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Editorial
Re-visioning soil food webs
Classical soil food web theory identifies distinct energy channels
through which resources flow belowground (Hunt et al., 1987;
Moore and Hunt, 1988; de Ruiter et al., 1993). Channels are initially
divided based on their basal resource, either roots or detrital inputs.
The latter channel is then further sub-divided into bacterial- and
fungal-based compartments. These compartments are considered
to differ markedly in their substrate use, community composition
and response to disturbance, with their relative dominance deter-
mining carbon and nutrient cycling rates and storage (van der
Heijden et al., 2008; Bardgett and Wardle, 2010; Strickland and
Rousk, 2010). Recent evidence, however, blurs these distinctions
and their functional significance (Strickland and Rousk, 2010;
Pollierer et al., 2012). Instead, labile root inputs such as exudates
are suggested to fuel more than half of the activity of belowground
food webs (van Hees et al., 2005; Pollierer et al., 2007; Gilbert et al.,
2014), with these carbon compounds flowing directly through the
root to the detrital channel. Root exudates are thus increasingly
considered to be a major basal resource flow to all energy channels
within soils (Bardgett et al., 2014). Emerging conceptualizations of
soil organic mater (SOM) stabilization pinpoint these exudates as
dominant precursors of SOM formation, because fungi and bacteria
grow efficiently on them and convert them to secondary products
and biomass that are stabilized on soil minerals and in soil aggre-
gates (Bradford et al., 2013; Cotrufo et al., 2013; Lehmann and
Kleber, 2015).

In a series of 14 Perspectives, the likely dominance of root exu-
dates as a food source for symbiotic and free-living bacteria and
fungi e in addition to our changing understanding of how organ-
isms interact with one another belowground e is used to argue
for a re-evaluation of how soil food webs are structured and oper-
ate. The papers present new perspectives on trophic relationships
and resource flows, the importance of how communication and
behavior shape organism physiology and resulting biogeochemical
process rates, and highlight a range of understudied and recently
discovered interactions. Theymake the case that these perspectives
must be examined to generate a richer, more comprehensive un-
derstanding of soil biology, and its impact on soil properties and
processes.

The first three Perspectives present different facets of the argu-
ment that the importance of root exudates as a resource for soil or-
ganisms necessitates a reconceptualization of how soil food webs
are structured. Franciska de Vries was originally invited to conclude
the Special Issue with a defense of the classic energy channel
concept, given her prominent papers linking the relative domi-
nance of fungal versus bacterial compartments to land
http://dx.doi.org/10.1016/j.soilbio.2016.08.010
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management and climate change impacts on soil biogeochemical
processes (de Vries et al., 2012, 2013). Instead, her paper with Car-
uso challenges that concept and leads off the Special Issue and
hence the charge for a new conceptual framework. They argue
that the prevalence of both bacterial and fungal feeding on labile
root exudates unites the three classic channels (root, bacterial
and fungal). The unification then temporally and spatially couples
aboveground and belowground dynamics much more closely
because factors that affect exudation rates and patterns (i.e. living
plant physiological responses), have immediate consequences for
energy flow to the base of the food web of nearly all soil organisms
(de Vries and Caruso, 2016). The authors conclude with the point
that to validate their proposed revisions, a variety of advanced
methodological approaches need to be employed, which passes
the baton neatly onto Morri€en (2016). She summarizes the range
of techniques, including isotopic tracers, sequencing, gut content
analyses, biomarkers and network analyses, increasingly available
and cost effective that can be employed to resolve pathways of
elemental movement through soils. If you like, how we go about
quantifying and connecting historically unobservable interactions.

Ballhausen and de Boer (2016) build on the theme of root
exudate flows, arguing that much of the labile carbon exuded by
roots is first consumed not by mycorrhiza and bacteria, but rather
saprotrophic fungi. They provide evidence that these saprotophs
have their own equivalent of rhizosphere bacteria, necessitating
an expansion of the rhizosphere concept to consider the sapro-
rhizosphere niche, where bacteria function as primary consumers
around roots and secondary consumers around fungal hyphae. If
each trophic transfer incurs a net loss of energy from the system,
then this new pathway may result in less carbon retained in soils
when labile exudates flow through fungal saprotrophs and not
directly to rhizosphere bacteria.

Wolkovich (2016) takes a different perspective on unification of
the energy channels, viewing it from the top-down versus bottom-
up. She builds the case that multi-channel omnivory, where a con-
sumer feeds across multiple energy channels, is widespread in
most food webs. The classic energy channel concept does include
multi-channel feeding but only at high trophic levels, whereasWol-
kovich makes the case that empirical evidence increasingly sug-
gests that multi-channel feeding occurs at the lowest trophic
level, primary consumers. Given that the majority of consumers
appear tomulti-channel feed, the existence of distinct energy chan-
nels is brought into question. And consequently so are our con-
structs of the processes influencing soil food web stability and
trophic dynamics.
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If Wolkovich's Perspective is the architectural drawings, Geisen's
is the bricks and mortar through which the concepts are realized.
He focuses on the soil protists, which play a central role in classical
soil food webs as the primary bacterivores. He details their broader
functional roles and that they are key multi-channel feeders, unit-
ing the bacterial and fungal energy channels through bacterivory
combined with obligate and facultative mycophagy. Perhaps the
greatest revelation in his Perspective is that protists have now
been shown to feed on nematodes, which previously were thought
to be their primary predators. This novel trophic interaction re-
verses classical conceptions of energy and matter flows in soil
food webs (Geisen, 2016), and highlights how much more there
might be to learn about the organization of belowground
communities.

Non-consumptive “trophic” interactions are now a dominant
empirical and theoretical feature of aboveground and aquatic
food webs (Schmitz, 2010), and the Perspectives by Hawlena and
Zaguri (2016), and Buchkowski (2016), extend this thinking to the
belowground. The former show the potential for fear (of predation)
to change the behavior and phenotypes of soil microbes and ani-
mals, altering the fluxes of trace gases from the soil to atmosphere,
decomposition rates and even soil nitrogen stocks. Buchkowski
equally builds the case for a shift from the bottom-up or resource
control of soil food webs, detailing how density- and trait-
mediated effects may overwhelm the presumed dampening by
omnivory of top-down control. Using empirical examples, he
makes the case for a move away from our fidelity to a few linear
soil food web models to adopt approaches for representing the
complexity of top-down controls. Importantly, he suggests a hierar-
chical approach to the aggregation of feeding guilds so that they
might be disassociated to investigate taxon-specific effects when
empirical evidence reveals their importance (as in the case of con-
sumers of basidiomycete fungi, Crowther et al., 2012). Buchkowski's
Perspective is perhaps best read in partnership with Kardol et al.
(2016), where they lay out a framework for organizing the hierar-
chical levels of soil food webs to understand how soil biodiversity
affects food web properties and ecosystem process rates. In doing
so they provide a tractable and measurable way to approach the
challenge of linking pattern in soil biodiversity to process. They
highlight the need for manipulative studies to tease out causation
and consider the methodological challenges we face in such
endeavors.

Despite many decades of soil food web models, both Soong and
Nielsen (2016), and Grandy et al. (2016), highlight that soil animals
are absent from both traditional (Parton et al., 1987; Jenkinson,
1990) and the rapidly proliferating (Allison et al., 2010; Hagerty
et al., 2014; Sulman et al., 2014; Wieder et al., 2014; Tang and
Riley, 2015) microbial-explicit SOM models. The explicit inclusion
of feedbacks between soil microbes and abiotic factors in the latter
models commonly improves biogeochemical predictions and alters
our expectations of climate change impacts on SOM stocks (Wieder
et al., 2013). The authors make the point, however, that it may be
too early to represent microbe-fauna interactions in global carbon
models, given glaring gaps in our understanding of these interac-
tions. Yet both Perspectives make a compelling case that represen-
tation of faunal processes in more conceptual models is likely to
lead to rapid advances in our understanding of how animals shape
soil processes, mirroring similar gains achieved through the repre-
sentation of microbial physiology and interactions. Rousk's (2016)
Perspective is then particularly timely, highlighting that most soil
food webs are parameterized using standing biomass estimates of
organisms. He makes the argument that food webs and their pa-
rameters should instead be populated on the basis of organism
growth rates, given that growth relates most strongly to the biogeo-
chemical process rates food web models are often used to predict.
The Special Issue concludes with three Perspectives that reflect
the incompleteness of our understanding of soil food webs, made
strikingly apparent in the preceding contributions. Risk-benefit an-
alyses feature prominently in the Perspective by DeAngelis (2016),
which conjures up a powerful auditory ‘image’ through the opening
sentence, “If we could hear signaling in soils, it would be loud.”
DeAngelis introduces to us the idea that many of the interactions
in soils, within and among microbes, animals and plants, are medi-
ated at least to some extent through chemical communication. This
communication modulates myriad processes in soil food webs,
including predation and decomposition. Next, Averill's (2016)
Perspective emphasizes the potential importance of non-trophic in-
teractions in regulating soil processes and determining organic
matter stocks. He builds the increasingly compelling case that
recalcitrant plant tissue chemistry is not a dominant driver of
elevated soil carbon stocks in forests dominated by tree species
forming symbioses with ectomycorrhizae. Instead, he promotes
the idea that ectomycorrhizal fungi can outcompete saprotrophs
for detrital nitrogen sources, either through exploitative competi-
tion or direct antagonistic interactions (i.e. interference competi-
tion). His essay reminds us that food web models need to
consider the broad range of ecological interactions, beyond trophic
interactions, if they are to inform us about soil food web process
and structure.

King (2016) completes the Special Issue, with a focus on animals
that, in contrast to protists, have largely been left out of soil food
web models. Soil samples to quantify belowground communities
are usually taken randomly, meaning that data on the density of
eusocial insects (e.g. ants and termites) are rarely gathered (Fierer
et al., 2009) because the bulk of their biomass is non-randomly
distributed in colonies. When colonies are specifically collected,
biomass of these insects can be greater than that of all other litter
macroinvertebrates, a fact known for tropical systems but now
apparent even in the temperate zone (King et al., 2013). King makes
the point that termites are competitors with many other detriti-
vores and saprotrophic fungi for organic inputs, and have strong en-
gineering effects. Equally, ants play a prominent role in soil
engineering and are ubiquitous omnivores. Consequently social in-
sects have a wide range of direct and indirect interactions with
most other organisms in soil food webs. Not only then do we
need new measurements of established players in soil food webs
(Morri€en, 2016; Rousk, 2016), we also need measures of players
and processes that have received little attention.

When the classic conceptions of energy channels within soil
food webs were formalized, I am sure that those scientists that
drew together these powerful and far-reaching ideas never
intended or considered that the story would end there. The contri-
butions to this Special Issue highlight the need to revise the narra-
tive. In doing so, the field will have to reconcile why bacterial to
fungal ratios appear to correlate so strongly with soil properties
(Bardgett and McAlister, 1999; Waring et al., 2013), because the
mechanistic explanations for these associations now seem unsatis-
factory. As we develop new conceptual frameworks, we should also
look beyond academia. The classic linear, energy channel conceptu-
alization of soil food webs is used to communicate soil biology to
the general public and practitioners, through such portals as the
U.S. Department of Agriculture's soil health webpage (http://
www.nrcs.usda.gov/wps/portal/nrcs/main/soils/health/biology).
We need to ensure that the best available science is synthesized for
communication to these audiences, to help efforts that seek to pro-
tect the most fundamental natural resource that soil represents.
The Perspectives in this Special Issue suggest that we should pull
down the temple where fungal: bacterial dominance is synony-
mous with detrital-based food webs, and construct in its place a
labyrinth connected via root inputs and root-zone interactions as
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dominant factors shaping soil communities and associated
ecosystem dynamics.
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