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Soil biodiversity and soil erosion: It is time to get married

Adding an earthworm factor to soil erosion modelling
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stability as a result of their mixing activities. Simultaneously, soil runoff has ecologi-

soil erosion models do not consider biodiversity in their estimates and soil ecology
has poorly investigated the effects of erosion. In order to start filling in these re-
search gaps, we present a novel biological factor and introduce it into a well-known
soil erosion model (the revised universal soil loss equation). Furthermore, we propose
insights to advance soil erosion ecology.

Location: Pan-European.

Time period: Simulation of present-day conditions.

Major taxa studied: Earthworms.

Methods: We present three pathways to fill in current knowledge gaps in soil biodi-
versity and erosion studies: (a) introducing a biological factor into soil erosion mod-
els; (b) developing plot-scale experiments to clarify and quantify the positive/negative
effects of soil organisms on erosion; (c) promoting ecological studies to assess both
short- and long-term effects of soil erosion on soil biota.

Results: We develop a biological factor to be included in soil erosion modelling.
Thanks to available data on earthworm diversity (richness and abundance), we gener-
ate an “earthworm factor”, incorporate it into a model of soil erosion and produce the
first pan-European maps of it.

Main conclusions: New estimates of soil loss can be generated by including biological
factors in soil erosion models. At the same time, the effects of soil loss on below-
ground diversity require further investigation. Available data and technologies make
both processes possible. We think that it is time to commit to fostering the funda-

mental, although complex, relationship between soil biodiversity and erosion.
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1 | INTRODUCTION

The relationship between soil erosion and biodiversity is ex-
tremely multifaceted. Erosion is widely recognized as one of the
main threats to soil. Globally, about 2.8 tonnes of soil are lost per
hectare annually [t/(ha year) - Borrelli et al., 2017], whereas the
soil formation rate in Europe, for instance, has been estimated
to be about 1.4 t/(ha year) (Verheijen, Jones, Rickson, & Smith,
2009). Given this, soil loss surely has an impact on the organisms
populating this ecosystem (Pimentel, 2006). At the same time, the
enormous variety of species living in the soil influences both its
aggregate stability (Rilling & Mummey, 2006) and water infiltra-
tion (Wall, Nielsen, & Six, 2015) through their moving and feeding
activities. Therefore, soil biodiversity certainly plays a role in soil
loss processes. Large-scale assessments of both soil erosion and
biodiversity distribution are currently available (Griffiths et al.,
2016, 2012; Panagos et al., 2015). Nonetheless, the causal rela-
tionships between the distribution of belowground diversity and
soil displacement, in both directions, have been poorly explored.
Here, we identify three possible areas of research that, in our

opinion, require advances in the coming years:

1. Comprehension and quantification of the interactions between
soil biodiversity and erosion;

2. Development and integration of a “biodiversity factor” into the
models used to assess soil erosion;

3. Assessment of the ecological impact of soil erosion on soil-living

communities.

In this article, we present our insight into each of these three aspects
by proposing recommendations for developing them. Our objective
is to show the relationship occurring between soil erosion and soil
biodiversity, to promote a proactive collaboration between soil ecol-
ogists, biologists and modellers. Over the last few years, the role of
soil organisms in regulating important soil processes, namely the soil
carbon cycle, has been recognized, so their inclusion in modelling
exercises cannot be questioned any more (Zhou et al., 2012). It is
now time to take a similar pathway in exploring the role of soil biota

in erosion processes and vice versa.

2 | CONTROVERSIAL RELATIONSHIP
BETWEEN BIODIVERSITY AND EROSION

Soil biodiversity comprises an incredible variety of organisms,
ranging from microscopic bacteria and fungi up to large ecosystem
engineers, such as earthworms and ants (Lavelle et al., 2006). It is
intuitive to understand that the richness (number of taxa per m?)
and abundance (number of individuals per m?) of these groups of
organisms may have different impacts on how the soil responds
to erosive events (i.e., due to both rainfall and wind). The dense
network of different mycorrhizal fungi present in either a forest
or a grassland will probably reduce the amount of soil eroded by

rain or windstorms by keeping soil aggregates more compacted
(Burri, Gromke, & Graf, 2013). At the opposite extreme, the ex-
tensive excavation activity of some soil-living mammals (e.g.,
moles and pocket gophers) may weaken soil structure and, thus,
accelerate the erosion rate (Reichman & Seabloom, 2002). Other
groups of organisms have much more complex effects on soil
loss. For instance, the burrowing activity of earthworms can re-
duce erosion by favouring water infiltration (Shuster et al., 2002).
Simultaneously, cast production by some earthworm species may
accelerate erosion processes, as cast material could be easily
moved away by water (Shipitalo & Protz, 1987). All these scenarios
lead to a clear outcome: increased or reduced, the quantity of soil
loss in a living soil is surely different from that in an inert one.
Despite this, only a few applied studies, mainly targeting plants
(Allen, Cardinale, & Wynn-Thompson, 2016; Berendse, Ruijven,
Jongejans, & Keesstra, 2015), have analysed the positive/nega-
tive effects that soil organisms have on soil erosion, and have es-
timated the potential amount of soil eroded/preserved because of
the presence of soil organisms.

Clarifying the role of the main groups of soil organisms in accel-
erating or reducing soil erosion rates would represent the first step
towards the inclusion of biodiversity in large-scale assessments of
soil erosion. In Figure 1, we present a qualitative summary of the
impact that each of the main groups of soil organisms has on soil
erosion according to the scientific literature, when available, and our
knowledge, when relevant studies were not found. As expected, ex-
isting data suggest that the relationship between biodiversity and
erosion is controversial and sometimes difficult to predict based on
the current understanding. This uncertainty is due to the extreme
variety of organisms and their behaviours. For instance, earthworm
species have different effects depending on the functional groups
they belong to (i.e., epigeic, endogeic and anecic) and, even within
the same functional group, different species can differently affect
soil stability and, thus, erosion (Blanchart et al., 2004).

The extreme diversity of belowground organisms and their be-
haviours suggests two possible directions for better understanding
the connection between soil biodiversity and erosion. First, soil
erosion modellers should embrace soil ecology. Endeavouring to
include a biological component in estimates of soil erosion is chal-
lenging. Indeed, this effort has to take into account the fact that
the spatial data on soil biodiversity are often missing or preliminary.
Distribution of soil organisms at low taxonomic levels (i.e., genus and
species) is difficult to map and, therefore, information on the func-
tional behaviours of the soil community might not always be acces-
sible. Consequently, at the early stages of the integration process,
approximations will be inevitable, with the possibility of refining the
assessment as soon as detailed data become available. As a reward,
soil erosion modellers may be sure that their estimates will become
more accurate.

Second, soil ecologists should accept that soil erosion is one of
the main ecological processes affecting soil life. More laboratory and
field studies are necessary to explore the ecological impact of erosive
events on soil assemblages. They would also clarify the role of different
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soil organisms in promoting and/or diminishing soil loss and, poten-
tially, quantify the amount of soil eroded. The erosional effects should
be evaluated at different spatial scales, from micro- to macroplots, and
in different ecosystems (e.g., drylands, forests and agricultural fields).
The advantage for soil ecologists is that the current lack of knowledge
of soil erosion and biodiversity interactions presents an opportunity

to develop new cutting-edge branches of soil ecology.

3 | INCORPORATING SOIL ECOLOGY INTO
SOIL EROSION MODELLING

In recent years, the importance of soil in shaping large-scale pro-
cesses, such as climate regulation, has been increasingly recog-
nized (Luo et al., 2016). Nevertheless, model-based analyses have
often neglected belowground organisms by considering soil as a
lifeless system. This has been due, on one hand, to the paucity
of data on soil biodiversity distribution and, on the other, to the
difficulty, caused by the heterogeneity of mechanisms controlled
by soil communities, of linking micro-scale events to macro-scale
projections. Recently, the need to incorporate a biological factor
into biophysical models in order to ensure accurate estimates has
been recognized and doing so has become feasible (Wieder et al.,
2015). However, so far this positive tendency has been applied
to limited, albeit significant, cases, such as the inclusion of a mi-
crobial component in soil carbon dynamics. As is common to all
modelling exercises, the implementation required approximations
that took into account the variety of organisms and processes
performed by them in the soil. Nonetheless, updated models ben-
efited from the integration, as confirmed by successive validations
through observations and in field experiments (Wieder, Bonan,
& Allison, 2013). Despite this promising scenario, approaches to
modelling large-scale soil erosion processes still lack biological as-
sessments. Indeed, current soil erosion models calculate the rate
of soil eroded by taking into account several variables that exclu-
sively represent abiotic factors (e.g., soil physico-chemical proper-
ties and land management). Biodiversity is partially acknowledged
when calculating the cover-management factor (C-factor - see
below), which accounts for how the presence/absence of plant
cover affects soil loss (Kinnell, 2010). Nonetheless, soil-living or-
ganisms are completely neglected.

Soil loss may be caused by water and wind. Given its nature and
relevance, erosion by water may be considered the process most
influenced by soil biodiversity. Therefore, the introduction of a bio-
logical factor into models of erosion by water would represent a step
forward in refining their overall capability to produce estimates.
Currently, the model most commonly used to predict long-term
average annual erosion by water is the revised universal soil loss
equation (RUSLE). RUSLE estimates the average soil loss [tonnes per

hectare per year, t/ha/year) by combining five different factors:

1. R-factor: the rainfall erosivity factor [(MJ mm)/(ha hr year)]
measures the erosive power of rainfall.

WILEY-—

2. K-factor: the soil erodibility factor [(t ha hr)/(ha MJ mm)] repre-

sents the intrinsic susceptibility of soil to erosion.

and Biogeography o d

3. C-factor: the cover-management factor (dimensionless) reflects
the effect of plant cover and management practices on reducing
erosion rates.

4. LS-factor: the slope length and slope steepness factor (dimen-
sionless) depicts the effect of slope length and steepness on
erosion.

5. P-factor: the support practice factor (dimensionless) considers
the impact of support practices (e.g., contour farming, stone walls
and grass margins) on reducing erosion rates.

In this context, we think that the introduction of a biological fac-
tor into the RUSLE equation is feasible by making some assump-
tions. In particular, by comparing soil biodiversity with other soil
features (i.e., chemical and physical properties) we can assume that
the abundance and diversity of soil organisms directly affect the
susceptibility of a soil to being eroded. Therefore, soil erodibility
(i.e., K-factor) can be targeted in order to include a biological ele-
ment. The K-factor is a lumped parameter that represents an inte-
grated annual value of the soil profile reaction to the process of soil
detachment and transport by raindrops and surface flow (Renard,
Foster, Weessies, McColl, & Yoder, 1997). Originally, five soil phys-
ico-chemical parameters (i.e., soil texture, organic matter content,
coarse fragments, structure and permeability) were considered
(Wischmeier & Smith, 1978). Over the years, adjustments of the K-
factor took place. An additional component, namely stoniness (St-
factor), was incorporated in order to account for the reduction in
soil erodibility due to surface stone cover (Poesen, Torri, & Bunte,
1994). As a result, the current equation to calculate the K-factor is:

K={[(2.1x 107" x M4 x (12— OM) + 3.25x (s— 2) + 2.5 x (p— 3)]/100} x 0.1317 x St
1)

where M is the soil texture factor, OM the organic matter content
factor, s the soil structure factor, p the permeability factor and St the
stoniness factor.

Here we advocate a further correction to the K-factor based
on the introduction of a biological component, namely earthworm
diversity. We name the new element the earthworm factor (Et-fac-
tor). Earthworms were chosen for two reasons: (a) the undoubted,
albeit controversial (Figure 1), effect that this group of soil organ-
isms has on soil loss; (b) availability of distribution data at a large
scale (Rutgers et al., 2016). Because of uncertainty, we think that
two addends should be taken into account when calculating the
Et-factor: earthworm abundance and richness. Because of the am-
bivalent influence of earthworms on soil erosion, prior to generating
the Et-factor we made some assumptions, as is typical in all model-
ling exercises. Based on the few available quantitative studies and

personal communication with experts, we assume that:

1. Earthworm abundance has an overall negative effect on the
erodibility of soil. The higher the number of individuals, the
greater the burrowing activity and, thus, porosity, which
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FIGURE 1 Effects of soil organisms on soil erosion by water and wind. Red triangles depict an increasing (positive) effect on soil erosion,
whereas green triangles describe a reducing (negative) influence on soil loss due to biodiversity. Patterns are similar for soil erosion by water
and wind, except for the influence of earthworms, ants and termites. These three groups of organisms show a dual effect (both green and
red triangles) on soil runoff by water. Their presence and activities can either increase or reduce soil loss depending on the community
structure (i.e., functional group types, habits and abundance - Jouquet et al., 2012; Blouin et al., 2013). In the case of wind erosion, they

lead to only a negative effect, as the positive one (water infiltration due to burrowing activity) is null. Microorganisms (bacteria and fungi)
tend to improve soil aggregate stability, therefore reducing both wind and water erosion. The main mechanisms driving this effect are
metabolite production and hyphal binding (Chotte, 2005). Soil-living mammals (megafauna) positively affect soil erosion, as they promote
soil disaggregation through their moving and feeding activities (Alkon, 1999). Yellow triangles represent unknown effects. These are
associated with soil organisms, mainly micro- and mesofauna (nematodes, collembolans and mites), whose impact on erosion requires further

investigation [Colour figure can be viewed at wileyonlinelibrary.com]

increases water infiltration. Indeed, studies show that the pres-
ence of earthworms can decrease soil erosion by up to 50%
(Blouin et al., 2013).

2. Earthwormrichness has a dual effect on soil erodibility. Generally,
the higher the number of different taxa, the greater the possibil-
ity of species producing unstable casts that increase net erosion
(positive effect - Jouquet et al., 2012). However, the debate
about whether more or less erosion would occur in the presence
of a high number of species is still open. Indeed, some authors
suggest that, more than richness itself (i.e., number of species),
the aspect to be considered is the functional richness (i.e., pres-
ence of anecic, endogeic and epigeic species). For instance, data
show that casts of anecic species do not lead to a positive effect;
rather they may provide resistance to soil runoff (negative effect
- Le Bayon, Moreau, Gascuel-Odoux, & Binet, 2002). Therefore,
the uncertainty related to the earthworm richness effect is
greater than that linked to abundance. A high number of taxa
does not always mean an increase in soil erodibility values
(Blanchart et al., 2004).

Agreeing all that, we propose two equations for calculating the Et-fac-
tor. The first one takes into account both abundance and richness

(Et -factor):

Abundance-Richness

R
Et\p=1-R+ ———
R (A+1) @
The second equation does not account for earthworm richness, be-
cause of its less evident impact on soil erosion rate (Et,;, , jance-factor):
1

Et,= ——
AT A+ ®)
In both formulas, A is earthworm abundance (humber of individ-
uals per m?, normalized to a 0-1 index) and R is earthworm rich-

2, normalized to a 0-1 index). Both

ness (number of taxa per m
formulas are developed so that the Et-factor values range from .5
to 1 (Figure 2). This allows a maximum adjustment of the standard
K-factor by 50% (Blouin et al., 2013 - see Equation 4 below). Both
factors are dimensionless.

The applicability of the two Et-factors was verified. Earthworm

diversity data, covering 11 European countries, were derived from
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FIGURE 2 Two equations are proposed for calculating the earthworm factor (Et-factor). (a) The Et,-factor takes into account both
earthworm abundance (number of individuals per m?) and richness (number of taxa per m?). (b) The Et,-factor is based on only abundance
data. Abundance and richness data are derived from Rutgers et al. (2016) and cover 11 European countries: Belgium, Denmark, France,
Germany, Hungary, Ireland, Luxembourg, Slovenia, Spain (partly), the Netherlands and the United Kingdom. Et-factor values can range
from .5 to 1, thus indicating a maximum 50% reduction in soil erodibility due to the presence of earthworms. The classification in the key is
generated through a quantile method applied first to Et, values and subsequently to Et,, [Colour figure can be viewed at wileyonlinelibrary.
com]
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Rutgers et al. (2016) to calculate EtA(R) values. Subsequently, a cor-
rection to the standard K-factor, developed by Panagos, Meusburger,
Ballabio, Borrelli, and Alewell (2014) with reference to the same

countries, was incorporated as follows (Figure 3):
KEtZKX EtA(R) (4)

In accordance with our first assumption, the K-factor remains un-
changed (Et,g =1) when, applying both factors (Equations 2
and 3), earthworm abundance and richness are null. At the oppo-
site extreme, the K-factor halves (50% reduction, EtA(R) =.5) when
abundance and richness are at their maximum (Sharpley, Syers, &
Springett, 1979; Shuster et al., 2002). Considering the first equation
(Equation 2) and our second assumption, the Et-factor weights the
abundance and richness differentially. For equal values of the two
variables, the calculated Et-factor is different from its “null effect”
value (EtA(R) < 1). Consequently, soil erodibility decreases (K, <K)
because of the negative influence of abundance added to the par-
tial positive effect associated with richness. Finally, as expected, the
inclusion of richness mitigates the effect of abundance. Differences
between new and standard K-factors are greater when the Et-factor
accounts only for earthworm abundance (Figure 4).

We are aware of the approximations that our assumptions may
cause and, thus, the possible weakness of our Et-factor. For in-
stance, based on the limited available literature, we assumed that,
at most, earthworm diversity halved the erodibility factor of soil.
Nevertheless, the maximum and minimum effects might be different
and are likely to be influenced by other aspects such as quantity and
quality of soil organic matter. As also confirmed by the experts we
contacted, further investigations would allow better quantification
of the influence of richness and abundance on soil erosion and, thus,
evaluation of the effectiveness of our correction factor. However,
our intention is, on one hand, to demonstrate the need to include a
biological component in soil erosion models. On the other, our pre-
liminary assessment highlights the feasibility of the approach thanks
to the increasing availability of spatial data on soil organisms (Figures
2-4).

Significant synthesis efforts currently work on large-scale as-
sessments of earthworm distribution (e.g., the sSWORM project led
by the German Centre for Integrative Biodiversity Research - www.
idiv.de/?id=429 - Cameron, Decaéns, Lapied, Porco, & Eisenhauer,
2016). In addition, a few ongoing projects aim to generate baselines
for the whole food web at continental scale (Bissett et al., 2016;
Orgiazzi, Ballabio, Panagos, Jones, & Fernandez-Ugalde, 2018).
Therefore, we believe that future findings will reduce the current
deficiency and, thus, will allow the validation of a final biological co-
efficient, as previously happened for stoniness (Poesen et al., 1994).
We also hope that our proposal can accelerate the collection and
assembling of large-scale data sets for soil organisms, not just earth-
worms. Indeed, our Et-factor takes into account only a group of soil
organisms, whereas it is known that the entire soil-living community
affects soil erosion (Figure 1). The Et-factor represents only the first
step towards the development of a unique biological factor that will

ensure realistic estimates of soil loss. Of course, the first essential

step in order to achieve this goal is full recognition by soil erosion
modellers of the unequivocal influence of belowground diversity on

soil erosion.

4 | INCORPORATING SOIL EROSION INTO
SOIL ECOLOGY

So far, we have presented just one of the two directions in the re-
lationship between soil ecology and erosion, namely how soil or-
ganisms affect soil loss. Nonetheless, soil erosion may also have
a significant impact on the ecology of soil-living communities.
Ecological aspects behind different soil processes involving soil
biodiversity, such as carbon cycle regulation and establishment of
symbiosis with plants, are well known (Schimel & Schaeffer, 2012;
van der Heijden, Martin, Selosse, & Sanders, 2015). The same is not
true of soil erosion. Studies investigating the effects of soil erosion
on soil biodiversity are limited and several aspects need clarification
(Baxter, Rowan, McKenzie, & Neilson, 2013). However, the numbers
that may describe the impact of soil erosion on soil life are impres-
sive (Table 1). Given the great abundance of organisms living below
ground (Bardgett & van der Putten, 2014) and the scale of soil ero-
sion (Panagos et al., 2015), this loss surely has an ecological impact
on belowground communities. Taking into account the fact that the
active movement range of soil bacteria is estimated to be ¢. 1 m™
(Orgiazzi et al., 2016), a few metres’ displacement due to soil ero-
sion may cause profound consequences. To give an idea, an intense
rainstorm can move thousands of individual soil-dwelling organisms
(Table 1) hundreds of metres - a distance that, in proportion, is like a
great portion of the mammal population of a continent being moved
to another region over 1 night. That must have an impact that cannot
be neglected any more.

In this context, we identify six effects that require further inves-
tigations to shed light on soil erosion ecology. The list was developed
by taking into account the current knowledge (i.e., literature review)
and on our own initiative when relevant literature was not found.

For each effect, we propose possible case studies and applications.

1. “Migration effect”:. the loss of a great amount of soil leads
to the dispersal and mixing of a huge richness and abun-
dance of soil organisms. Consequently, erosion has a direct
impact on soil population dynamics. Furthermore, loss of
nutrients associated with soil runoff may also lead to pop-
ulation fluctuations, as it modifies the energy sources ac-
cessible to the system (Sierocinski et al., 2017). All these
aspects come under the recently introduced concept of
“community coalescence” (Rillig et al., 2016). Nonetheless,
coalescence ecology mainly focuses on microbial communities.
The effects of erosive events on soil micro- and mesofauna
communities (e.g., nematodes and collembolans), likely to be
greatly affected by intensive events because of their small
sizes, are unknown. Simulation experiments may contribute

both to quantifying these processes (e.g., number of displaced
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FIGURE 3 Maps of (a) standard (K-factor) and (b-c) corrected (K,-factor) soil erodibility in 11 European countries, namely Belgium,
Denmark, France, Germany, Hungary, Ireland, Luxembourg, Slovenia, Spain (partly), the Netherlands and the United Kingdom. (a) Baseline
data are extracted from Panagos et al. (2014) in order to cover the area represented by the earthworm diversity maps of Rutgers et al.
(2016). Assuming that the presence of earthworms reduces soil erosion overall, the incorporation of the EtA(R)-factor leads to a reduction in
K-factor values. If we consider only earthworm abundance (Et,-factor - c) when accounting for the earthworm impact, the decrease in soil
erodibility is more pronounced than when we take into account both abundance and richness (Et ,p-factor - b). The classification in the key is
generated through a quantile method applied first to the standard K-factor and subsequently to the K,-factor [Colour figure can be viewed
at wileyonlinelibrary.com ]
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(C) Soil erodibility (Ke-factor) corrected by
Earthwormppyndance-factor
(Eta-factor)

FIGURE 3 (Continued)

individuals) and to assessing how different populations react
to mixing (e.g., resource-use efficiency following the inter-
change of entire communities).

. “Invasion effect”: soil runoff can move organisms considerable
distances. Soil-living individuals, delivered to a riverine system
because of erosion events, may easily reach and colonize new
habitats. Indeed, rivers are known to be dispersal agents respon-
sible for plant invasion (Merritt & Wohl, 2002). Similar processes
can involve small soil-living animals (e.g., nematodes, mites and
collembolans). Therefore, techniques for studying plant dispersal
could be applied to examine the role of soil erosion as an invasion
facilitator (Bullock, Shea, & Skarpaas, 2006).

. “Violence effect”: the intensity of erosive events may alter and,
potentially, destroy part or entire communities of soil organisms.
Supposing the existence of rare, probably still unknown, species of
soil organisms, soil erosion might be one of the main disturbance
events in extinction processes (Veresoglou, Halley, & Rillig, 2015).
New isotope-based techniques allow us to mimic rain events and
monitor the effects on soil organisms (Koch et al., 2018). The ap-
plication of these methodologies to analysing the mortality rates
associated with intensive water load would facilitate the compre-
hension of extinction phenomena occurring in soil.

. “Defence effect”: erosion being a stressor, it is likely that soil or-
ganisms have evolved mechanisms for reducing/eliminating po-
tential related damage. A few studies have tackled these aspects,
mainly for soil megafauna (e.g. Zhang, Zhang, & Liu, 2003). Several

questions remain open: do soil-living animals build nests

500 Km

structured in a way that allows them to reduce soil runoff and tun-
nel flooding? They probably do, but the strategies adopted are still
unidentified. Have soil microorganisms evolved defence mecha-
nisms that allow them to protect themselves from intensive ero-
sive events? Again, they probably have, and we hypothesize that
the establishment of symbiosis is crucial in that regard; still, un-
derstanding that would require in-depth study. Investigating the
correlation between areas highly affected by erosion and their
symbiosis rates may help to provide a preliminary answer to this
question.

. “Rebuilding effect”: some organisms (e.g., fungi) reduce soil ero-

sion. Therefore, soil biota may contribute to ecosystem restora-
tion and promote soil conservation. However, how different
species and their interactions influence that capability is com-
pletely unknown. This knowledge could have practical conse-
quences such as the possibility of applying inocula that facilitate
the reestablishment of degraded sites (Duchicela, Sullivan, Bontti,
Bever, & Wan, 2013). Therefore, the mechanisms underpinning
restoration potential require further analysis in order to under-
stand the ecological processes behind them and, potentially,
apply them.

. “Functional effect”: soil organisms support multiple ecosystem

functions and services including decomposition, plant productiv-
ity, nutrient cycling and regulation of greenhouse emissions. By
modifying soil communities, soil erosion also influences the ser-
vices that they provide. A few studies have linked soil erosion to

possible changes of soil biological functions. In some cases, soil
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FIGURE 4 Percentage difference between standard K-factor and K,-factor corrected by (a) Et 5, ,ngance-richness-f2CtOr (Et1¢) and (b)

Et Apundancefactor (Et,). The introduction of the Et-factor reduces soil erodibility, as, based on the literature and expert knowledge, we assume
that earthworm presence reduces soil erosion, by a maximum of 50%. When richness is also taken into account (a), the percentage variation
is less marked than when only abundance is taken into account (b). The maps cover 11 European countries: Belgium, Denmark, France,
Germany, Hungary, Ireland, Luxembourg, Slovenia, Spain (partly), the Netherlands and the United Kingdom. The classification in the key is
generated through a quantile method applied first to the K,-factor corrected by Et, and subsequently to K, corrected by Et ,, [Colour figure

can be viewed at wileyonlinelibrary.com]
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Abundance (approximate)

TABLE 1 Approximate displacement of
soil organisms caused by erosion. Original

Estimated in untouched soil (Bardgett &
van der Putten, 2014)

Prokaryotes (cells)  4-20 x 10°/cm®

Estimated to be displaced by
runoff of 1 tonne of soil

2.7-13.3 x 10*°

abundance values (left column) were
obtained from Bardgett and van der
Putten (2014). As the authors state, these
numbers should be taken as preliminary,

Fungi (metres of 100/g 100 x 10° given the uncertainty of the existing
hyphae) estimates. Soil erosion is usually measured
Arbuscular 81-111/cm® 5.4-7.4 x 107 in tonnes per hectare per year. Therefore,
mycorrhizal values were converted to take the
fungi (metres of approximate abundance of soil organisms
hyphae) displaced within 1 tonne of soil (right
Protists 10%-107/m?2 6.7 x 10°-1012 column). For the conversion, a mean bulk
(individuals) density value of 1.5 g/cm was assumed.
Nematodes 2-90 x 10%/m? 1.3-60 x 101 To give an idea of the magnitude of the
(individuals) potential displacement of soil organisms,
note that the mean annual soil loss is
Enchytraeids 12-31.1 x 10%/m? 8-20.7 x 10° estimated to be 2.46 t/ha in Europe
(individuals) (Panagos et al., 2015) and 2.8 t/ha
Collembola 1-5 x 10%/m? 6.7-33.3 x 10° worldwide (Borrelli et al., 2017)
(individuals) [Correction added on 16 August 2018,
Mites (Oribatida 1-10 x 10%/m? 6.7-66.7 x 10° after first online publication: The values
- individuals) for Prokaryotes, Protists and Nematodes
lsopoda 10/m? 667 in the third column of Table 1 were
(individuals) previously incorrect and have been
) 2 corrected in this version.]
Diplopoda 110/m 7,330
(individuals)
Earthworms 300/m? 20,000
(Oligochaeta
- individuals)

runoff promotes services associated with soil biodiversity, such as
nutrient cycling and plant growth (Andriuzzi, Pulleman, Schmidt,
Faber, & Brussaard, 2015). In other situations, the effects are the
opposite, such as erosion slowing down microbial decomposition
of organic matter (Park, Meusburger, Jang, Kang, & Alewell, 2014)
or intensive rainfall events diminishing mycorrhizal symbiosis as-
sembly (Barnes, Gast, McNamara, Rowe, & Bending, 2018). As
expected, these findings confirm the complexity of this matter.
Several questions are pending. For instance, to what extent does
soil loss alter soil carbon fluxes regulated by soil organisms or af-
fect symbiosis and the consequent contribution to plant produc-
tivity? We show that this kind of assessment is possible; it only

requires dedicated experiments to obtain a complete overview.

In the coming years, the frequency of intensive erosive events
will probably increase because of climate change. Recent studies
estimate that rainfall erosivity will increase worldwide (Nearing,
Pruski, & O’neal, M. R., 2004; Panagos et al., 2017). Therefore,
most of the consequences on soil communities mentioned are
already happening and may become more and more severe and
irreversible. In order to address all the questions raised by the six
proposed effects, ad hoc methods and tools are needed. High-
throughput molecular techniques allow microbial populations to
be monitored at small spatial scales, thus offering the opportu-

nity to investigate dynamics before and after erosive events (Vos,

Wolf, Jennings, & Kowalchuk, 2013). Mesocosms and field exper-
iments could allow similar figures to be obtained for soil micro-,
meso-, macro- and megafauna. Here we have proposed possible
lines of investigations that could ensure a more comprehensive
understanding of how soil erosion fits into soil ecology. Of course,
these will never see the light of day if soil ecologists do not turn
their eyes to the need to give soil erosion the level of attention
that it deserves.

5 | CONCLUSIONS

Soil biodiversity and soil erosion are closely interlinked. A bidirec-
tional interaction occurs between them: belowground organisms af-
fect soil loss through their daily habits, whilst intensive erosive events
shape the soil-living assemblages and the functions and services that
they provide. Nevertheless, so far these linkages have been poorly
analysed, probably because of the complex nature of the relationship.
Indeed, the overall effect of the whole soil community on soil erosion
is difficult to predict because of the extreme variability of organisms
and their behaviours. Some, such as soil-living mammals, can increase
erosion by destabilizing soil structure; others, such as fungi, reduce
soil loss as they reinforce bonds amongst soil particles through their
thick mycelial network (Mardhiah, Caruso, Gurnell, & Rillig, 2016).
Soil erosion models infer the mean amount of soil loss by

combining several abiotic factors (e.g., rainfall intensity and soil



ORGIAZZI ano PANAGOS

Global Ecology Aoumalof

physico-chemical properties). Over the years, models have been
improved to include new parameters (i.e., stone cover) and improve
their reliability. The increasing availability of large-scale data on soil
biodiversity distribution opens up the possibility of incorporating
a biological component into these models. Based on data at pan-
European scale, we showed how earthworm diversity (abundance
and richness) may be included in the RUSLE model in the form of
a correction factor (earthworm factor). Of course, that is just the
beginning. Ideally, a biological factor should arise from a weighted
exercise that takes into account the richness and abundance of all
groups of soil organisms and their positive and/or negative effects
on soil erosion. According to the available literature, earthworm ef-
fects on soil loss are variable (Blouin et al., 2013). They can both
increase and reduce soil runoff depending on their abundance and
richness. Therefore, the inclusion of the Et-factor is not a trivial exer-
cise. For that reason, we adopted a prudent approach and proposed
two preliminary equations for calculating the Et-factor. It is likely
that our factor will face some adjustments in the future. Indeed, only
if the results of more quantitative experiments become available we
will be able to define properly the impact of earthworms and other
soil-living taxa. Nonetheless, the concept behind our proposal is
clear: soil erosion models need to take into account soil-living organ-
isms if they want to deliver estimates that are more accurate.

Not only do belowground organisms affect soil loss, but also
erosive events deeply transform soil-living communities. Despite
noticeable progress over the last few decades, currently soil ecol-
ogy still lags behind aboveground ecology (Wardle et al., 2004). This
seems to be especially true of ecological aspects associated with soil
erosion. We identified six areas where further analysis is required
to unveil the ecology behind soil erosion: from population dynam-
ics and invasion to extinction and defensive strategies. Studying all
these facets is not easy, given the complexity of soil biota. Therefore,
it requires specific tools. Nonetheless, the growing opportunities of-
fered by molecular techniques and, more generally, the possibility
of developing large-scale simulations (Barthés & Roose, 2002) and
collaborations amongst research groups could facilitate the design
of ad hoc experiments that would improve our understanding of soil
erosion ecology.

In conclusion, the accumulated knowledge about the interac-
tions between soil organisms and soil loss lay the foundation for
bridging soil biodiversity and soil erosion. For that purpose, we
call for a commitment on the part of both soil ecologists and soil
erosion modellers to acknowledge the strong connection between
their respective research subjects and, accordingly, fill the current
knowledge gaps. Our earthworm factor represents a first step in
that direction.
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