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Abstract: Earthworm activities affect the provision of many ecosystem services. Land use can
strongly influence earthworm communities and, hence related soil functions. We assessed earthworm
biomass, abundance, and species composition on grasslands, apple orchards, and vineyards in the
context of an existing sustainability assessment tool in South Tyrol, Italy. A stratified sampling
campaign revealed significant differences in earthworm distribution. We found 21 to 700 individuals
m~2in grasslands and surprisingly abundant earthworm communities in apple orchards (14 to
382 individuals m~2). Results for vineyards were ambiguous with no or very low abundance in 47%
of the vineyards and a maximum of 396 individuals m~2. Mesohumic endogeic species were the
most abundant functional group observed (75% of the biomass in grasslands, 50% in apple orchards
and vineyards). Aporrectodea caliginosa was the most abundant endogeic species, Lumbricus rubellus
the dominant polyhumic endogeic species in all land-use types. We estimated a total of 34,900 t of
earthworm biomass on agricultural areas in South Tyrol corresponding to a total value of EUR 872
million. Although soil quality is a complex concept that cannot be captured with a single indicator,
earthworms are suitable and feasible indicators for sustainable soil use at the landscape scale.

Keywords: soil health; Lumbricidae; mapping; sustainability; functional trait; soil function; agricul-
ture; landscape

1. Introduction

The impact of earthworms on physical, chemical, and biological soil properties was
recognized very early in ecology (cf. [1]). Their role in pedogenesis and influence on key
functions in most terrestrial ecosystems, which caused several earthworm species to be
considered as “ecosystem engineers” [2], has been broadly studied with many different
approaches [3]. While significant challenges to understand the detailed functional roles of
distinct species and ecological groups remain [3], earthworms undoubtedly contribute to
the development and maintenance of healthy soils through nutrient cycling, development
of soil structure, change in drainage, interaction with other soil organisms and pollution re-
mediation [4]. Therefore, various authors have proposed earthworms as indicators for soil
health [5-7] and the assessment of sustainability in agricultural landscapes [8-10]. Earth-
worm activities can improve the productivity of these ecosystems and hence agricultural
output: in a meta-analysis, including 58 studies around the world, crop yield increased
on average 25% with the presence of earthworms [11]. Analysis by ecological earthworm
groups showed that aboveground biomass increased with the presence of all groups, but
the effect was strongest with presence of anecic species, species that dig permanent ver-
tical burrows in which they drag leaves. Land-use type and soil management practice
in agro-ecosystems can strongly influence the composition and abundance of earthworm
communities and, hence their contribution to ecosystem processes [12-18].
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Earthworm activities affect the provision of many ecosystem services (ES) such as
increased soil fertility to cultivate crops, flood control, erosion control, soil restoration,
provisioning of freshwater, and climate regulation [19]. The ES concept highlights the
relation between ecosystems and human wellbeing. However, the contribution of soils
and especially its biotic components are still underrepresented in ES assessments. ES
frameworks, illustrating the contribution of soils to the supply of ES and related human
profit and wellbeing, could promote sustainable land use and management practices and
support an information-based decision making [20-22].

This is challenging because the interaction of soil living organisms with the abiotic
part of the pedosphere, with the aboveground components of ecosystems [23], and with
anthropogenic activities are manifold and can have both positive and negative feedbacks
(Figure 1). Beside many key linkages between distinct earthworm species or functional
groups and soil processes—and resulting ES [8,19]—the quantitative assessment of those
ES still remains challenging [24]. Complex interactions among different earthworm species
and with other biotic and abiotic components of the ecosystem [25] cause divergent,
synergetic, and nonlinear effects of different earthworm species on ES. Furthermore, ES
demand may be different in different land-use types. The use of functional groups with
similar traits as ecosystem service providers (ESP) can help to facilitate this inherent
complexity [15,21,26,27]. We therefore apply functional earthworm groups (as described in
2.2) as ESP to identify and communicate ES provided by earthworms.
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Figure 1. Conceptual framework of the interaction of earthworms with the abiotic part of the
pedosphere, the aboveground components of ecosystems, and anthropogenic activities.

Hence, the goal of this study was to assess earthworm communities on the predomi-
nantly agricultural land-use types (grassland, apple orchards and vineyards) in South Tyrol
(Italy) to estimate and communicate their contribution to the provision of ES. We used
abundance and biomass of functional earthworm groups, as well as species richness and
Shannon'’s diversity index, as indicators for earthworm related ES and hence sustainable
soil use on different land-use types. The use of earthworm species richness and Shannon’s
diversity index is based on the consideration that ecological stability increases in more
diverse ecosystems [15,28], and also accounts for the observation that cumulative impacts
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of different functional earthworm groups can lead to improved agricultural productiv-
ity [18,29,30]. Additionally, we used a straightforward approach to assess the economic
value of earthworm communities and their yearly contribution to topsoil production based
on market prices for earthworms or soil, respectively. Finally, we discuss the potential
outcomes and limitations of the approach.

2. Materials and Methods
2.1. Study Site and Field Sampling

South Tyrol is situated in the northern part of Italy, in the Central Alps. It covers an
area of 7399 km? and is divided in 116 municipalities. The smallest municipality covers
1.6 km? and the largest 302.3 km?. The total area used for agriculture is 2405 km?. The
predominant agricultural land-use types are mountain pastures (61%), hay meadows
(27%), apple orchards (8%), and vineyards (2%) [31]. We took stratified samples on the
three predominant land-use types below 1500 m above sea level which are hay meadows
(n = 15), apple orchards (n = 20), and vineyards (n = 15) (Figure 2). Site selection aimed at
representatively depicting the habitat variability within each land-use type. Hay meadows
management ranged from extensively managed (with only one cut per year) to intensively
managed (with two to three cuts per year). Management in vineyards and apple orchards
included integrated fruit production systems as well as cultivation according to organic
standards. Mulching of the grass verge was done in all apple orchards and vineyards. All
orchards were irrigated while in the other two land-use types there were both irrigated
and non-irrigated sites. The corresponding land use was present for at least 10 years, but
mostly much longer. Soil types at the sites were either Cambisol (1 = 44) or Leptosol (1 = 6)
according to the world reference base for soil resources [32].

At each site, soil samples were taken in the spring and autumn. For this, a soil core
of 30 cm diameter and 15 cm depth was drilled out and transported in a cotton bag to
the laboratory. There, the soil core was divided into two layers (0-7.5 cm and 7.5-15 cm)
and placed in an adapted Kempson-extractor [33] within 24 h. The samples were kept
therein for up to 14 days until they were completely dry. The extracted earthworms were
transferred from the fixation solution (picric acid) into ethanol (75%). Abundance and
biomass of earthworms were expressed as n m~2 and g m~2, respectively. Prior to the data
analysis, annual mean values for each site were calculated based on the spring and autumn
samplings. For more details on the sampling protocol see Riidisser et al. [34].

Figure 2. Exemplary pictures from field samplings in the three investigated land-use types (A) hay meadows, (B) apple

orchards, and (C) vineyards and pictures of the corresponding sampling holes.



Sustainability 2021, 13, 312 4 of 14

2.2. Functional Earthworm Groups and Ecosystem Services

For the assessment and mapping of ES, it has been proven useful to structure and
visualize the chain from ecosystems to human wellbeing along a theoretical cascade [35,36].
This cascade model distinguishes five sequential categories: (1) ecosystem structures and
processes, (2) functions, (3) services, (4) benefits, and (5) values. While the first two cate-
gories are related to the bio-physical characteristics of an ecosystem, the last two focus on
the benefits that ecosystems provide to people, and, hence, are embedded in the particular
socio-economic context. We applied the ES cascade model in line with Keith and Robin-
son [19] to describe the relation between earthworm activities and the provision of ES from
agricultural soils (Figure 3). To structure the large number of soil processes contributing
to ES, Kibblewhite et al. [7] proposed to aggregate biological processes in soils in four
ecosystem functions that support all major ES provided by soils. We used these aggregated
functions (carbon transformation, nutrient cycling, soil structure maintenance, and biologi-
cal population regulation) and related them to both the predominant activities of different
functional earthworm groups and correspondent ES. While the used ES nomenclature is
in line with the Common International Classification of Ecosystem Services (CICES v5.1;
http:/ /cices.eu/), we did not distinguish between final or intermediate ES [37,38], because
this distinction is often observer-based and case-dependent [39,40].

Biophysical structures and processes Aggregated .ecosystem Ecosystem.s?rw.ces Benefits (Examples)
Functional groups Activities and processes functions (CICES classification)
Epigeic ' .
Bimastos parvus Transport, fragment and Cultivated crops (P) Food orincome
Dendrobaena octaedra decompose organic
Dendrobaena pygmaea matter Decomposition and

Dendrodrilus rubidus Nutrient cycling fixing processes (R) Reduced costs

Concentrate and release »

R Bio-remediation (R)
nutrients

Healthy environment

Anecic Pest and disease control

(R)

Reduced costs

Influence the growth of » Biological population

Lumbricus terrestris microorganisms regulation Habitat and gene pool

i Future possibilities
protection (R)

Endogeic polyhumic
Lumbricus castaneus
Lumbricus rubellus

Water filtration (P & R) Drinking water

Build burrows and »

tunnels Fertile soils for

agriculture
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Pedogenesis and soil composition (R)
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Prevention of extreme
events
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(R)

Jy 3 3 3 3 3 3 33
y 3 3 3 3 3 3 33

Aporrectodea caliginosa
Aporrectodea chlorotica
Aporrectodea rosea

Octolasion lacteum P Carbon transformation P Climate regulation (R) P Climate regulation

Form complex mineral-
- organic-aggregates

Proctodrilus antipai

Figure 3. The ecosystem service cascade based on Haines-Young and Potschin [35] applied to illustrate the key relationships
between the main activities of functional earthworm groups, soil functions, ecosystems services, and human benefits [19].
Ecosystem functions are aggregated as proposed by Kibblewhite et al. [7]. The mentioned earthworm species are those
registered in the case study. (R = regulating service, P = provisioning service).

Earthworm species vary in their morphology, activity, and feeding behavior and
are generally divided into ecological life types, namely epigeic (litter inhabitants), anecic
(vertical burrowers) and endogeic (mineral dwellers) species [41,42]. These ecotypes or
functional groups can be seen as an early application of a trait-based approach as defined
by Webb et al. [43]. The contribution of functional earthworm groups to specific ecosystem
functions and subsequent ES are often complementary and overlapping [44], nevertheless
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predominant associations can be identified (corresponding CICES v5.1 class codes are
mentioned in brackets):

Epigeic species live in the topsoil and mainly feed on litter and the attached microflora.
They strongly influence the decomposition of organic matter as well as nutrient cycling
by increasing the available surface and interacting with other soil organisms [4,31]. These
soil functions are associated with ES such as detoxification (CICES 2.1.1.1), waste disposal
(CICES 2.1.1.1), pest control (CICES 2.3.2.1), and—finally yet importantly—increase soil
fertility to cultivate crops (CICES 2.2.4.1). Furthermore, the activities of epigeic earthworms
in the topsoil can affect the roughness of the soil surface and increase infiltration rates
(CICES 2.2.1.3) [16].

Endogeic species live and feed within the soil and make horizontal or randomly
oriented burrows [45]. Based on their feeding behavior, endogeic species can be further
subdivided in polyhumic endogeic species that feed on soil with high organic matter
content, mesohumic endogeic species that feed on both mineral and organic particles in the
soil, and oligohumic endogeic species that mainly occur in deeper horizons of tropical soils
feeding on low quality soil organic matter supported by mutualistic associations with mi-
croflora [46—49]. Because endogeic earthworm activities stimulate the growth of plant roots
and microbes and induce the decomposition of organic matter [50], they mainly influence
ecosystem functions related to soil structure maintenance and biological population control.
These soil functions are a precondition for various ES such as water flow maintenance
(CICES 2.2.1.3), clean water provision (CICES 2.2.5.1), mass stabilization and control of
erosion rates (CICES 2.2.1.1), weathering processes (CICES 2.2.3.2), decomposition and
fixing processes (CICES 2.2.4.2), and support the cultivation of crops (CICES 1.1.1.1).

Anecic species build permanent vertical burrows that substantially contribute to the
water flow regulation in soils. Their abundance and biomass correlate with the occur-
rence of large macropores which are associated with a rapid and deep-water infiltration
rate [51,52], and they can counteract the effect of intense rain events on soil and plants [53].
A meta-analysis showed that anecic earthworms increase water infiltration significantly [16].
Furthermore, they translocate large amounts of leaves into the soils and hence contribute
to the decomposition process and the building of complex soil aggregates [25,49]. Together
with the endogeic species, they support the provision of ES associated with water flow
maintenance (CICES 2.2.1.3), decomposition and fixing processes (CICES 2.2.4.2), as well
as mass stabilization and control of erosion rates (CICES 2.2.1.1).

2.3. Economic Value of Earthworm and Related Ecosystem Services

We estimated the value of the natural capital consisting of earthworms living in
agricultural soils based on market prices for vermiculture products. Market prices for
earthworms (based on an online survey done in September 2020) ranged from EUR 25
to EUR 65 for 1000 averagely sized worms (mostly the epigeic Dendrobaena sp.). This
corresponds to approximately 1 kg of worms. We estimate the total value of all earthworms
on agricultural fields in the study area by multiplying their estimated biomass per m 2 with
the area of the respective land-use type and the lowest market price (EUR 25). Additionally,
we valued the ES soil formation as proposed by Porter et al. [54] and Sandhu et al. [55]
based on the assumption that earthworms form the same amount of soil per year as their
own biomass. Hence, we calculated the value of topsoil created by multiplying total
earthworm biomass by the price of topsoil. We used EUR 26 t~! as price for topsoil.

2.4. Statistical and Spatial Analysis

Differences in earthworm abundance, biomass, species richness, and Shannon’s di-
versity index for the land-use types hay meadow, apple orchard, and vineyard were
analyzed with one-way ANOVA followed by Fisher’s Least Significant Difference (LSD)
test (p = 0.05). Shannon’s diversity index H” was calculated as follows: H" = —} pi In(pi),
where pi is the proportion of the biomass of species i relative to the total biomass of species
in the dataset. Earthworm biomass and indicator estimations for municipalities were
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based on a set of different land-use data: LAFIS-data (which are part of the Integrated
Administration and Control System (IACS) of the European Commission), data from the
National “Agenzia per le Erogazioni in Agricoltura” (AGEA), and the digital land-use map
of the Autonomous Province of South Tyrol (2001). All data were merged to a new raster
with a cell size of 5 m [26]. This raster was used for spatial analysis. As one goal of our case
study was the statewide estimation of earthworm biomass and abundance on agricultural
areas per municipality in South Tyrol, we limited our analysis to these land-use types. Soil
type was not considered because, until now, no detailed and spatially comprehensive soil
map exists for the study area, and our representative sampling mainly included samplings
on Cambisols (1 = 44) and only few Leptosols (1 = 6). Therefore, we estimated the total
earthworm biomass for South Tyrol using the average biomass values per land-use type
and the spatially most relevant agricultural land-use types in South Tyrol. All statistical
analyses were performed with PASW Statistics 18. GIS tasks were performed in ArcGIS 10.

3. Results

Earthworm abundance, biomass, species richness, and Shannon’s diversity varied
significantly across investigated land-use types (ANOVA, p < 0.05). All the parameters
were the lowest in vineyards (LSD, p < 0.05). However, no significant differences between
hay meadows and apple orchards could be found (Table 1).

Table 1. Mean values of earthworm abundance, biomass, species richness, and Shannon-Wiener index (H") (n = number
of sample sites; £standard deviation; letters (a, b) identify significant differences (ANOVA, p < 0.01 and LSD, p < 0.01)
between land-use types).

Land-Use Type n Abundance (n m—2) Biomass (g m~2) Species Richness H
Hay meadows 15 239 +£185? 402+31.52 33+14°% 122
Apple orchards 20 208 £108? 43.1+£28772 3.6+£13° 122

Vineyards 15 83 +118° 173 £345P 12+13P 04°

As indicated by the high standard deviations (Table 1), variability of earthworm
abundance and biomass was very high. It ranged from 21 to 700 individuals m~2 in hay
meadows, from 14 to 382 individuals m 2 in apple orchards, and from zero to 396 individu-
als m~2 in vineyards. In seven (47%) of the investigated vineyards no single earthworm was
observed neither in the spring nor in the autumn sampling. Proportion of functional earth-
worm groups also differed between the investigated land-use types (Figure 4). Mesohumic
endogeic species were the most abundant functional group observed. The mesohumic
endogeic species Aporrectodea caliginosa, Octolasion lacteum, and Aporrectodea rosea com-
prised on average 75% of the total earthworm biomass in hay meadows. Aporrectodea
caliginosa, Octolasion lacteum, Aporrectodea rosea and Allolobophora chlorotica comprised 50%
of the total earthworm biomass in apple orchards, and Aporrectodea caliginosa, Octolasion sp,
and Aporrectodea rosea 50% of the total biomass in vineyards. Aporrectodea caliginosa was the
most abundant endogeic species in all three land-use types. However, mesohumic endogeic
species were absent in nine (60%) vineyards and in one (7%) apple orchard. Lumbricus
rubellus was the dominant polyhumic endogeic species in all land-use types. Polyhumic
endogeic species were absent in seven (47%) vineyards, and in two (10%) of the investi-
gated apple orchards. Except for the seven vineyards where no earthworms were observed,
endogeic species (either polyhumic or mesohumic) could be observed at all sampling sites.
The epigeic species Dendrobaena octaedra and Dendrodrilus rubidus both occurred in hay
meadows and apple orchards, while Bimastos parvus—an introduced species originally
endemic in North America—was found only in apple orchards. Epigeic species were absent
in 13 (86%) vineyards, in 6 (30%) apple orchards, and at 10 (67%) sampling points in hay
meadows. The only observed anecic earthworm species Lumbricus terrestris was present in
two (10%) apple orchards and in two (13%) vineyards. At all other locations, including all
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observed hay meadows, no adult anecic earthworms could be found. For detailed results
on species level, see Table S1.
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Figure 4. Abundance and biomass of functional earthworm groups for the three predominant land-
use types in South Tyrol. Error bars indicate the standard error. Letters (a, b; x, y) identify significant
differences (ANOVA, p < 0.05 and LSD, p < 0.05) between land-use types.

Based on average earthworm biomass per land-use type, we estimated a total of
34,900 t of earthworm biomass on agricultural areas in South Tyrol (below 1500 m.a.s.1),
or 26,000 t (being 25,143 t endogeic and 856 t epigeic species) on hay meadows, 8000 t
(being 7554 t endogeic, 316 t anecic and 130 t epigeic species) on apple orchards, and 900 t
(being 749 t endogeic, 151 t and 0.5 t epigeic species) on vineyards. Average earthworm
biomass on agricultural areas was highest in municipalities where apple orchards and hay
meadows are the predominant land-use type. In contrast, municipalities dominated by
vineyards achieved the lowest values (Figure 5).

Applying the lowest market price paid for earthworms in the context of vermiculture
application, the earthworm population in the agricultural areas in South Tyrol corresponds
to a total value of EUR 872 million, or EUR 650 million in hay meadows, EUR 200 million
in apple orchards, and EUR 22 million in vineyards. These earthworms form a total of
34,900 t a~! of new topsoil in the agricultural area of South Tyrol which has a yearly value
of EUR 907,400.
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Figure 5. Average earthworm biomass on agricultural used areas per municipality in South Tyrol.

4. Discussion
4.1. Land-Use and Earthworm Communities

While we expected to encounter vital earthworm communities in grasslands, we
also found surprisingly abundant and diverse earthworm communities in apple orchards.
Results for vineyards were ambiguous, as we encountered relatively high abundance values
at some sites but no earthworms at many other sites. Earthworm abundance and biomass in
hay meadows and apple orchards are considerably higher than in mixed deciduous forests,
representing the naturally occurring vegetation in the study region (Meyer, unpublished
data). The high variability of earthworm abundance within the investigated land-use types
and especially the high number of sites where one or more functional earthworm groups
were missing indicate a relevant potential to apply more earthworm-friendly management
practices. This could foster earthworm population and help to improve the sustainability
of land use [11,25,56].

The regular mulching applied in many apple orchards together with the fairly con-
stant soil humidity due to regular irrigation seems to promote soil fauna [34]. However,
earthworms living in orchards, which are amongst the most treated agricultural crops in the
European Union, are potentially exposed to a high amount of pesticides [44]. A comparison
between integrated and organic managed apple orchards revealed that organic managed
systems reached a significantly (p < 0.05) higher average total earthworm biomass of 53.9
(£15.6) g m~2 (5 sites) compared to 39.5 (+£6.9) g m~? in integrated managed systems
(10 sites). Furthermore, anecic earthworms did only occur in organic apple orchards or
organic vineyards except for one conventional vineyard where an exceptional high earth-
worm abundance of 135 g m~2 was recorded. Our study did not focus on management
differences within land-use types, and therefore, the number of sampling sites in organi-
cally managed fields was low. However, our findings are in line with Paoletti et al. [13]
and Van Zwieten et al. [57] who observed that soils contaminated with pesticides, which
are frequently applied in many orchards and vineyards are often avoided by earthworms.
Particularly copper, which often can be found in high concentration in vineyards, has a
strong inhibiting effect on endogeic and anecic earthworms [13,58]. Plant cover and its
management is another important factor influencing earthworm communities in perennial
cultures [59]. Growing cover crops or keeping native vegetation in vineyard does not only
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promote earthworm communities [60] but benefits biodiversity in general [61]. Therefore,
the use of herbicide such as glyphosate to reduce the water and nutrient competition in
perennial fruit cultures can effect earthworm communities negatively by both direct and
indirect effects [62-64]. The generally dryer soil conditions in vineyards compared to apple
orchards might be another reason for the reduced earthworm abundance. The observed
high variability of the earthworm communities within land-use types is a common phe-
nomenon in soil ecosystems and indicated a possibility to improve soil quality in fields
with low values [5,65].

While land-use type and management practice, as well as climatic conditions, mainly
determine the characteristic of earthworm communities at the regional scale, soil parame-
ters such as pH-value, soil organic matter content, clay content and soil texture can affect
its composition at the field scale [66,67]. Jansch et al. [68] who analysed data from 294 sites
in Germany determined land-use type inter-correlated with pH-value as the main factor
influencing occurrence and abundance of earthworms. In our case we focus on the influ-
ence of land-use type and soil management practice as the most relevant anthropogenic
factors influencing earthworm communities. This is in line with Tsiafouli et al. [69] who
found a decreasing earthworm species richness with increasing land-use intensity and
De Vries et al. [70] who observed a strong impact of land-use intensity on the structure of
soil food webs and related ES in Europe. Furthermore, they observed that the predictive
power of soil-food web structure was of comparable importance as the investigated abiotic
factors [70].

4.2. Earthworm as Indicator for Sustainable Land Use

A better understanding of how visible soil organisms contribute to processes and ES
in agroecosystems, and why they are good indicators for soil quality, can improve decision-
making processes related to land-use management [71,72]. Velasquez and Lavelle [73]
therefore promote indicators based on macroinvertebrate communities which can be ex-
plored relatively easily and with low costs and, hence enable farmers to assess soil quality
and soil-based ES. Paoletti et al. [13] and Turbé et al. [10] proposed to use earthworms
as bioindicators in agroecosystems. While several countries already use earthworm as-
sessment as part of monitoring programs of soil quality [74,75], its use as an indicator
for related ES is still in its infancy. Nevertheless, soil experts, who were asked to rate the
indicative value of 50 biological soil parameters for corresponding ES, rated abundance and
diversity of earthworms very highly [17]. However, the use of earthworms as biological
indicators for a European soil monitoring may be limited by the fact that earthworms are
not ubiquitous in all European bio-geographical zones [76,77]. Rutgers et al. [78] predicted
earthworm distribution across Europe and proposed to use the derived maps as a starting
point for soil-related ES assessments.

Earthworms are part of a multifaceted ecological web with complementary and
antagonistic species and guilds. Although many ES are clearly related to earthworm
activities, and while some authors have tried to quantify the contribution of individual
earthworm species or functional groups to the provision of distinct ES on the basis of
experimental studies [79], it appears nearly impossible to quantify their exact contribution
for all ES at the landscape scale. Schon et al. [80], who investigated carbon incorporation
by different functional groups of earthworms in a mesocosm study, concluded that all
three earthworm functional groups should be present in soils to maximize incorporation
of carbon from dung deposit on the soil surface. The same is true for crop yields. Both,
Johnston et al. [25] and van Groenigen et al. [11], who used literature data to model
the relationship between earthworm population biomass and crop yield, estimated that
earthworm presence led to an average 28% and 25% increase, respectively. In mesocosm
experiments plant growth and earthworm abundance had a strong positive correlation
resulting in an average increased growth of 30 g m~2 for every 100 earthworms [79].
However, all authors indicate that specific mechanisms and underlying relationships
between functional earthworm groups and plant production remain unclear, and that the
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multiple feedbacks and dynamic interactions between soil organisms and the physical
environment hinder exact predictions.

To quantify individual ES one has to establish the biophysical relationship between
functional earthworm groups and the functions they provide as described with two ex-
amples by Pascual et al. [81]. We deliberately withstood to quantify individual ES based
on the study data because we feel that until now, there are not sufficient published data
to quantify all earthworm related ES at the landscape levels under real-world conditions.
Furthermore, the multiple feedbacks and dynamic interactions between soil organisms and
the physical environment hinder exact predictions. This is a drawback because it hampers a
straightforward communication of the important contribution of earthworm populations to
agricultural production in specific, as well as human wellbeing in general [62]. To overcome
this drawback we used biomass, abundance, and diversity of functional earthworm groups
as surrogate indicators to determine the natural capital, and hence potential ES [81,82].
This is supported by the results of a meta-analysis conducted by Pascual et al. [81] focusing
on the effect of earthworms on water infiltration rates: while farming system (conven-
tional, reduced, or no tillage), land-use type, and the average number of earthworms were
significant predictors of water infiltration rates, earthworm number accounted for 61%
of the observed variation. However, this generalizing approach, which is important and
helpful to communicate the value of soil biodiversity to policy makers and the general
public [83,84], can and should be complemented by detailed quantification of selected ES
or ES bundles as proposed by Haida et al. [21].

4.3. ES and Economic Valuation

Documenting the economic value of ES or natural capital can help to highlight the
importance of unseen or neglected ES and to communicate this value using a familiar
reference such as monetary unites. Today, various economic valuation methodologies
exist. Robinson et al. [85] reviewed examples of valuation of soils and Dominati et al. [86]
presented a detailed framework to quantify and value the contribution of soils to the
provision of ES from agro-ecosystems at the field scale. We deliberately complemented
the assessment of earthworm biomass, abundance, and species composition with a simple
economic valuation of both the natural capital in form of total earthworm biomass as well
as the flow of one ES (topsoil production). Porter et al. [54] and Sandhu et al. [55] valued
the ES soil formation by the average amount of topsoil created by earthworms. If this
topsoil is not used directly or lost through erosion, one could argue that topsoil production
represents an intermediate ES [37]. Topsoil production could also be seen as a contribution
of earthworms to create natural capital, further supporting ESs. Therefore, the estimated
values might even underestimate the contribution of earthworms to ES. Direct market
valuation is a broadly applied valuation technique for ES that corresponds mainly with
goods or products. It uses the exchange value of those goods in trade to estimate the
economic importance of a given good or service [87]. Nevertheless, our straightforward
economic valuation should only complement our approach to illustrate and communicate
the contribution of earthworms to human wellbeing and its tremendous value as natural
capital, but it should not be used as basis for cost-benefit analysis [88].

4.4. Conclusion and Outlook

The observed earthworm communities and the assessment of related ecosystem ser-
vices delineates the important role earthworms play in agriculture. Our study provides a
starting point to integrate field data on earthworm abundance and community composi-
tion in ecosystem service and natural capital assessments on the landscape scale. While
soil quality is a very complex issue that neither can be captured with a single indicator
nor should be seen isolated from environmental quality in general, there is a need for
feasible and comprehensible indicators for soil quality that can be used by stakeholders to
improve decision-making processes related to land use. The major relationship between
ecosystem services and functional earthworm groups, the comparatively easy sampling
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methodology, and a positive public image designate earthworm community characteris-
tics as suitable indicators for this task. Significant differences between the investigated
land-use types and the high variability within indicate not only the importance to promote
earthworm-friendly management practices but highlights also the demand for further
(field) studies to establish sound reference values for different management practices and
soil types. Such assessments could profit from the involvement of non-specialists in sci-
entific research as demonstrated by the international citizen science project “Earthworm
Watch” (http://earthwormwatch.org). Involving citizens in environmental monitoring
activities is not only a possibility to facilitate comprehensive assessments, but also an
effective way to increase the public understanding, and commitment for issues related to
biodiversity protection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2071-105
0/13/1/312/s1, Table S1: Biomass of earthworm species for the three predominant land-use types in
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