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Abstract

Engineered soils provide numerous ecosystem services in urban landscapes, such as water
regulation and plant growth. They are constructed to optimize soil physicochemical properties
but their biological properties are given little consideration. In particular, earthworm
communities may be highly impacted by soil engineering processes and soil isolation caused
by asphalted surfaces separating soils, and in particular roadside soils, from pseudo-natural
soils. In this context, this study aimed to evaluate (i) the effects of soil engineering processes
applied to construct roadside soils, and (ii) the effects of soil isolation from pseudo-natural
soils by asphalted surfaces on earthworm communities. The study was conducted in an urban
landscape in the suburbs of Paris, France. We sampled earthworms in roadside soils from two
distinct soil engineering processes: basic engineering (BER) associated with shallow stripping
depth and advanced engineering (AER) associated with deep stripping depth and organic
amendment. Within each soil engineering process, two levels of soil isolation were defined
depending on the asphalted surface separating roadside soils from pseudo-natural soils: light
isolation (LI) in case of a narrow cycle path, and high isolation (HI) in case of a wide road.
Soil engineering did not affect the total earthworm abundance whereas the total species
richness was negatively impacted in comparison to nearby pseudo-natural soils. High soil
isolation differently impacted earthworm communities depending on the engineering process.
Regarding AER, earthworm abundance and species richness were significantly lower in HI
than in LI while no differences were observed between BER-LI and BER-HI. Overall,
engineering processes define the soil's ability to host earthworms, and soil isolation defines
soil ability to be colonized from nearby environments. Considering the contribution of
earthworms to the provision of ecosystem services, both soil engineering and soil isolation
should be taken into account in urban projects to optimize their development in urban

landscapes.
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1. Introduction

In response to global changes, urban landscapes integrate climate-resilient engineered
soils (e.g., parks, roundabouts, roadsides), especially to balance water flows and provide
thermal comfort through vegetation (Demuzere et al., 2014; Kim et al., 2016). Many
ecosystem services such as water regulation or support for plant growth are mainly provided
by urban soils depending on their physical, chemical, and biological properties (Dominati et
al., 2010). Engineered soil properties result from processes which include, among others, soil
stripping, transportation, and implementation in one or several layers (Marié and Rossignol,
1997; Vidal-Beaudet and Rossignol, 2018). Therefore, the construction of engineered soils in
the urban landscape is a key element to maintain functional soils and address urban issues
(Morel et al., 2015; Blanchart et al., 2018; Calzolari et al., 2020). If the physical and chemical
components of engineered soils have been studied (Damas and Coulon, 2016; Séré et al.,
2017), the biological component, despite being a key player in soil processes (Balser and
Firestone, 2005; Ernst et al., 2009), remains largely unexplored.

Among soil biological actors, earthworms are widespread in temperate climates and are
involved in numerous ecosystem services (Lavelle et al., 2006; Blouin et al., 2013; Bertrand
et al., 2015), acting in particular on water regulation (Ernst et al., 2009; Pelisek, 2018) and
plant growth (Scheu, 2003; van Groenigen et al., 2014). They are usually classified into four
main categories (Bouché, 1972, 1977; Jégou et al., 1998): epigeic earthworms live and feed
on organic matter of the soil surface, endogeic earthworms create horizontal burrows and feed

on soil organic matter, epi-anecic earthworms rather feed on fresh surface organic matter
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whereas strict-anecic earthworms preferentially feed on aged organic matter already
incorporated into the soil (Bouché, 1977; Jégou et al., 1998). Earthworm communities of
urban soils are poorly described and the few studies available highlighted the effects of soil
physicochemical properties (Amossé et al., 2016; Audusseau et al., 2020), land-uses (Li et al.,
2020; Téth et al., 2020), and land management (Smetak et al., 2007; Vergnes et al., 2017). For
example, Smetak et al. (2007) observed that additions of nitrogenous fertilizer in urban parks
were associated with an increase of an anecic species abundance. However, to our knowledge,
there is no study on the effect of engineering processes on earthworm communities in urban
landscapes.

Several studies have been undertaken at a large scale to evaluate the impact of landscape
diversity on earthworm communities (Joschko et al., 2006; Frazao et al., 2017; Hoeffner et al.,
2021). For example, Vanbergen et al. (2007) highlighted a positive correlation between
earthworm diversity and habitat richness at landscape-scale (1 km?); between earthworm
abundance and plant species richness at a local scale (200 m?). In the urban context, Xie et al.
(2018) observed that the ratio of asphalted surface and green space surface within different
buffers from 200 m to 1 km was negatively correlated with an anecic species. However, the
majority of the previous studies did not report the impact of landscape on earthworm
communities at a very fine scale (Vanbergen et al., 2007; Liischer et al., 2014; Frazao et al.,
2017; Xie et al., 2018). In particular, the effect of asphalted surfaces such as roads or cycle
paths surrounding roadside soils on earthworm communities remains unclear. Tiho and Josens
(2000) highlighted similar earthworm communities between soils surrounded by two roads
and soils of local urban parks, whereas Dupont et al. (2017) reported that for two endogeic
species roads could constitute barriers to earthworm dispersal at a regional scale (~130 km?).
Thus, earthworm communities of roadside soils and the effect of surrounding landscapes at a

very fine scale are still to be explored.
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The first objective of the present study was to evaluate the effects of soil engineering
processes applied to construct roadside soils on earthworm communities (total abundance,
total species richness, evenness index, and abundance within each earthworm ecological
category). We hypothesized that the more steps the engineering process includes, the more
degraded earthworm communities are likely to be. The second objective was to evaluate the
effects of soil isolation by asphalted surfaces on earthworm communities. We hypothesized
that earthworm communities in highly isolated roadside soils (i.e., separated from pseudo-
natural soils by a wide road) are likely to be more degraded than earthworm communities in
lightly isolated roadside soils (i.e., separated from pseudo-natural soils by a narrow cycle
path). We conducted a study in an urban landscape of Paris’ suburbs, France. Earthworms
were sampled in pseudo-natural grassland soils (controls) and along linear roadside soils from
two different soil engineering processes: basic engineering involving shallow soil stripping
and the addition of a single unmodified soil layer; advanced engineering involving deep soil
stripping, the addition of two soil layers and an organic amendment in the surface soil layer.
Within each engineering process, we studied soil isolation by comparing lightly and highly

1solated roadside soils.

2. Materials and methods
2.1. Study sites and sampling design

The study area is located around the city of Paris (France), in the commune of
Guyancourt (48° 76° 18’ N; 2° 07’ 23** E) which belongs to the urban community of Saint-
Quentin-en-Yvelines, built as a “new city” in the 1970s to avoid urban concentration in Paris.
The city expands on large agricultural parcels where the substrate is characterized by fine
loess deposits more than 3 metres deep (Mégnien, 1989). Guyancourt is structured by three

main avenues: two from north-east to south-west, and one from west to east. The climate is
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temperate, with a mean annual precipitation of 563 mm and a mean annual temperature of
11.2°C, a monthly minimum of -2.3°C and a monthly maximum of 26.4 °C (data from Météo
France, 2008-2018 Trappes station).

Two linear roadside soils made by following distinct engineering processes were
selected: (i) basic soil engineering process (Léon Blum Avenue) which is commonly used in
the urban context and (ii) advanced soil engineering process (Europe Avenue) which is rarely
used in the urban context. These roadside soils were selected for the detailed historical
knowledge available (Table S1), their proximity (less than 2 km apart), their great age (30 and
20 years old respectively), and the presence of adjacent pseudo-natural grassland soils. Basic
engineered roadside soils (BER) were implemented at the end of the 1980s. The existing soil
was stripped to a depth of 30 cm to reach the desired road level. The topsoil was reconstituted
with an addition of 20 to 30 cm of organo-mineral material (silty topsoil). Advanced
engineered roadside soils (AER) were implemented at the end of the 1990s. The existing soil
was stripped to a depth of 150 cm. The soil was reconstituted from bottom to top with 125 cm
of organo-mineral material (silty topsoil), 25 cm of a mixture of organo-mineral material and
compost from green waste, and finally a thin layer of pine bark mulch (Table S1). In both
cases, the organo-mineral material came from the perimeter of the urban project and
corresponds to topsoil stripped down to 30 cm, stored in a windrow, and then transported to
the roadside location. Six soil profile descriptions per engineering process (BER and AER)
were performed in 110 cm deep pedological pits (NF EN ISO 25177; AFNOR, 2019). Soils
were identified according to the IUSS Working Group (WRB, 2015). In addition, for each
roadside soil, nearby pseudo-natural grasslands soils (BER-PNG and AER-PNG, respectively)
left untouched by urban engineering at least for 30 and 20 years old respectively were

selected.
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Within each of the two types of engineered roadside soils, two levels of isolation from
adjacent pseudo-natural grassland soils were selected: (i) lightly isolated roadside soils (BER-
LI and AER-LI, respectively) between a 6 m wide asphalt road with a 20 cm high curb and a
3 m wide asphalt cycle path with no curb; (ii) highly isolated roadside soils (BER-HI and
AER-HI, respectively) between two asphalt roads, each 6 m wide with a 20 cm high curb
(Fig. S1). Details concerning land use and management of each group are shown in Table S1.
Earthworms and soil were sampled in order to cover all of the selected avenue portions. Each
replicate was separated from 60 m and the number of replicates for each group varied
depending on the avenue’s layouts (i.e., intersections) and length. Thus, 6 groups were
studied: (i) BER-PNG (n=10), (ii) BER-LI (n=10), (iii) BER-HI (n=5), (iv) AER-PNG (n=7),

(v) AER-LI (n=7), and (vi) AER-HI (n=7).

2.2. Earthworm sampling and laboratory analyses

Each earthworm sampling consisted of extracting 6 blocks of soil (20 cm x 20 cm x 25
cm, length x width x depth) and hand-sorting to collect earthworms. Sampling of soil blocks
was undertaken at a distance of 2 m from a tree and equidistant from the edge of the tree
trench. Earthworms were stored in ethanol (96% solution). In the laboratory, earthworms were
counted, assigned to a stage of development (juvenile, sub-adult and adult), identified at the
sub-species level and assigned to its ecological categories: epigeic, epi-anecic (genus
Lumbricus), anecic-strict (genus Aporrectodea) and endogeic (Bouché, 1972, 1977; Jégou et
al., 1998; Hoeffner et al., 2019). For juveniles that could not be determined at the sub-species,
they were first assigned to a genus and an ecological category, then distributed in proportion
of sub-adults and adults identified at the sub-species level in each group. The number of hand-
sorted earthworms was multiplied by 25 to obtain an estimation per square metre. Earthworm

diversity was analysed by calculating the total species richness, and the evenness index. The
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4

evenness index (J*) was calculated as follows: | = Hfl , where H’ is the Shannon diversity

max

index. Abundance was also analysed at the scale of ecological categories.

2.3. Soil sampling and physicochemical analyses

Soil samples were taken for analysis from the soil where earthworms had been
collected. Six sub-samples of soil (between 0 and 25 cm) were pooled and homogenized to
consider one composite sample per site. Composites were analysed by the analytical
laboratory AUREA AgroSciences (Orléans, France) for particle-size distribution (clay <2 pum:;
silt 2<um<50; sand 50<um<200, %; NFX 31-107 without decarbonatation; AFNOR, 2003),
soil organic matter (SOM; NF ISO 14235; AFNOR, 1998) and pH (water; NF ISO 10390;

AFNOR, 2005).

2.4. Statistical analyses

Wilcoxon tests were applied to compare total abundance, total species richness, evenness
index, and abundance of ecological categories between BER-PNG and BER, and between
AER-PNG and AER. Two-ways ANOV As for parametric data were applied to test the factors
“soil engineering”, “soil isolation”, and their interaction on total abundance, total species
richness, and evenness index between BER-LI, BER-HI, AER-LI, and AER-HI. We used a
type III sum of squares ANOVA because the sampling design was unbalanced. In case of
significant interaction, one-way ANOVA, and pairwise multiple comparisons were performed
to highlight the significant differences between mean variables of BER-LI, BER-HI, AER-LI,
and AER-HI. Given the large contrasts of abundance between groups at the scale of
ecological categories, Kruskal-Wallis tests for non-parametric data were applied, followed by

Dunn tests for post-hoc pairwise comparisons to identify the significant differences between

BER-LI, BER-HI, AER-LI, and AER-HIL



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

The species composition of earthworm communities among BER-PNG, BER-LI, BER-HI,
AER-PNG, AER-LI, and AER-HI was compared thanks to a data matrix of pairwise
comparisons among samples calculated using the Bray-Curtis distance index. Non-Metric
multidiDimensional Scaling (NMDS) was then used to find the best low-dimensional
representation of the distance matrix. The null hypothesis of no difference in patterns of
earthworm community structure was tested with a permutational multivariate analysis of
variance (PERMANOVA). PERMANOVAs were run on the Bray-Curtis distance with 1000
permutations per analysis.

All statistical analyses were performed on R software (R Core Team, 2019). Significance

was evaluated in all cases at P < 0.05.

3. Results
3.1. Physicochemical characteristics of soils

BER-PNG and AER-PNG were identified as Haplic Luvisols, with a silt content of 63 %
+ 3.5 (£ SD), a pH of 7.8 £ 0.3 and an organic matter content of 1.8 % + 0.4. BER and AER
were similar in pH (7.4 £ 0.6 and 7.2 + 0.2, respectively) and soil texture, with a dominant
percentage of silt (71 % + 4.0 and 67 % + 2.4 respectively), while the percentage of organic
matter was higher AER in than in BER (6.4 % + 1.0 and 1.8 % =+ 0.3, respectively) (Table
S2). BER were identified as Terric Luvisols (Transportic, Siltic) and AER were identified as

Hortic Anthrosols (Organotransportic, Siltic) (Table S1).

3.2. Earthworm communities of the study area
Over the whole study area, the mean earthworm abundance and species richness were 369
+ 190 individuals m? and 5.6 + 1.8 species, respectively (Table 1, Table S3). Fourteen species

were observed (Table S4): three epigeic (dominated by Lumbricus castaneus), two epi-anecic
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(Lumbricus rubellus rubellus and Lumbricus terrestris), two strict-anecic (Aporrectodea
giardi and Aporrectodea longa longa), and seven endogeic earthworms (dominated by
Aporrectodea icterica).

Regarding both pseudo-natural grassland soils, earthworm abundance was 377 + 150
individuals m2 and 485 + 163 individuals m? in BER-PNG and AER-PNG respectively, and
was not different to their respective engineered roadside soils (W = 59.0 and 29.0
respectively, P > 0.05; Table S3). Earthworm species richness was significantly higher in both
pseudo-natural grassland soils compared to their respective engineered roadside soils (at least
+34 %; W = 6.0 and 12.5 respectively, P < 0.05; Table S3), especially concerning epi-anecic
species in BER and strict-anecic species in AER. In addition, evenness index was
significantly higher in BER-PNG than in BER (+14 %, W = 31.0, P = 0.016; Table S3) while
no difference was observed between AER-PNG and AER (W = 36.5, P > 0.05; Table S3).
Among ecological categories, epi-anecic abundance was significantly higher in BER-PNG
than in BER (+93 %, W = 35.0, P = 0.006; Table S3), strict-anecic abundance was
significantly higher in AER-PNG than in AER (+72 %, W= 15.5, P = 0.011; Table S3) while
no differences were observed between grassland soils and their respective engineered roadside
soils regarding epigeic and endogeic abundance (W < 39.0, P > 0.05; Table S3).

Regarding lightly isolated roadside soils (LI), earthworm species richness and evenness
index were significantly lower in BER-LI than in AER-LI (at least +31 %, F = 24.4 and 10.3,
respectively, P < 0.004) while earthworm abundance was not affected by the engineering
process (Table 1). Among ecological categories, epigeic and epi-anecic abundances were
significantly lower in BER-LI than in AER-LI (at least +88 %, K = 12.9 and 15.8,
respectively, P < 0.005; Table 2) while strict-anecic and endogeic abundance were not
affected by the engineering process. In addition, earthworm communities were different in

BER-LI and AER-LI (Fig. 1). Regarding highly isolated roadside soils (HI), strict-anecic
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abundance was significantly higher in BER-HI than in AER-HI (+100 %, K = 15.1, P =
0.002; Table 2) while earthworm abundance, species richness, evenness index, as well as
epigeic, epi-anecic and endogeic abundance were similar between BER-HI and AER-HI
(Table 1, Table 2).

In basic engineered roadside soils (BER) no differences were observed in both BER-LI or
BER-HI regarding earthworm abundance, species richness, evenness index, structure of
communities, as well as epigeic, epi-anecic, strict-anecic and endogeic abundance (Table 1,
Table 2, Fig.1). Regarding advanced engineered roadside soils (AER), earthworm abundance
and species richness were significantly higher in AER-LI than in AER-HI (at least +54 %, F =
10.8 and 24.4 respectively, P < 0.003) while evenness index was not affected by soil isolation
(Table 1). Among ecological categories, epi-anecic and endogeic abundance were
significantly higher in AER-LI than in AER-HI (+at least 64 %, K = 11.6 and 15.8, P <
0.009). In addition, earthworm communities were different between AER-LI and AER-HI
(Fig. 1) in particular due to the absence of epigeic and strict-anecic earthworms in AER-HI

(Table 1).

4. Discussion

In the present study, mean earthworm abundance and species richness ranged from 153 to
538 individuals m2 and from 3.1 to 7.7 species. The lowest mean earthworm abundance and
species richness observed are close to those observed in previous urban studies (Amossé et
al., 2016; Xie et al., 2018), for example Vergnes et al. (2017) found a mean of 93.4
individuals m™ and 4.6 species in 20 urban parks of two districts of Paris. The highest mean
earthworm abundance observed in the present study is higher than those observed in
grasslands where earthworms are generally the most abundant in temperate climates (Decaéns

et al., 2008), while the highest mean earthworm species richness observed is lower than those

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

observed in grasslands. For examples, Didden (2001) found a mean of 384 individuals m™ and
10 species in 20 grasslands in the Netherlands, and Cluzeau et al. (2012) found a mean of 350
individuals m™ and 9.6 species among 47 grasslands in Brittany. These results underline the
high variability of earthworm communities within a single city as observed in previous studies
(Smetak et al., 2007; Xie et al., 2018). Indeed, urban landscapes are strongly influenced by
numerous anthropogenic factors (e.g., historical land-use, local soil management, urban
shapes) which differently affect earthworm communities at multiple spatial urban scales
(Swan et al., 2011; Aronson et al., 2016) such as city, district or neighbourhood. Thus,
earthworm communities of urban soils can be highly degraded as well as preserved,
modifying their level of contribution to ecosystem services (Lavelle et al., 2006; Blouin et al.,
2013).

Soil engineering did not affect the total earthworm abundance, as compared to their
respective pseudo-natural grassland soils, earthworm abundance was similar in basic and
advanced engineered roadsides soils. Thus, despite soil disturbances caused by engineering
processes (e.g., soil stripping, soil transport) and regardless of engineering intensity (e.g.,
stripping depth, soil addition), earthworm abundance reached comparable levels to pseudo-
natural soils after 20 and 30 years. This similar earthworm abundance between engineered
roadside soils and nearby pseudo-natural grassland soils can be explained by the absence of
soil disturbance in recent decades such as pedestrian activity or soil manipulation, which
favours earthworm development (PiZzl and Schlaghamersky, 2007; Peigné et al., 2009).
Besides, the presence of a permanent cover in both engineered roadsides soils could also be a
favourable factor for earthworm development as it provides food resources and increases
protection against climatic hazards (Pélosi et al., 2009; Schreck et al., 2012). However, soil
engineering negatively affected total earthworm species richness which reinforces a previous

study that showed in urban landscapes that earthworm species richness declines due to soil
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disturbance (i.e., soil engineering) and the loss of habitats due to urbanisation (Xie et al.,
2018). Given this erosion of earthworm diversity, engineering processes could include
population transfers from nearby pseudo-natural soils to engineered soils thanks to inoculation
techniques that would compensate for losses due to constructions (Butt et al., 1997; Butt,
1999).

Soil isolation differently impacted earthworm communities in both engineered roadside
soils. Regarding advanced engineered roadside soils, earthworm abundance was the highest in
lightly isolated roadsides among all the roadside soils considered. This result highlights a
particularly suitable environment for earthworm communities in advanced engineered
roadside soils. Although the entire soil profile has been reconstituted to a depth of 150 cm, the
use of topsoil and the organic amendment in the surface soil layer, highlighted by a high
percentage of organic matter, allowed a high level of earthworm development by providing
abundant trophic resources (Lapied et al., 2009; Ashwood et al., 2017). High levels of organic
matter in advanced engineered soils could explain the high abundance of the geophagous
endogeic earthworm Aporrectodea caliginosa caliginosa, which was almost two times more
abundant in lightly isolated soils than in nearby pseudo-natural soils (Bouché, 1972; Doube et
al., 1997). Earthworm abundance and species richness were in contrast the lowest in highly
isolated advanced roadside soils which shows, despite highly suitable habitats provided by the
advanced engineering process, that roads have a negative effect on earthworm communities.
This result could be explained by high mortality rates caused by cars and drought when
earthworms remain on asphalt surfaces, added to their probable difficulty to climb the 20 cm-
high curbs to access the soils. Besides, highly isolated advanced roadside soils are surrounded
by roads on both sides and are elevated from them which can limit water runoff and soil
moisture, considered as an essential factor to earthworm survival (Lee, 1985). Thus, resulting

isolated earthworm communities were almost exclusively composed of endogeic species that
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are particularly tolerant to soil disturbances (Rosas-Medina et al., 2010; Briones and Schmidt,
2017). Overall, the absence of two ecological categories (epigeic and anecic earthworms) can
negatively affect the development of other earthworm species in terms of trophic relations, as
shown by Keith et al. (2018) who highlighted for example that the surface foraging activity of
anecics was beneficial for a soil-feeding endogeic species. More globally, the lack of several
earthworm ecological categories may be very damaging for the maintenance of soil functions
in which they are involved such as organic matter decomposition (especially epigeic species)
or water infiltration (especially anecic species) (Bastardie et al., 2003; Sharma et al., 2017).
Regarding soil from basic engineering processes, no differences were observed between
communities of lightly and highly isolated roadside soils, and both were very similar to
nearby pseudo-natural grassland soils. Similar observations were made in Brussels by Tiho
and Josens (2000), who observed similar earthworm communities between highly isolated
roadside soils of Roosevelt Avenue and 19 pseudo-natural soils of local urban parks.
Considering that basic roadside soils were stripped at shallow depth, it can be assumed that, as
suggested by Tiho and Josens (2000), earthworm communities could have developed from a
relict of the earthworm communities present before the road construction and have been
preserved under the modified layer of the soil. Thus, the issue of soil isolation should be taken
into account in urban projects, in particular if initial habitats and pool of species are likely to

be highly impacted along the construction process.

5. Conclusion

This study highlights the combined effects of soil engineering and soil isolation on
earthworm communities in urban landscapes. Soil engineering did not modify earthworm
abundance 20 or 30 years after roadside construction while earthworm species richness was

negatively impacted. Earthworm communities of highly isolated advanced roadside soils (i.e.,
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surrounded by roads) were strongly negatively impacted while soil isolation did not impact
basic engineered soils. In the context of growing urbanisation and landscape fragmentation,
our results shows that urban soil biodiversity has to be taken into account all along the
different steps of urban projects. From the start, soil and biodiversity diagnostics could help to
define the quality of the habitat and identify the species already present on site; low impacting
engineering processes could limit the degradation of earthworm populations during the
project; the preservation of reservoir areas and the maintaining of connections between green
spaces could help the colonisation process; adapted soil management (e.g., ensuring sufficient
soil moisture) could maintain long-term high-quality habitats for soil biodiversity. To specify
and confirm technical recommendations, further studies should be conducted on other urban
shapes than more or less isolated roadsides, and different urban scales from the city to the

neighbourhood should be explored.

6. Acknowledgments

We thank AUREA Agrosciences for the soil physicochemical analysis and Météo France
for the meteorological data. We thank Véronique Keignaert from the environment and green
spaces department of Saint-Quentin-en-Yvelines for provision of access to Europe and Léon
Blum Avenues in Guyancourt. We sincerely thank Howaida Abbas, Nathan Colas, Mylene
Gauter, and Karina Gaspar, for their help and support during field sampling and lab work. We
also thank Rebecca Dingkuhn for helpful comments and proofreading in English. This
research was supported by the “Association Nationale de la Recherche et de la
Technologie” (ANRT) through an industrial CIFRE convention between the Sol Paysage
Company and the University of Rennes 1 (Number of convention N° 2018/0569,

http://www.anrt.asso.fr/fr/cifre-7843).

15



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

References

AFNOR, 1998. Qualité du sol - Dosage du carbone organique par oxydation
sulfochromique. NF ISO 14235.

AFNOR, 2003. Qualité du sol - Détermination de la distribution granulométrique
des particules du sol - Méthode a la pipette. NF X31-107.

AFNOR, 2005. Qualité du sol - Détermination du pH. NF ISO 10390.

AFNOR, 2019. Qualité du sol - Description du sol sur le terrain. NF EN ISO 25177.

Amossé, J., Dozsa-Farkas, K., Boros, G., Rochat, G., Sandoz, G., Fournier, B.,
Mitchell, E.A.D., le Bayon, R., 2016. Patterns of earthworm, enchytraeid and
nematode diversity and community structure in urban soils of different ages.
European Journal of Soil Biology 73, 46-58.

Aronson, M.F.J., Nilon, C.H., Lepczyk, C.A., Parker, T.S., Warren, P.S., Cilliers,
S.S., Goddard, M.A., Hahs, A.K., Herzog, C., Katti, M., la Sorte, F.A.,
Williams, N.S.G., Zipperer, W., 2016. Hierarchical filters determine
community assembly of urban species pools. Ecology 97, 2952-2963.

Ashwood, F., Butt, K.R., Doick, K.J., Vanguelova, E.L., 2017. Interactive effects of
composted green waste and earthworm activity on tree growth and reclaimed
soil quality: A mesocosm experiment. Applied Soil Ecology 119, 226-233.

Audusseau, H., Vandenbulcke, F., Dume, C., Deschins, V., Pauwels, M., Gigon, A.,
Bagard, M., Dupont, L., 2020. Impacts of metallic trace elements on an
earthworm community in an urban wasteland: Emphasis on the
bioaccumulation and genetic characteristics in Lumbricus castaneus. Science

of the Total Environment 718, 137259.

16



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

Balser, T.C., Firestone, M.K., 2005. Linking microbial community composition and
soil processes in a California annual grassland and mixed-conifer forest.
Biogeochemistry 73, 395-415.

Bastardie, F., Capowiez, Y., de Dreuzy, J.R., Cluzeau, D., 2003. X-ray tomographic
and hydraulic characterization of burrowing by three earthworm species in
repacked soil cores. Applied Soil Ecology 24, 3—16.

Bertrand, M., Barot, S., Blouin, M., Whalen, J., Oliveira, T. de, Roger-estrade, J.,
2015. Earthworm services for cropping systems. A review. Agronomy for
sustainable development 35, 553-567.

Blanchart, A., Séré, G., Johan, C., Gilles, W., Stas, M., Consales, J.-N., Morel, J.-
L., Schwartz, C., 2018. Towards an operational methodology to optimize
ecosystem services provided by urban soils. Landscape and Urban Planning
176, 1-9.

Blouin, M., Hodson, M.E., Delgado, E.A., Baker, G., Brussaard, L., Butt, K.R., Dai,
J., Dendooven, L., Peres, G., Tondoh, J.E., Cluzeau, D., Brun, J.J., 2013. A
review of earthworm impact on soil function and ecosystem services. European
Journal of Soil Science 64, 161-182.

Bouché, M.B., 1972. Lombriciens de France: écologie et systématique. INRA -
Annales de Zoologie Ecologie Animale, Paris.

Bouché, M.B., 1977. Strategies lombriciennes. Ecological Bulletins, Soil
Organisms as Components of Ecosystems 25, 122—132.

Briones, M.J.I., Schmidt, O., 2017. Conventional tillage decreases the abundance
and biomass of earthworms and alters their community structure in a global

meta-analysis. Global Change Biology 23, 4396—4419.

17



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

Butt, K.R., 1999. Inoculation of earthworms into reclaimed soils: The UK
experience. Land Degradation and Development 10, 565-575.

Butt, K.R., Frederickson, J., Morris, R.M., 1997. The Earthworm Inoculation Unit
technique: an integrated system for cultivation and soil-inoculation of
earthworms. Soil Biology and Biochemistry 29, 251-257.

Calzolari, C., Tarocco, P., Lombardo, N., Marchi, N., Ungaro, F., 2020. Assessing
soil ecosystem services in urban and peri-urban areas: From urban soils survey
to providing support tool for urban planning. Land use policy 99, 105037.

Cluzeau, D., Guernion, M., Chaussod, R., Martin-laurent, F., Villenave, C., Cortet,
J., 2012. Integration of biodiversity in soil quality monitoring: Baselines for
microbial and soil fauna parameters for different land-use types. European
Journal of Soil Biology 49, 63-72.

Damas, O., Coulon, A., 2016. Créer des sols fertiles - Du déchet a la végétalisation
urbaine. Editions du Moniteur, Antony.

Decaéns, T., Margerie, P., Aubert, M., Hedde, M., Bureau, F., 2008. Assembly rules
within earthworm communities in North-Western France-A regional analysis.
Applied Soil Ecology 39, 321-335.

Demuzere, M., Orru, K., Heidrich, O., Olazabal, E., Geneletti, D., Orru, H., Bhave,
A.G., Mittal, N., Feliu, E., Faehnle, M., 2014. Mitigating and adapting to
climate change: Multi-functional and multi-scale assessment of green urban
infrastructure. Journal of Environmental Management 146, 107-115.

Didden, W.A.M., 2001. Earthworm communities in grasslands and horticultural

soils. Biology and Fertility of Soils 33, 111-117.

18



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

Dominati, E., Patterson, M., Mackay, A., 2010. A framework for classifying and
quantifying the natural capital and ecosystem services of soils. Ecological
Economics 69, 1858—1868.

Doube, B.M., Schmidt, O., Killham, K., Correll, R., 1997. Influence of mineral soil
on the palatability of organic matter for lumbricid earthworms: A simple food
preference study. Soil Biology and Biochemistry 29, 569-575.
https://doi.org/10.1016/S0038-0717(96)00032-6

Dupont, L., Torres-Leguizamon, M., René-Corail, P., Mathieu, J., 2017. Landscape
features impact connectivity between soil populations: a comparative study of
gene flow in earthworms. Molecular Ecology 26, 3128-3140.

Ernst, G., Felten, D., Vohland, M., Emmerling, C., 2009. Impact of ecologically
different earthworm species on soil water characteristics. European Journal of
Soil Biology 45, 207-213.

Frazao, J., Goede, R.G.M. de, Brussaard, L., Faber, J.H., Groot, J.C.J., Pulleman,
M., 2017. Earthworm communities in arable fields and restored field margins,
as related to management practices and surrounding landscape diversity.
Agriculture, Ecosystems & Environment 1, 1-8.

Hoeffner, K., Santonja, M., Cluzeau, D., Monard, C., 2019. Epi-anecic rather than
strict-anecic earthworms enhance soil enzymatic activities. Soil Biology and
Biochemistry 132, 93—-100.

Hoeffner, K., Santonja, M., Monard, C., Barbe, L., Moing, M. le, Cluzeau, D.,
2021. Soil properties, grassland management, and landscape diversity drive the
assembly of earthworm communities in temperate grasslands. Pedosphere 31,

375-383.

19



455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

Jégou, D., Cluzeau, D., Balesdent, J., Tréhen, P., 1998. Effects of four ecological
categories of earthworms on carbon transfer in soil. Applied Soil Ecology 9,
249-255.

Joschko, M., Fox, C.A., Lentzsch, P., Kiesel, J., Hierold, W., Kriick, S., Timmer, J.,
2006. Spatial analysis of earthworm biodiversity at the regional scale.
Agriculture, Ecosystems and Environment 112, 367-380.

Keith, A.M., Boots, B., Stromberger, M.E., Schmidt, O., 2018. Consequences of
anecic earthworm removal over 18 months for earthworm assemblages and
nutrient cycling in a grassland. Pedobiologia 66, 65-73.

Kim, H., Lee, D.K., Sung, S., 2016. Effect of urban green spaces and flooded area
type on flooding probability. Sustainability 8, 134.

Lapied, E., Nahmani, J., Rousseau, G.X., 2009. Influence of texture and
amendments on soil properties and earthworm communities. Applied Soil
Ecology 43, 241-249.

Lavelle, P., Decaéns, T., Aubert, M., Barot, S., Blouin, M., Bureau, F., Margerie, P.,
Mora, P., Rossi, J.P., 2006. Soil invertebrates and ecosystem services.
European Journal of Soil Biology 42, 3—15.

Lee, K.E., 1985. Earthworms: their ecology and relationships with soils and land
use. Academic Press, London.

Li, J., Zhang, Z., Wang, H., Wang, S., Chen, Q., 2020. Urban land-use impacts on
composition and spatiotemporal variations in abundance and biomass of
earthworm community. Journal of Forestry Research 31, 325-331.

Marié, X., Rossignol, J.-P., 1997. Les Anthroposols reconstitués pour les espaces
verts, in: ISHS Symposium : La Santé de I’arbre Urbain. Acta Horticulturae,

Paris, pp. 361-368.

20



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

Mégnien, F., 1989. Carte géologique de Corbeil a 1/50 000. BRGM, Orléans.

Morel, J.L., Chenu, C., Lorenz, K., 2015. Ecosystem services provided by soils of
urban, industrial, traffic, mining, and military areas (SUITMAs). Journal of
Soils and Sediments 15, 1659-1666.

Peigné, J., Cannavaciuolo, M., Gautronneau, Y., Aveline, A., Giteau, J.L., Cluzeau,
D., 2009. Earthworm populations under different tillage systems in organic
farming. Soil and Tillage Research 104, 207-214.

Pelisek, I., 2018. Investigation of soil water infiltration at a scale of individual
earthworm channels. Soil and water research 13, 1-10.

Pélosi, C., Bertrand, M., Roger-Estrade, J., 2009. Earthworm community in
conventional, organic and direct seeding with living mulch cropping systems.
Agronomy for sustainable development 29, 287-295.

Pizl, V., Schlaghamersky, J., 2007. The impact of pedestrian activity on soil
annelids in urban greens. European Journal of Soil Biology 43, 68—71.

R Core Team, 2019. R: A language and environment for statistical computing.

Rosas-Medina, M.A., Leon-Gonzales, F. de, Flores-Macias, A., Payan-Zelaya, F.,
Borderas-Tordesillas, F., Gutierrez-Rodriguez, F., Fragoso-Gonzalez, C., 2010.
Effect of tillage, sampling date and soil depth on earthworm population on
maize monoculture with continuous stover restitutions. Soil & Tillage
Research 108, 37-42.

Scheu, S., 2003. Effects of earthworms on plant growth: patterns and perspectives.
Pedobiologia 47, 846-856.

Schreck, E., Gontier, L., Dumat, C., 2012. Ecological and physiological effects of
soil management practices on earthworm communities in French vineyards.

European Journal of Soil Biology 52, 8-15.

21



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

Séré, G., Schwartz, C., Cortet, J., Guimont, S., Watteau, F., Simonnot, M.O., Morel,
J.-L., 2017. Pedological engineering for brownfield reclamation, in: Levin,
M.J., Kim, K.-H.J., Morel, J.-L., Burghardt, W., Charzynski, P., Shaw, R.K.,
IUSS Working Group SUITMA (Eds.), Soils within Cities - Global
Approaches to Their Sustainable Management - Composition, Properties, and
Functions of Soils of the Urban Environment. Schweizerbart Science
Publishers, pp. 152—158.

Sharma, D.K., Tomar, S., Chakraborty, D., 2017. Role of earthworm in improving
soil structure and functioning. Current Science 113, 1064—-1071.

Smetak, K.M., Johnson-Maynard, J.L., Lloyd, J.E., 2007. Earthworm population
density and diversity in different- aged urban systems. Applied Soil Ecology
37, 161-168.

Swan, C.M., Pickett, S.T.A., Szlavecz, K., Warren, P., Willey, K.T., 2011.
Biodiversity and community composition in urban ecosystem: coupled human,
spatial, and metacommunity processes, in: Niemeld, J., Breuste, J.H.,
Guntenspergen, G., Mclntyre, N.E., Elmqvist, T., James, P. (Eds.), Urban
Ecology: Patterns, Processes, and Applications. Oxford, pp. 179-186.

Tiho, S., Josens, G., 2000. Earthworm populations of Roosevelt Avenue (Brussels,
Belgium): Composition, density and biomass. Belgian Journal of Zoology 130,
131-138.

Téth, Z., Szlavecz, K., Epp Schmidt, D.J., Hornung, E., Setild, H., Yesilonis, 1.D.,
Kotze, D.J., Dombos, M., Pouyat, R., Mishra, S., Cilliers, S., Yarwood, S.,
Csuzdi, C., 2020. Earthworm assemblages in urban habitats across

biogeographical regions. Applied Soil Ecology 151, 103530.

22



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

van Groenigen, J.W., Lubbers, LM., Vos, H.M.J., Brown, G.G., de Deyn, G.B., van
Groenigen, K.J., 2014. Earthworms increase plant production: a meta-analysis.
Scientific Reports 4, 1-7.

Vanbergen, A.J., Watt, A.D., Mitchell, R., Truscott, A.M., Palmer, S.C.F., lvits, E.,
Eggleton, P., Jones, T.H., Sousa, J.P., 2007. Scale-specific correlations
between habitat heterogeneity and soil fauna diversity along a landscape
structure gradient. Oecologia 153, 713-725.

Vergnes, A., Blouin, M., Muratet, A., Lerch, T.Z., Mendez-millan, M., Rouelle-
castrec, M., Dubs, F., 2017. Initial conditions during Technosol
implementation shape earthworms and ants diversity. Landscape and Urban
Planning 159, 32-41.

Vidal-Beaudet, L., Rossignol, J.-P., 2018. Urban Soils: Artificialization and
Management, in: Valentin, C. (Ed.), Soils as a Key Component of the Critical
Zone 5: Degradation and Rehabilitation. John Wiley & Sons, pp. 189-210.

WRB, 2015. World Reference Base for Soil Resources, World Soil Resources
Reports. FAO, Rome.

Xie, T., Wang, M., Chen, W., Uwizeyimana, H., 2018. Impacts of urbanization and
landscape patterns on the earthworm communities in residential areas in

Beijing. Science of the Total Environment 626, 1261-1269.

23



550 FIGURES

551  Fig. 1 Non-metric multidimensional scaling ordinations showing similarities, based on Bray-
552 Curtis distance index, of earthworm communities of each group. Significant dissimilarities
553  between groups were assessed by PERMANOVA. Pseudo-F values and associated P-values
554  are indicated. Ellipses correspond to groups (BER-PNG = pseudo-natural grassland soils
555 nearby basic engineered roadside soils; BER-LI = lightly isolated basic engineered roadside
556  soils; BER-HI = highly isolated basic engineered roadside soils; AER-PNG = pseudo-natural
557  grassland soils nearby advanced engineered roadside soils; AER-LI = lightly isolated

558 advanced engineered roadside soils; AER-HI = highly isolated advanced engineered roadside
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TABLES

Table 1 Effects of soil engineering and soil isolation on earthworm communities. Values are mean + standard deviation. F-values and

P-values from Anova type III were given for total abundance, total species richness, and evenness index (Eng = Engineering; Iso =

Isolation). Different letters denote significant differences regarding the interaction Eng*Iso among groups, with a > b > ¢ (post-hoc

Tukey test results).

Basic engineered

Advanced engineered

roadside soils (BER) roadside soils (AER)

Light High Light High

isolation isolation isolation isolation

(BER-LI, (BER-HI, (AER-LI, (AER- Eng Iso Eng * Iso

n=10) n=>5) n="7) HIL,n=7) Anova p-value Anova p-value Anova p-value
Total abundance (ind.ma) 327+104ab 340 £ 181 ab 538 £239 a 153+92Db F=0.0 0.848 F=9.5 0.005 F=10.8 0.003
Total species richness 46£05b 44+1.1bc 6.7+1.0a 31+11c F=1.6 0221 F=30.5 9.6e-06 F=244 4.4e-06
Evenness index 05+0.1b 0.7+0.1 ab 0.8+0.1a 0.6 £0.2 ab F=35 0.073 F=03 0.570 F=10.3 0.004
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568

569

Table 2 Effects of soil engineering and soil isolation on earthworm abundance per ecological categories. Values are mean + standard

deviation. K-values and P-values from Kruskal-Wallis test were given for epigeic, epi-anecic, strict-anecic, and endogeic abundance.

Different letters denote significant differences among groups with a > b (post-hoc Dunn test results).

Basic engineered

Advanced engineered

Epigeic abundance (ind.ma)
Epi-anecic abundance (ind.m_z)
Strict-anecic abundance (ind.m_z)

Endogeic abundance (ind.m_z)

roadside soils (BER) roadside soils (AER)

Light isolation ~ High isolation Light isolation ~ High isolation

(BER-LI, n=10) (BER-HI,n =5) (AER-LI,n=7) (AER-HLn=7) Kruskal-Wallis p-value
6+5Db 28 £31 ab 50+69a 0+0b K=12.9

1+3Db 0+0b 28+40a 2+2Db K=15.8

41+33a 60+57a 38+37a 0+0b K=15.1

280+96 a 252+ 122 ab 422 £ 157 a 151+£92b K=11.6

0.005
0.001
0.002
0.009
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