzyakov and Blagodatskaya,
2015) in which the soil food web will re-activate and hence, soil
processes rates will increase (Figure 1). In contrast, those systems
with a regular supply of nutritious substrates will be able to
sustain a higher number of different taxonomical and functional
entities. In this case, not only a greater variety of trophic niches
will be available, but also the co-existence of several groups
feeding on the same sources could be maintained as long as
nutrient availability persist. This is expected to result in a higher
number of “hot spots” (sensuKuzyakov and Blagodatskaya, 2015)
across the soil matrix (Figure 1). The resulting increases in
foraging activities and reproductive rates will “cascade” up and
down along the soil food web bringing other pressures into
action (predation, competition) which will modulate the initial
responses to increased nutrient availability. On the other hand,
this also means that those “hot spots” in the more limiting
arid and cold ecosystems could be more intense, and thereby
exponentially increase the role of soil fauna and trophic cascades
in those systems.

Since feeding is a primary need, it is not surprising that soil
organic matter quantity and quality has always been considered
the main driver of decomposition and nutrient cycling. Indeed,
much research focus has been placed on C resource quality
(recalcitrance and chemical protection), following the works by
Hooper et al. (2000) and Ponge (2003, 2013). However, another
important aspect that should be considered here is that besides
the “chemical heterogeneity” of the C substrates deposited by
the primary producers, there is also considerable “physical
heterogeneity” in the soil systems that needs to be accounted for.
The existence of physical gradients (pH, moisture, aggregates,
porosity, etc.) together with the horizontal patchy distributions
exhibited by soil organisms [even at local (plot) level] hinders
any attempt to link all attributes present in soils, i.e., soil
biodiversity, soil properties, and soil functions. Therefore, despite
the success in finding a gradient of increasing biodiversity with
increasing humification of soil organic matter (Ponge, 2003),
different outcomes can be anticipated depending on the influence
of environmental filters and anthropogenic forces acting upon
decomposition rates (Zanella et al., 2017).

This could explain why litter decomposition rates show such
a great variability across biomes, elevations and soil types,
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FIGURE 1 | Linking hotspots and hot moments of soil fauna to climatic gradients and soil heterogeneity: Historical factors (climate, parent material) shape our

landscapes (both above- and below-ground), but the regional/local abiotic conditions constraint biological activities. These operate at different spatial and temporal

scales and can switch on and off different organisms at different microsites resulting in a hot moment in a particular hotspot. Since each of their responses can have

effects on others, their effects could then cascade up and down in the food web. Soil invertebrates are depicted not in scale, just for illustrative purposes (see pictorial

legend for major taxonomical groups). Ellipses indicate hot (red) or cold spots (blue), with the curved arrows giving some examples of the factors that could switch

on/off a hot moment and the straight black arrows (continuous black line = on, dashed = off) showing the implications for soil processes along the soil profile. In the

boxes, the main ecosystem characteristics are listed.

highlighting that, besides temperature and moisture, there must
be other important factors controlling decomposition rates.
Sadly, despite being widely known that decomposition has
been intimately associated to soil fauna since prehistoric times
(Labandeira et al., 1997), they are continuously ignored in
recent modeling and perspective studies (e.g., Schmidt et al.,
2011) or lumped together in a big box, whereas bacteria and
fungi are given their own individual compartments and full
roles. As a soil fauna ecologist, I can only stress the need to
increase their visibility and fight for “their own rights” so they
become considered as least at the same level of prokaryotes. In
support of this, a global meta-analysis showed that soil fauna
consistently enhanced litter decomposition across biomes by 27%

(García-Palacios et al., 2013). In addition, the classical work
by Coûteaux et al. (1991) nicely demonstrated that increasing
soil web complexity (by adding invertebrates at higher trophic
levels) accelerates litter decomposition more than expected from
a simple sum of their individual activities, so their omission is
unforgettable.

Similarly, the majority of the so-called “soil quality indexes”
are merely based on soil properties (phosphorus runoff potential,
nitrogen availability, metal contamination) or microbial activities
(Cmic/Corg, soil respiration, litter decomposition, etc.), and
completely ignore those based on soil fauna parameters,
such as the eco-morphological index (EMI) proposed by
Parisi (2001) and the abundance-based fauna index (FAI)
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proposed by Yan et al. (2012). For example, the inclusion of
a soil biodiversity index that included measures of richness
and abundance of functional guilds has allowed to relate
soil community characteristics to ecosystem multifunctionality
(Wagg et al., 2014) and another study concluded that higher
diversity at different trophic levels is necessary to maintain
ecosystem multi-function performance (Soliveres et al., 2016).
More advances in linking the responses of species assemblages,
biotic interactions and ecosystem processes to global change
are envisaged from recent efforts in standardizing protocols
measuring ecological traits in soil invertebrates (Moretti et al.,
2017). This will also allow us to rationalize the use of the soils
for cultivation/urbanization and for allowing a better use of the
natural sources (such as zero- carbon and circular economies).

IS FURTHER RESEARCH NEEDED?

Soil fauna ecologists have profusely explored soils around the
world trying to determine the number of species, abundance,
and temporal patterns of the organisms that live in it, the
interactive roles of plant-soil-fauna on soil processes and
ecosystem functioning. Here, I provide several stimulating
ideas that might lead to a more refined understanding of the
heterotrophic component of the soil system or help in looking
at the information available from a different perspective:

1. Only a proportion of all the species living in soils have been
described and, although advances are expected thanks to rapid
DNA sequencing, very little is known about their community
structure and dynamics across different ecosystems. If we
are unable to clearly relate ecosystem functions to ecosystem
diversity, then the relationships found in several studies
might not be causal correlations and hence, much of the
diversity present might just be “redundant.” To answer this
question, we might need not only further refinement of our
experimental approaches and more taxonomical efforts and
ecological work on soil biota, but also “activity proxies” and
“response traits” rather than abundance and biomass ones.

2. If soils sustain a high diversity, how could the little attention
they receive compared to plants or birds be justified?
Measures to preserve and promote higher biodiversity in
soils should come into force, including the implementation
of management policies at National and International
levels. Biodiversity is protected under various directives
and international commitments (e.g., Habitats Directive,
Natura 2000, Convention on Biological Diversity, CITES), but
without explicit mention of soil biodiversity. For organisms
living above-ground, the current species’ extinction rates have
prompted the need for preserving endangered species. Thus,
in the case of plants, seed banks have been built in selected
parts of the world to keep unique and valuable plant species
(e.g., Svalbard Global Seed Vault). Similarly, cells, tissues
and embryos of different vertebrates have been frozen to
open the possibility of “resurrecting” extinct species or saving
nearly extinct species in the future (e.g., Frozen Zoo R© in San
Diego). Large culture collections of fungi (including yeasts),
bacteria and plasmid exist (CBS-KNAW Collections in The

Netherlands) for commercial value. Should not a “soil biota
zoo” be constructed to safeguard our soil biodiversity and
serve as a home to a World Data Archive?

3. Re-defining soil quality/soil health goes along with including
soil biological indicators that integrate parameters measuring
soil biodiversity functionality. For example, the humus index
developed by Ponge et al. (2002), besides providing a
framework to integrate soil biodiversity, soil conditions, and
humus forms, also allows a quantitative assessment of soil
formation and development and plant-soil biodiversity co-
evolution across different ecosystems.

4. Feeding preferences of soil organisms are not yet clearly
established, and in the particular case of burrowing forms that
move through the soil by ingesting it, can we say that they
are selective feeders or just ingesting accidentally? Moreover,
if they do select what they eat, what are the implications for
soil functioning? For example, some studies have shown that
earthworms and collembolans can be highly selective when
grazing on fungi (Moody et al., 1995; Jørgensen et al., 2005)
and, in some cases, decrease the crop damage caused by fungal
infections (Stephens et al., 1994; Sabatini and Innocenti,
2001). Obviously, spreading or reducing the incidence of
fungal disease in successive crops will depend on the survival
through the gut passage (Moody et al., 1995), which might
be different for different species. Answering these questions
may open new research options and, for example, elucidating
the level of specificity of the grazer (i.e., major groups or
species-specific selection) and assessing the overall impacts of
grazing in shaping the fungal communities (e.g., increases in
fungal diversity as a result of reducing the presence of the
dominant fungus; for more impacts of fungi grazing fauna see
McGonigle, 2007) could have different implications for crop
performance. And finally, could these aspects be extended to
other soil organisms (pseudoscorpions, predatory mites and
beetles) and hence, by inoculating certain species (or species
combinations) reduce the effect of soil-borne pathogens (not
only fungi, also bacteria and viruses)?

5. When linking soil biodiversity and soil processes we also
need to re-define “recalcitrance” beyond merely chemical
terms and “biological accessibility” beyond microbial attack.
An additional difficult task will be to combine the spatial
and temporal heterogeneity of food substrates together with
the “functional dissimilarity” of soil organisms (Heemsbergen
et al., 2004) in modeling exercises. Importantly, can we
provide mathematical formulations of “seasonal pulses of
litter fall and nutrients” and “hot spots of biological activities,”
including hyphal horizontal and vertical transfers between leaf
litters and soil layers together with microsites of preferential
nutrient flow paths and high biological densities that could
lead to immobilization or mobilization of certain elements?

6. Since in the last three decades soil ecology research has
turned its interest to the functional role of soil organisms,
can we say we have identified and/or accounted for all
their possible roles? The current literature is dominated
by descriptions of the processes that occur at the root-soil
interface. However, there are other soil fauna effects that can
modulate the breaking down of organic inputs and yet, are
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very rarely included in ecological investigations: “zoological
weathering” (i.e., mobilizing inorganic elements from rocks by
the action of soil organisms), “zoological retarding” (e.g., the
presence of a peritrophic membrane that encapsulates mite’s
feces and that slows down their degradation), “zoological
bioturbation” (movement of organic and mineral particles
and other organisms by soil fauna), “zoological bonding”
(chemical binding of C and P induced by soil fauna). Could
they become emerging concepts in future soil ecology studies?

7. A final challenge is the integration of abiotic (climate,
soil texture) and biotic factors (litter quality and biological
accessibility) influencing decomposition across spatial and
temporal scales and to understand how their effects could
change under environmental perturbations such as land use
and climate changes. The fact that many of these factors do no
work in isolation, understanding the interactions between soil
and climatic factors, plant and soil organisms, microbes and
soil fauna, and among them all is crucial.

These are only few examples that illustrate the complex
nature of soil communities living in a heterogeneous soil

matrix, consisting of a mosaic of microsites with different
soil conditions and resource availabilities. The structure
and degree of connectivity between these patches together
with their temporal dynamics determines the number and
composition of species assemblages. However, because they do
not conform to closed loops and their responses to short-term
changes in soil abiotic conditions are usually stochastic, it is
difficult to underpin the mechanisms that allows their shelf-
organization (sensu Lavelle et al., 2016). Soil biodiversity is
at the core of the International agendas (GSBI, IPBES), and
in the UN Sustainable Development Goals, and only with a
more refined view of all the potential contributions of soil
organisms to soil processes their full integration in sustainable
management and climate change mitigation policies will be
possible.
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