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ABSTRACT

Annelids (Lumbricidae and Enchytraeidae) and nematodes are common soil organisms and play
important roles in organic matter decomposition, nutrient cycling and creation of soil structure and
porosity. However, these three groups have rarely been studied together and only few studies exist for
urban soils. We studied the diversity and community composition of annelids and nematodes in soils
spanning more than two centuries of urban soil development in Neuchatel (Switzerland) and assessed
the relationships 1) among these three groups and 2) between each group and environmental (physical,
chemical and functional) characteristics of soils and soil age.

While the groups of environmental variables were correlated (Mantel tests) no correlation was found
between pairs of soil fauna groups and between each soil fauna group and environmental variables. More
specifically, redundancy analyses showed that earthworm assemblages were best correlated with soil
bulk density and with soil depth, the latter being positively correlated with soil age. Enchytraeid as-
semblages and the proportion of enchytraeid r-strategists were respectively best correlated with soil
carbonate content and negatively correlated with soil age. Nematodes assemblages were best correlated
with soil water content. Moreover, relationships between pairs of soil biota groups, and between each
group and environmental (physical, chemical and functional) variables, varied along the soil age gradient
(moving window analysis).

This study provides new knowledge on urban soil biodiversity and how environmental conditions can
influence soil diversity and community patterns in the urban context. The contrasted community pat-
terns of earthworms, enchytraeids and nematodes in urban soils of different ages and their different
ecological roles suggest that they represent potential complementary indicators of soil quality and
functioning such as soil formation and organic matter dvnamics.

1. Introduction

organisms, for which soils have a habitat function [3,4]. Soil fauna
communities are useful indicators of changes in soil state or func-

Urban soils support mainly parks and gardens and contribute to
local climate regulation, organic matter decomposition and pri-
mary production [1,2]. These processes are all controlled by soil
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tioning [5—10]. However, they are still poorly studied in the urban
context as compared to natural and agro-ecosystems and
comparative studies of different groups are lacking. Our focus here
is on the comparison of patterns of earthworm, enchytraeid and
nematode diversity and community structure along a soil age
gradient. Our aim was to assess to what extent these three



contrasted groups of functionally important soil organisms could
be used as indicators of soil ecological conditions in the urban
context.

As soil engineers, earthworms modify environmental conditions
for other organisms through their bioturbation activity [3,11]. They
contribute to creating and maintaining the structure of soils by
building pore networks and enhancing soil aggregation by mixing
mineral and organic particle in their digestive tract [12—16].
Enchytraeids are commonly found in almost all soil types [17]. They
are one of the most abundant groups of soil mesofauna in
temperate soils [3,17]. Enchytraeids contribute significantly to litter
fragmentation and organic matter decomposition [18]. They are
also efficient at aerating the soil in the top centimetres [17—19].
Nematodes live in most terrestrial habitats that provide available
organic carbon sources [6]. They belong to the microfauna
(<0.2 mm in body diameter) and densities often reach millions of
individuals per m? [3]. Nematodes are key components of soil food
webs due to their various feeding habits (e.g. bacterivores, fungi-
vores, herbivores and predators) and as food resources for other
organisms [6,20]. Nematodes play various roles in the soil, espe-
cially regulation of microbial biomass and nutrient cycling [9,21].
Their community composition and life history indices are in-
dicators of environmental disturbance [6,9,22]. The patterns of di-
versity and community structure of earthworms, enchytraeids and
nematodes have been studied in natural and agro-ecosystems
[23,24]. Earthworms, collembolans, nematodes and enchytraeids
are amongst the most studied taxa in urban soils. They were
studied for different purposes such as the effects of soil contami-
nants [25—29], land use or management [30—38] on soil fauna.
However, the relationships among these groups remain poorly
explored [39—41] and to our knowledge earthworms, enchytraeids
and nematodes were never studied together in the urban context.

Although urban soils are strongly influenced by human activ-
ities and often very degraded, they are nevertheless highly diverse
[42]. Urban soils are mainly characterized by high degrees of mix-
ing, sealing, compaction and contamination [42,43]. The most
affected part is often the topsoil, where most biological activity
normally takes place [17]. Sealing and compaction reduce infiltra-
tion of water and air, organic matter transfer and turnover. The
resulting low biological activity can feed back to compaction
particularly in clay and wet soils, further inhibiting water move-
ment and hindering root penetration [44,45]. As a consequence,
available habitats for soil organisms are reduced [34,46]. This af-
fects the overall soil quality and functioning.

While the diversity of above-ground organisms is reasonably
well studied in urban areas, much less is known about the soil
fauna. For example, it is unclear to what extent these organisms
show similar patterns of diversity or community structure along
environmental gradients or in response to disturbances in urban
soils. Our aim was to study the patterns of diversity and community
structure of earthworms, enchytraeids and nematodes in relation
to soil conditions and functioning in an urban context and to assess
if our observations matched those reported in agricultural or nat-
ural soils. As our study sites spanned more than two centuries of
urban development, we especially focused on the diversity and
community patterns in relation to soil age.

2. Material and methods
2.1. Study sites

The study was carried out in and around Neuchatel, a thousand
year old city in Switzerland (46° 59’ 51” N; 6° 55’ 86" E). Based on

well-known periods of development of the city on surrounding
ecosystems (forests, vineyards and lake) and preliminary soil

investigations, a series of eighteen study sites - spanning more than
two centuries - were selected according to site history and land use
(Table 1). We first investigated “native” and “near native” soils close
to the city centre of Neuchatel, and then explored “man-made”
ones in the city and its suburbs (Table 1). At each site the soil was
described and identified in 2011 and 2012 according to the 2006
World Reference Base for Soil Resources [47].

2.2. Soil analyses

At each site, we sampled the first horizon (top 8—12 cm) of the
soil profile in 2011 and 2012. The soil samples were air dried, sieved
at 2 mm in order to remove the coarse fraction and analysed for pH
(H»0 and KC(l), particle-size distribution (% clay, % silt, % sand), loss
on ignition (%, Allen method), organic carbon (Corg, CHN method),
total nitrogen (N, Kjeldahl method), available phosphorus (Ppio,
Olsen method), total phosphorus (P, Kjeldahl method), cation-
exchange capacity (CEC, Cobaltihexamine method) and carbonate
content (CaCOs, using a Bernard calcimeter according to Vatan's
method, [48]). Water content and soil bulk density were measured
on soil sampled using a metal cylinder, (5 cm height x 5 cm internal
diameter) [49]. The C/N ratio was calculated. Four functional
characteristics of the soil were measured: enzymatic activity (flu-
orecein diacetate hydrolysis/FDA, [50]), bacterial density (CyFlow®
Space, [51,52]), ergosterol content [53,54], and soil respiration
measured for 20 min (soil volume of 85.1 cm® at 40% of water
content) at 20 °C in an acclimatized chamber (IRGA — LiCor 8100).

2.3. Soil annelids and nematodes

Annelids and nematodes were extracted from sites directly
adjacent to the described soil profiles. Earthworms were collected
from eight and ten sites in October 2011 and in October 2012,
respectively. First, Lumbricidae were sampled using the hot
mustard (2%) extraction method [55] in four squares of 0.25 m?
surface (0.5 x 0.5 m) per site. A block of soil (20 x 20 x 20 cm,
8000 cm?) was then extracted in the same square in order to take
into account the last individuals stuck in the roots. The combination
of these two methods allowed us to estimate more precisely the
density and the community patterns of earthworms. Earthworm
numbers from the mustard extraction and the block of soil were
multiplied by 4 and 25 respectively and expressed as density
(ind.m~2). For each site, mean densities of earthworm species were
calculated from the four samples. Earthworms were stored in
formaldehyde (4% solution). They were identified at the species
level [56—58] and counted. Juveniles were identified at the species
level according to morphological characters as for adults. In cases
where species-level identification was impossible (i.e. discrimina-
tion between pairs of species: Octolasion tyrtaeum and O. cyaneum
and between Lumbricus rubellus and Lumbricus castaneus), in-
dividuals were allocated to species level using a pro rata distribu-
tion corresponding to adult and sub-adult proportions [59]. The
species were classified according to three ecological categories
(epigeic, endogeic and anecic) as defined by Bouché [60]; inter-
mediate categories such as epi-anecics (Lumbricus terrestris Lin-
naeus, 1758) were grouped to the general category that best reflects
the behaviour of the worm (for L. terrestris, anecic instead of epi-
anecic).

Enchytraeids were collected twice, in autumn and in spring
(October 2011 and March 2012 or October 2012 and March 2013). In
each period, five soil samples were taken at each site with a split
soil corer (diameter of 5.5 cm) to 10 cm depth. Each sample was
transferred separately into a plastic bag in the field and stored at
4 °C. Soil samples were then vertically divided in two equal parts:
one part was used for soil water content measurement (oven-dried



Table 1

List of studied urban soils, soil type and land-use from Neuchatel, Switzerland.
Code Soil name (IUSS working group, 2007) Soil origin Land use
REFUFP Luvic Hypocalcic Calcisol (Clayic) Native Oak forest
18thPD Cambisol (Siltic) Native Lawn
19thGR Cambisol (Siltic) Native Lawn
19thJA Terric Anthrosol (Siltic) Near native Lawn
19thTU Cambisol (Siltic) Native Meadow
19thTC Terric Anthrosol (Siltic) Near native Meadow
20thFS Cambisol (Clayic) Native Oak and maple forest
20thER Terric Anthrosol (Siltic) Near native Lawn
1930VL Terric Anthrosol (Siltic) Near native Lawn
1933PL Terric Anthrosol (Siltic) Near native Lawn
1963WS Terric Anthrosol (Clayic) Near native Lawn
1970]R Urbic Garbic Technosol (Ruptic Calcaric Densic Siltic) Man-made Lawn
1995RP Terric Hortic Anthrosol (Siltic) Near native Meadow
1995HR Spolic Garbic Technosol (Ruptic Calcaric Siltic) Man-made Meadow
2005RU Terric Anthrosol (Siltic) Near native Lawn
2005PB Terric Anthrosol (Siltic) Near native Meadow
2010PR Terric Hortic Technic Anthrosol (Siltic) Man-made Meadow
2010VM Terric Anthrosol (Siltic) Near native Meadow

for 24 h at 105 °C) and the other part was used for enchytraeid
extraction [61]. Enchytraeids were extracted using wet funnel ex-
tractors under light from incandescent light bulbs. Soil samples
were heated up from 17 °C to 43 °C on their upper surface for 3 h
[62,63]. Living individuals were kept in Petri dishes with tap water,
counted and identified [64] under a light microscope (up to 400x
magnification). For each site, the density (ind.m~2), the community
patterns and the proportion of r-strategy type [8] of enchytraeids
were calculated from the mean of both sampling periods.

Samples for nematodes were collected in October 2012. Five soil
samples were taken for each site with a split soil corer (diameter of
4 cm) to 10 cm depth. Soil samples were then pooled and sieved at
5 mm in order to remove the coarse fraction and roots before
nematode extraction and to maximize the representation of all
genera [65,66]. Nematodes were extracted from 200 g of soil using
a modified Bearmann extraction method for 48 h [67]. They were
then stored in a mixed solution of TriethanolAmine-Formalin (TAF)
containing 2 ml of triethanolamine, 7 ml of formalin (40% formal-
dehyde solution) and 91 ml of deionized water. For each site, one
hundred nematodes were sampled randomly and identified under
a light microscope (up to 400x magnification) [68]. Individuals
were identified at genus level except for two families, Criconema-
tidae and Diplogasteridae, which were identified at the family level.
The maturity index (Ml;_s), enrichment index (EI) and structure
index (SI) [20], were calculated from the proportion of each trophic
group [69] and the life strategy of each family [70] using the NINJA
software [71]. The maturity index is based on the proportion of
colonizers and persisters (c-p) with lower values being indicative of
disturbed soils [72]. The EI is calculated from the proportion of
opportunistic bacterivores and fungivores. The SI derives from the
proportion of carnivores and omnivores. Higher EI and SI values
indicate, respectively, organic enrichment and soil food web
complexity (interpreted as light to moderate disturbance or stress)
[20].

2.4. Numerical analyses

Soil age and its correlation with physicochemical and functional
variables were tested in order to assess how soil properties change
along the age gradient. Patterns of univariate metrics of soil faunal
groups (density, species richness, Hill's numbers, Pielou's evenness,
nematode indices, proportions of ecological categories for earth-
worms and r-strategist for enchytraeids) and their correlation with
soil age, physicochemical and functional variables were tested

using Pearson or Kendall coefficient of correlation (respectively for
normal and non-normal data). Given the high number of tests,
Bonferroni's corrections to p-values were applied [73].

General relationships between earthworm, enchytraeid and
nematode community patterns and between groups of environ-
mental variables (physical, chemical and functional) were assessed
using Mantel tests [74] on Bray—Curtis dissimilarity transformation
matrices (p < 0.05, 999 permutations). After the selection of envi-
ronmental variables using Pearson correlation tests, we then
quantified the relationships between earthworm, enchytraeid (on
hellinger-transformed data) and nematode community data and
environmental variables using redundancy analyses (RDA), and
tested these relationships by Monte-Carlo permutation (999 iter-
ations) [75].

Finally, we assessed, using the regression vector (RV) co-
efficients [76] of Multiple Factor Analyses (MFAs, on Hellinger-
transformed data), if the relationships among datasets varied
along the soil age gradient, using a « moving-windows » approach
with a window width of six sites (i.e. starting with the six oldest
sites and moving towards the six youngest ones) [77]. This number
was a trade-off between having sufficient samples for calculation
while limiting the calculation to a relatively short part of the age
gradient.

All analyses were carried out with R statistical software [78]
using the “vegan” [79] and “FactoMiner” [80] packages.

3. Results
3.1. Site and soil characteristics

Three main soil types were found (Table 1). The oldest site,
REFUFP, was a natural soil (classified as a Calcisol) located in an oak
forest and sites 18thPD (lawn), 19thGR (lawn), 19thTU (meadow),
and 20thFS (oak and maple forest) were near natural soils (assigned
to Cambisols). Other soils located in lawns and meadows were
strongly modified by human activities and were described as
Anthrosols (19thJA, 19thTC, 20thER, 1930VL, 1933PL, 1963WS,
1995RP, 2005RU, 2005PB, 2010PR, and 2010VM) and Technosols
(1970JR and 1995HR) [47].

The six oldest sites REFUFP, 18thPD, 19thGR, 19thJA, 19thTU, and
19thTC were up to 140 years old, while the six youngest sites
1995RP, 1995HR, 2005RU, 2005PB, 2010PR, and 2010VM were less
than 18 years old. Soil age was positively correlated with soil depth
and was negatively correlated with sand content and the



proportion of coarse fraction (Table 2). Soil depth was often higher
in native soils compared to man-made soils (Tables 1 and 3). The
characteristics of topsoils were most contrasted among sites for
CaCOs, clay, phosphorous, and fungal biomass as assessed by
ergosterol content (Table 3). Physical variables were correlated
with functional variables (Mantel test, r = 0.475, p = 0.002) while
chemical variables were neither correlated with physical nor with
functional variables.

3.2. Earthworms

We identified 16 earthworm species at the 18 sites
(average = 4.9 per site). Highest species richness was recorded at
the old sites 18thPD and 20thFS and at the young sites 1995RP and
2010PR (7 species) (Table 4). Hill's numbers and evenness ranged
from 0.18 (site 20thFS) to 0.97 (1933PL), and 0.1 (1933PL) to 1
(1930VL), respectively. Earthworm density ranged from 27 ind.m 2
(site 1930VL) to 553 ind.m~2 (site REFUFP) and reached on average
220 ind.m 2 (Table 5). Density and species richness were positively
correlated (r = 0.435) (Supplementary table 1).

Community patterns and ecological categories of earthworms
differed among sites (Tables 4 and 5). Epigeic earthworms were
found at eight sites (REFUFP, 18thPD, 20thFS, 1963WS, 1995RP,
2005RU, 2005PB and 2010PR) with highest densities recorded at
the two oldest sites (REFUFP and 18thPD) and at the second
youngest site (2010PR) (115—148 ind.m 2, Table 5). Dendrodrilus
rubidus (Savigny, 1926) was only found at the second youngest site
(2010PR), Lumbricus castaneus (Savigny, 1826) was found only at
four sites and, Lumbricus rubellus (Hoffmeister, 1843) and Den-
drobaena octaedra (Savigny, 1826) were recorded only at five sites
(Table 5). Endogeic earthworms were found at all sites except at
1930VL. Highest densities were recorded at the two oldest sites
(REFUFP and 18thPD), at 20thER and at the youngest site (2010VM)
(277—411 ind.m~2, Table 4). Octolasion tyrtaeum tyrtaeum (Savigny,
1926) was identified at the two oldest sites (REFUFP and 18thPD),
whereas co-dominant endogeic species, Allolobophora chlorotica

Table 2
Kendall correlations between soil age (non-normal data) and each environmental
variable. Significant correlations (ANOVA, p < 0.05) are shown in bold and

underlined.
Soil age

Environmental variable r p-value
Physical variables
Depth 0.358 0.045
Bulk density -0.172 0.324
Water content 0.059 0.765
Coarse fraction —0.503 0.003
Clay 0.150 0410
Silt 0.150 0410
Sand —0.346 0.048
Chemical variables
PHkal -0.224 0.197
pHuz0 0.229 0.201
CaCO5 —0.006 1
CEC 0.294 0.096
Peot 0.124 0.501
Ppio —0.150 0410
Loss on ignition 0.059 0.765
Corg —0.033 0.881
Niot 0.150 0410
C/N —0.046 0.823
Functional variables
Enzymatic activity (FDA) —0.046 0.823
Respiration 0.111 0.550
Bacterial density —0.046 0.823
Ergosterol (fungal biomass) 0.216 0.229

Table 3

Soil age, physicochemical and functional characteristics of the topsoils of urban soils from Neuchatel, Switzerland.

Bacterial density Ergosterol

Respiration

Corg Ntot C/N Depth Bulk density Water content FDA b

[%] %]

Ptot  Phio
[%]

[cmolckg™'] [%]

03 385
23.7 194
28.8 27.3

Site code Soil age Coarse fraction Clay Silt Sand Loss on ignition pH pH CaCO3; CEC*®

[ug.g~".h~'] [umol.m~2.s~!] [nb.g~" dry soil] [ng.g~"]

114
107
119
128

[%]

[gem™3]
0.33
0.62

[cm]

KCl H,0 [%]

68 7.4
72 7.8

[%]

[%]

o
o

[%]

[years] [%]

REFUFP >250

18thPD
19thGR
19thJA

19thTU
19thTC
20thFS

20thER
1930VL
1933PL

1.57
0.67

2.50 1.42E + 08
0.57

0.44
0.51

10.4

0.74 0.031 7.6 0.56 13.6 40
1.65 0.051 3.6 036 9.9 61

49.5 31.8 18.7 16.5

3.2
10.5

1.03E + 08

8.4
7.2
6.9
5.9
3.8
8.3

21.6 26.6 51.3 84

250
200
148

0.41
0.91

7.96E + 07

0.49
0.59
0.81
0.90

1.83 0.073 4.1 0.38 10.8 60

7.2 8.0
73 7.8

5.6 51.0434 88

19.4 32.4 48.2

144
14.4

1.23E+ 08

1.64 0.084 3.7 032 11.6 45
0.87 0.013 3.7 0.34 11.1 60

242 152

77

1.67
325

1.55E + 08

0.46
0.24
1.29
049
0.86
0.44
0.58
0.53
1.22
0.59

0.35

31

26.5 195

72 79
73 8.0
72 7.6
72 79

76 7.2

352274374 72

14.0

143
140
107

1.31E+ 08

97
137
151
120
116
117
181

0.88 0.048 4.1 0.24 16.8 60
0.55 0.019 9.7 0.56 17.2 57
0.87 0.014 6.0 048 12.6 42

295 171

2.340.2 576 69
40.3 27.0 32.6 15.0

50.0
18.0

3.44
1.66

0.70

1.41E + 08

0.45
0.77
0.30
0.68
0.55

0.75

20.1 36.8

1.09E + 08

7.6
8.3

15.0 27.5
34.7 26.2
345 193

18.1 39.7 42.2 11.0
38.7 26.3 35.0 134

204
20.8

100

1.66E + 08

0.84 0.138 5.8 0.44 13.3 46

83

1.96
0.07

1.72E + 08

4.0
5.7
8.1
11.7

1.09 0.032 41 0.31 134 40
0.92 0.032 4.7 042 11.3 48

17.3

72 79
7.7 71

22.6 39.0 384 8.7

25.0

2
1

80
59
43

2.59E + 08

220 210

41.2 24.8 340 9.1

7.0
25

1963WS
1970]R
1995RP

2.16

9.98E + 07

0.493 9.2 0.88 10.6 45

152 344
141 133
34.6 244
34.0 14.8

6.8 7.6

7.2 50.6 42.2 174
20.7 34.6 446 254
16.2 32.1 51.7 139
26.3 17.0 56.7

0.84

1.55E + 08

81
172

0.73
043
0.80

0.87 0.130 2.2 0.44 13.2 47

59 6.1

28.7

18
18

1.06
0.13

8.63E + 07

7.4
71

1.54 0.173 8.0 0.74 10.7 40
1.06 0.094 4.6 0.29 16.2 60
0.61 0.031 1.7 022 7.7 40
1.17 0.120 8.2 0.40 20.6 35

047 0.015 2.6 0.21 12.0 45

71 7.7
T4 43

76 7.3

211

1995HR
2005RU
2005PB
2010PR

1.16E + 08

88
69
180

6.1

252

8
8
3
3

0.69

1.06E + 08

047
0.77

7.7
9.8

0.81
030

165 11.1

4.5

17.0 28.0 55.1

20.5

0.14
0.57

9.14E + 07

312 253

74 8.0
79 73

12.0 28.0 59.9 14.7

454

1.77E + 08

0.24
0.24
0.70
2.50

102
104

5.6
3.8

0.90
03

42 134

03 11.1
22.7 225

34.7 385

54

19.6 31.7 48.7
2317.018.7 45
23.0 32.7 443 11.1

22.7

2010VM
Min

0.07

7.96E + 07

30.9
1172
180.7

7.7 35

1.94 0.088 5.2 042 129 48.4 0.6

047 0.013 1.7 0.21
173

59 6.1

3.2
219

122
3.44
49.1

1.34E + 08

7.4
11.7

72 76
7.9 8.0

83
250

Average

Max

2.59E + 08

33

0.9

0.493 9.7 0.88 20.6 61

49.5 51.0 59.9 254
215 3.0 32 56

50.0

57 42 27 17 30 31 5.8

36.8 37.9

35

1.3 1.3 1157

83.3 15.6

Max/

Min

2 Cation Exchange Capacity.

b Fluorecein DiAcetate hydrolysis.



Table 4

Earthworm density [ind.m~2] per species and ecological categories (Bouché, 1977) in urban soils of Neuchatel, Switzerland. Nomenclature follows Bouché (1972), Sims and Gerard (1999), and Blakemore (2008).

Genus Species Authority =~ REFUFP 18thPD 19thGR 19thJA 19thTU 19thTC 20thFS 20thER 1930VL 1933PL 1963WS 1970JR 1995RP 1995HR 2005RU 2005PB 2010PR 2010VM Mean Ecological
density  category
Dendrodrilus rubidus Savigny, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11 0 0.6 epigeic
1826
Bimastos eiseni Gerard, 1964 0 0 0 0 0 0 14 0 0 0 0 0 9 0 0 0 0 0 1.3 epigeic
Lumbricus rubellus Hoffmeister, 89 0 0 0 0 0 16 0 0 0 0 0 8 0 0 18 107 0 13.2 epigeic
rubellus 1843
Lumbricus castaneus Savigny, 26 25 0 0 0 0 28 0 0 0 0 0 0 0 0 0 29 0 6.0 epigeic
1826
Dendrobaena octaedra Savigny, 0 111 0 0 0 0 0 0 0 0 5 0 3 0 11 0 1 0 7.3 epigeic
1826
Aporrectodea caliginosa Savigny, 0 0 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.9 endogeic
caliginosa 1826
Octolasion tyrtaeum Oerley, 1885 0 11 9 16 0 0 0 0 0 0 0 0 13 3 0 0 9 0 34 endogeic
lacteum
Octolasion tyrtaeum Savigny, 19 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.6 endogeic
tyrtaeum 1826
Aporrectodea rosea Savigny, 28 116 25 0 0 4 15 278 0 0 7 104 15 134 28 91 0 32 48.7 endogeic
1826
Allolobophora chlorotica Savigny, 364 0 25 53 19 0 2 90 0 72 91 25 102 57 46 32 51 244 70.7 endogeic
chlorotica 1826
Allolobophora icterica Savigny, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0.2 endogeic
1826
Octolasion cyaneum Savigny, 0 144 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8.0 endogeic
1826
Aporrectodea longa ripicola Bouché, 0 0 0 0 0 0 0 0 0 0 0 0 14 11 0 57 0 0 4.6 anecic
1972
Aporrectodea longa longa  Ude, 1885 26 0 64 8 31 2 13 51 14 0 23 36 0 74 170 82 12 3 338 anecic
Aporrectodea nocturna Evans, 1946 0 0 0 0 29 31 0 0 0 0 0 0 0 0 0 0 0 0 33 anecic
Lumbricus terrestris Linnaeus, 0 10 67 126 3 2 20 1 13 1 4 0 0 46 10 0 0 0 16.8 epi-anecic
1758
Total (ind.m~2) 552 426 205 203 82 39 108 420 27 73 130 165 164 325 265 283 220 280




Table 5

Annelid density, annelid and nematode diversity metrics and community composition from urban soils of Neuchatel, Switzerland.

Nematodes

Enchytraeids

Year of annelid Earthworms

sampling

Site

Evenness Ml;_s EI SI

Hill's

Genus
strategists richness numbers

Hill's Evenness 1-

Species

Mean density

[ind.m~?] [ind.m 2] + SD

Anecic

Evenness Epigeic ~ Endogeic

Hill's

Species

Mean density

numbers

richness

[indm~2?] [ind.m~2]

numbers

richness

[ind.m~?] + SD

202 900 822
226 766 743
230 714 720

231

0.70
0.90
0.77
0.85
0.89
0.90
0.61
0.78
0.79
0.75
0.89
0.73
0.79
0.81
0.75
0.82
0.81
0.77
0.61
0.80
0.90
1.48

0.25
0.11

18
14
18
18
21

271

0.78
0.82
0.89
0.72
0.77
0.85
0.74
0.82
0.57
0.69
0.76
0.90
0.71
0.27
0.70
0.80
0.49
0.88
0.27
0.74
0.90
3.31

0.15
0.16
0.16
0.28
0.36
0.15
0.22
0.28
0.36
0.46
0.21

15
13

19877 + 1548
20296 + 5955

26

411
280

115
136

0.63
0.77
0.88
0.70
0.86
0.52
0.93
0.63
1.00
0.10
0.59
0.83
0.67
0.80
0.67
0.85
0.73
0.31
0.10
0.69
1.00

10

0.50
0.26
0.24
0.32
0.75

6

552 + 147
426 + 39

REFUFP 2012

154

38322 ; 27276
11707 + 7266
4632 + 7265

10
131

205 ; 189

203 + 48

18thPD 2011

0.17
0.09
0.08
0.12
0.35
0.19
0.18
0.19
0.09
0.23
0.20
0.17
0.23
0.13
0.18
0.18
0.08
0.17
0.35
4.64

35.5

9
8
5
14
13

74
69

6
4

19thGR 2011

67.8 69.2

31.7

134
63

82 1——43
39+ 26

19thJA 2011

266 463 72.0
244 565 6938

81.8

19

19thTU 2012

22

15.7

10463 + 2144
25941 + 12030
6317 + 1069

35
33

0.46
0.18
0.51
0.53
0.97
0.57
047
0.51
0.27

19thTC 2012

145 95.1 709
1.78 90.0 735

14
12
15
15
20
13
12
12
12
18
15
16
12

47.7

17
368

58

108 + 63
420 + 271
27 +£25
73 £52

20thFS 2012

6 29.3

10

52
27

20thER 2011

194 923 845
210 547 333
246 53.0 68.0

48.1

49018 + 7028
2694 + 476

1930VL 2012

9.4
41.0

50366 + 953

1
27

72
98
129

1933 PL 2011

12

6064 1-—1 549

130 + 98

1963WS 2012

145 920 533

55.5

0.18
0.24
0.78
0.43
0.18
0.17
0.59
0.15
0.30
0.78
511

7
11

36

165 + 156
164 + 98
325 + 100
265 + 120
283 + 69
220 + 110

280 + 60

1970JR 2011

184 76.5 479
214 721 622

61.8

20046 ; 22631

39417 + 6313
3959 + 476

130

194

20

1995RP 2012

95.0

7
5

11

131

6
5

1995HR 2011

1.84 872 693
197 845 71.1
208 844 745

25.5

24930 + 3097

180
139

74
126

11

0.46
0.26
0.76
0.31
0.18

2005RU 2012

39.5

17351 ; 1668
10949 + 3440

2694
20131

18
148

2005PB 2012

92.7

7
9

60
277

2010PR 2011

184 784 515

49.3

3

1

59
180

180

4

2010VM 2012

145 463 333
205 76.1 66.6
266 95.1 845

1.83

9.4

44.6

27

Min

15.8
22

9.2
15

133
411
n.a.

28
148
n.a.

0.46
0.97

49

220
553
2

Average

Max

95.0

50366
18.7

205 254

1.83

10.1

3,75

5.49

3.50

0.5

Max/Min

(Savigny, 1826) and Aporrectodea rosea (Savigny, 1826), were
recorded at most sites (Table 5). Anecic earthworms were identified
at all sites with lowest density found at 1933 PL (1 ind.m~2) and
highest densities recorded at 19thGR, 19thJA, 1995HR, 2005RU, and
2005PB (131-180 ind.m™2, Table 4). Aporrectodea longa ripicola
(Bouché, 1972) was only found at three young sites (1995RP,
1995HR and 2005PB), while Lumbricus terrestris (Linnaeus, 1758)
and Aporrectodea longa longa (Ude, 1885) were found at most sites
along the soil age gradient (Table 5).

Earthworm evenness was positively correlated with water
content (r = 0.490) (Supplementary table 2). The density of epigeic
earthworm species was positively correlated with soil water con-
tent (r = 0.523) and with soil respiration (r = 0.423). Densities of
endogeics and anecics were negatively correlated with pHyo
(r = —0.485) and with the bacterial density (r = —0.356) respec-
tively (Supplementary table 2).

3.3. Enchytraeids

We identified 34 enchytraeid species at the 18 sites
(average = 9.2 per site). Highest and lowest species richness were
recorded at the oldest site REFUFP (15 species) and at 1933PL (4
species) (Table 6), respectively. Enchytraeid density varied from
2694 indm? (1933PL) to 50366 indm 2 (1963WS)
(average = 20131 ind.m~2) (Table 5). Hill's numbers and evenness
ranged from 0.15 (REFUFP and 19thTC) to 0.78 (1995HR), and from
0.27 (1995HR) to 0.90 (1970JR), respectively. Density and species
richness were positively correlated (r = 0.482, Supplementary table
1). The proportion of r-strategists varied from 11% (1933PL) to 86%
(2010PR) with an overall average of 42% (Table 5).

Enchytraeid community structure varied among sites (Table 6).
The dominant and fragmenting r-strategist species, Buchholzia
appendiculata (Buchholz, 1962), was found at all sites except
1970JR. Higher densities were found at 1930VL, 1963WS, 1995RP,
1995HR, and 2010PR (13139—18024 ind.m™2). By contrast, species
of Fridericia and Achaeta (K-strategists) were found at a limited
number (1—11) of sites. For example, Achaeta bohemica (Vejdovsky,
1879) and Achaeta unibulba (Graefe, Dézsa-Farkas & Christensen,
2005) were only recorded at three of the oldest sites (18thPD,
19thGR and 19thTC), whereas other species, such as Achaeta eiseni
(Vejdovsky, 1878) and Achaeta iberica (Graefe, 1989) — the latter
considered rare in Europe [64] — were found at several sites along
the soil age gradient (Table 6).

Enchytraeid evenness was negatively correlated with the coarse
fraction (r = —0.407), the carbonate content (r = —0.354), and C/N
ratio (r = —0.380). The proportion of enchytraeid r-strategists was
correlated negatively with soil age (r = —0.380) and positively with
loss of ignition (r = 0.381) and Corg (r = 0.337; Supplementary table
3).

3.4. Nematodes

We identified 43 nematode genera at the 18 sites
(average = 15.8 per site) with highest and lowest genera richness
respectively recorded at site 19thTU (22 genera) and at sites
20thER, 1995RP, 1995HR, and 2005RU (12 genera) (Table 7). Hill's
numbers ranged from 0.08 (19thTU) to 0.35 (20thFS). Sl varied from
33.3 (1933PL) to 84.5 (1930VL) and EI from 46.3 (19thTU) to 95.1
(20thFS) (Table 5). Almost all sites were positioned in the upper
right quadrant of the food web diagnostic except sites 19thTU,
1933PL, and 1995RP (Fig. 1).

Nematode community structure varied among sites (Table 7).
The dominant genus Rhabditis (bacterivorous with a short life cycle
and high reproduction rate, c-p 1) was found at all sites, while other
genera were found in few sites, such as Aporcelaimellus (predator



Table 6

Enchytraeid density [ind.m~2] per species in urban soils of Neuchatel, Switzerland. Nomenclature follows Schmelz and Collado (2010). Categorization as r-strategists follows Graefe and Schmelz (1999).

Genus Species Authority REFUFP 18thPD 19thGR 19thJA 19thTU 19thTC 20thFS 20thER 1930VL 1933PL 1963WS 1970JR 1995RP 1995HR 2005RU 2005PB 2010PR 2010VM Mean r-
density strat-
egists
Achaeta bohemica Vejdovsky, 1879 0 674 674 0 0 1095 0 0 0 0 0 0 0 0 0 0 0 0 136
Achaeta danica Nielsen & Christensen, 84 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
1959
Achaeta eiseni Vejdovsky, 1878 3874 2021 4632 4801 0 926 2021 0 1516 0 3201 0 0 0 2442 1263 0 168 1493
Achaeta iberica Graefe, 1989 0 168 0 1600 0 253 0 0 0 0 1432 0 0 0 0 3959 0 0 412
Achaeta aberrans Nielsen & Christensen, 0 0 0 0 0 337 0 0 0 0 0 0 0 0 0 0 0 0 19
1961
Achaeta unibulba Graefe, Dozsa-Farkas 0 1600 2190 0 0 842 0 0 0 0 0 0 0 0 0 0 0 0 257
& Christensen, 2005
Buchholzia appendiculata Buchholz, 1962 2527 2274 7201 3285 2527 463 9349 253 18024 84 17519 0 15918 17687 758 1600 13139 926 6307 X
Enchytraeus buchholzi Vejdovsky, 1879 1600 337 590 0 674 421 1937 337 1853 0 1937 926 5053 1011 253 3032 1011 842 1212 X
Enchytraeus bulbosus Nielsen & Christensen, 421 505 5832 168 84 421 590 505 926 168 674 1179 926 84 0 84 1263 926 820 X
1963
Enchytraeus bigeminus Nielsen & Christensen, 0 0 0 0 0 0 0 0 0 0 0 0 0 253 0 0 674 0 52 X
1963
Enchytraeus christenseni Dézsa-Farkas, 1992 842 0 0 253 505 337 505 0 2779 0 1011 1263 2442 0 0 5138 0 2695 987 X
Enchytraeus lacteus Nielsen & Christensen, 0 0 0 0 0 0 0 758 0 0 0 0 0 0 0 0 0 0 42 X
1961
Buchholzia fallax Michaelsen, 1887 505 2779 4064 168 0 84 1516 0 590 0 253 84 505 0 337 0 0 0 605
Enchytronia parva Nielsen & Christensen, 253 0 0 1263 842 842 1263 0 22740 1600 8507 253 253 253 0 7327 0 421 2545
1959
Fridericia  galba Hoffmeister, 1843 3959 0 3516 0 0 0 758 0 0 0 0 0 8591 0 0 0 0 421 958
Fridericia  discifera Healy, 1975 0 5559 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 309
Fridericia  paroniana Issel, 1904 0 0 9623 0 0 3453 6654 2106 84 0 2358 1011 337 674 0 253 674 1937 1620
Fridericia  vixdiverticulata Sesma & Dézsa- 0 0 0 0 0 821 0 0 0 0 0 0 0 0 0 0 0 0 46
Farkas, 1993
Fridericia  bulboides Nielsen & Christensen, 0 0 0 0 0 0 0 2358 0 0 0 0 0 0 0 0 0 0 131
1959
Fridericia  ratzeli Eisen, 1872 253 0 0 0 0 0 0 0 0 842 1011 0 4380 0 0 0 0 0 360
Fridericia  perrieri Vedovsky, 1878 421 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 23
Fridericia  christeri Rota & Healy, 1999 0 0 0 168 0 0 0 0 84 0 11033 1348 0 0 168 1095 0 0 772
Fridericia  sp1 - 0 3537 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 197
Fridericia  sp2 - 0 337 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19
Fridericia  rendsinata Doézsa-Farkas, 1972 4380 0 0 0 0 0 84 0 0 0 0 0 0 0 0 0 0 2611 393
Fridericia  isseli Rota, 1994 0 0 0 0 0 0 0 0 0 0 0 0 926 0 0 0 0 0 51
Fridericia  nemoralis Nurminen, 1970 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 168 0 0 9
Fridericia  connata Bretscher, 1902 253 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14
Fridericia  sylvatica Healy, 1975 421 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 23
Henlea nasuta Eisen, 1878 0 0 0 0 0 0 253 0 0 0 0 0 0 0 0 0 253 0 28
Henlea ventriculosa Udekem, 1854 0 421 0 0 0 168 0 0 0 0 1432 0 0 0 0 0 337 0 131
Henlea perpusilla Friend, 1911 84 0 0 0 0 0 421 0 421 0 0 0 84 0 0 0 0 0 56
Marionina  argentea Michaelsen, 1889 0 84 0 0 0 0 590 0 0 0 0 0 0 0 0 0 0 0 37
Marionina communis Nielsen & Christensen, 0 0 0 0 0 0 0 0 0 0 0 0 0 84 0 1011 0 0 61
1959
Total (ind.m~2) 19877 20296 38322 11707 4632 10463 25941 6317 49018 2694 50366 6064 39417 20046 3959 24930 17351 10949




Table 7
Nematode proportion [%] per genera, life strategy trait (c-p groups) and trophic group in urban soils of Neuchatel, Switzerland.

Genus REFUFP 18thPD 19thGR 19thJA 19thTU 19thTC 20thFS 20thER 1930VL 1933PL 1963WS 1970JR 1995RP 1995HR 2005RU 2005PB 2010PR 2010VM Mean proportion c-p group Trophic group
Alaimus 1 0 0 3 2 0 1 0 3 2 1 0 1 0 0 2 3 3 1.2 4 Ba
Anaplectus 2 0 0 1 0 0 0 3 0 0 0 3 9 0 0 2 0 0 1.1 2 Ba
Anatonchus 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 3 04 4 Ca
Aphelenchoides 0 0 0 0 5 0 0 1 0 16 3 0 0 19 0 0 0 0 24 2 Fu
Aphelenchus 0 0 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0.2 2 Fu
Aporcelaimellus 2 3 0 0 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0.5 5 Ca
Axonchium 0 7 1 3 0 2 0 0 8 5 2 2 0 0 3 2 0 2 2.1 5 PP
Bitylenchus 0 0 0 4 0 2 0 14 1 0 0 0 0 0 1 2 0 0 13 3 PP
Cephalobus 3 3 4 6 5 5 1 8 3 2 7 0 0 2 0 2 4 3 3.2 3 Ba
Criconematidae 0 1 1 1 1 0 0 0 0 1 1 0 0 0 3 0 0 0 0.5 3 PP
Clarkus 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0.2 4 Ca
Coomansus 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 02 4 Ca
Diphtherophora 1 4 0 0 3 2 1 0 6 0 4 0 0 0 2 8 0 1 1.8 3 Fu
Diplogasteridae 0 0 0 0 0 0 57 0 0 0 0 0 0 0 0 0 0 0 32 1 Ba
Dolichorhynchus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0.1 3 PP
Eucephalobus 3 2 6 11 0 2 5 0 2 2 3 5 0 1 0 1 5 1 27 3 Ba
Eudorylaimus 11 0 2 0 2 3 3 2 7 1 6 2 0 6 0 1 7 3 3.1 4 Ca
Filenchus 8 7 2 7 15 10 6 0 0 0 7 1 9 1 7 8 4 7 55 2 PP
Helicotylenchus 0 11 36 26 17 10 2 25 11 28 19 21 2 0 12 15 5 2 134 3 PP
Heterocephalobus 0 3 2 0 0 1 0 0 4 0 5 1 9 5 1 0 3 0 1.9 3 Ba
Longidorus 0 0 4 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 03 5 PP
Loofia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 03 3 PP
Malenchus 0 0 0 5 0 2 0 0 0 7 1 0 2 0 0 0 0 3 1.1 2 PP
Merlinius 0 0 1 0 0 8 0 0 0 0 5 5 0 0 0 3 0 0 1.2 3 PP
Mesodorylaimus 2 0 0 0 0 0 0 6 0 0 5 2 3 10 0 0 0 0 1.6 4 Om
Metateratocephalus 0 0 2 3 8 0 0 0 0 0 2 0 0 0 0 0 2 0 09 3 Ba
Miconchus 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 02 4 Ca
Mylonchulus 0 10 10 8 2 0 0 0 2 0 0 0 0 0 0 2 5 0 22 4 Ca
Paraphelenchus 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 12 0 0.7 2 Fu
Plectus 5 14 7 3 4 5 2 1 1 2 5 4 19 19 17 9 3 25 8.1 2 Ba
Prionchulus 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2 0 6 0 0.5 4 Ca
Prismatolaimus 2 0 0 0 2 5 1 0 0 0 2 0 5 0 0 0 0 0 0.9 3 Ba
Prodorylaimus 0 4 0 3 1 5 0 0 1 0 0 0 0 0 9 2 0 0 14 4 Om
Pseudhalenchus 1 0 0 0 7 0 1 0 0 0 0 0 0 0 0 0 0 0 0.5 2 Fu
Pungentus 0 0 0 0 2 0 2 0 0 0 0 0 0 0 0 0 0 2 03 4 PP
Rhabditis 47 22 13 13 1 7 14 29 36 3 6 39 36 28 41 28 38 31 24.0 1 Ba
Rotylenchus 2 9 6 1 11 16 0 9 13 27 15 14 0 0 0 9 2 8 1.9 3 PP
Teratocephalus 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1 3 Ba
Trichodorus 0 0 1 1 0 0 0 1 0 2 0 1 0 0 0 0 0 0 03 4 PP
Tripyla 6 0 0 0 2 5 0 0 0 0 0 0 0 0 0 0 1 0 0.8 3 Ca
Tylencholaimus 1 0 0 0 3 0 4 0 0 0 0 0 0 0 2 0 0 0 0.6 4 Fu
Tylenchorhynchus 0 0 0 0 4 1 0 0 0 0 0 0 0 0 0 0 0 1 0.3 3 PP
Wilsonema 0 0 0 0 0 6 0 0 2 1 0 0 1 4 0 0 0 0 0.8 2 Ba

Life strategy trait (c-p groups) according to Yeates et al., (1993); trophic group (PP = plant parasite, Fu = fungivore, Ba = bacterivore, Ca = carnivore and Om = omnivore, according to Bongers & Bongers (1998).
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Fig. 1. Food web analysis using Enrichment and Structure indices for nematodes from urban soils in Neuchatel, Switzerland.

with a long life cycle and low reproduction rate, c-p 5), which was
only recorded at four of the oldest sites (REFUFP, 18thPD, 19thTU,
and 19thTC). When adding the genera Rhabditis and Diplogaster-
idae, the proportions of r-strategists (c-p 1) were highest (36—71%)
in forest soils (REFUFP and 20thFS) and at sites 1930VL, 1970JR,
1995RP, 2005RU, and 2010PR (lawns and meadows).

Hill's numbers were positively correlated with loss on ignition
(r = 0.479), CEC (r = 0.612) and Cog (r = 0.615) (Supplementary
table 4). M1_s was negatively correlated with Corg (r = —0.456)
while SI and EI were positively correlated with water content
(r = 0.362 and r = 0.454 respectively) (Supplementary table 4).

3.5. Community patterns and community—environment
relationships

The RDAs on environmental (soil age, physical, chemical and
functional) variables revealed significant correlations with each soil
fauna group: (1) between earthworms and soil depth, and between
earthworms and soil bulk density (total explained
variance = 22.6%; model p-value = 0.013; AIC = -12.10;
rzadj = 0.123), (2) between enchytraeids and calcium carbonate
content (10.2%; 0.034; —11.21; 0.046), and (3) between nematodes
and soil water content (13.5%; 0.010; —16.93; 0.081). Furthermore,
the Mantel tests did not reveal any significant relationship between
pairs of soil fauna groups (earthworms vs enchytraeids, earth-
worms vs nematodes, and enchytraeids vs nematodes) or between
each individual soil fauna group and either one of the three groups
of environmental (physical, chemical and functional) variables.

Correlations between earthworms and enchytraeid species as-
semblages and between earthworms and nematodes increased
with soil age as shown by the higher RV coefficients in the moving
window MFA at the oldest sites (N° 1 to 7, sites 1-12, Fig. 2) and

lower values at the youngest sites (N° 8 to 13, sites 8—18).
Conversely, correlations between nematodes and enchytraeid as-
semblages decreased with soil age (Fig. 2). For each pair of soil
fauna assemblages, linear regression tests showed significant

1 1
1 R2adj = 0.313*
0.8 4
1 R2adj = 0.734***
306
=
5
)
2 R2adj = 0.595**
0.4 4
] =RV (enchytraeids vs. earthworms)
02 - RV (enchytraeids vs. nematodes)
=RV (earthworms vs. nematodes)
0

1 2 3 4 5 6 7 8 9 10 11 12 13

Soil age gradient (from the oldest to the youngest soils)

Fig. 2. Moving window analysis of correlations (RV scores from Multiple Factor Ana-
lyses) between pairs of community data (enchytraeids, earthworms and nematodes)
along the age gradient of 18 urban soils in Neuchatel, Switzerland. Window width = 6
sites; 1 = oldest sites; 13 = youngest sites. Significances of linear regression tests are
p < 0.05% p < 0.01** and p < 0.001***.



relations between RV coefficients and the soil age gradient. Cor-
relations between each animal group and environmental (physical,
chemical and functional) variables varied along the soil age
gradient (Fig. 3). There was no clear pattern for all three groups vs.
physical variables, and for enchytraeids and earthworms vs. func-
tional variables. A general decline in correlation was observed from
older to younger sites, especially for nematodes vs. chemical or
functional variables, for which the highest overall RV scores were
recorded at the oldest sites. However in the latter two cases the
correlation again increased at the youngest sites. By contrast, RV-
coefficients calculated from enchytraeid assemblages and chemi-
cal variables tended to increase with soil age.

4. Discussion

4.1. Ecological patterns of soil fauna communities in urban soils of
different ages

Soil invertebrates are generally considered as useful tools to
estimate the degree to which soils have been affected by human
activities [81—83]. Our general goal was to study the diversity and
community structure of earthworms, enchytraeids and nematodes
as well as their relationships to environmental factors as a first step
towards assessing their potential as bioindicators of urban soil
quality and functioning.

The patterns of earthworms, enchytraeids and nematodes
observed in urban soils partly matched the soil age gradient.
Earthworm communities were most correlated with soil bulk
density and with soil depth, the latter being positively correlated
with soil age. Our results are in line with previous studies in alluvial
soils [59,84] showing that earthworm community composition was
most strongly correlated with soil depth, mainly because of the low
aptitude of anecics to live in shallow soils [56,59,60]. Soil bulk
density was also considered as one of the main factors of earth-
worm distribution in urban and agro-ecosystems (i.e. compacted
soils) [36,85]. However, earthworm density, diversity and com-
munity structure were often reported to be correlated either with
soil texture or with organic matter content in natural and agro-
ecosystems [86—89]. The fact that we did not observe such a
pattern - except for the correlation between the soil texture and soil
age (Table 2) - suggests that this relationship was hidden by other
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contamination [90].

We showed that enchytraeid community patterns were signif-
icantly correlated with soil carbonate content, while nematode
community patterns were significantly correlated with soil water
content. No relation was found between these two physicochemical
variables and soil age (Table 2). This suggests that enchytraeid and
nematode community patterns are not correlated with the soil age
gradient but may instead be more influenced by soil management
such as irrigation [91,92], organic matter, nitrogen or carbonate
inputs [10,40,92—94]. By contrast, the proportion of enchytraeid r-
strategists, which indicates unstable soil conditions, was correlated
negatively with soil age and positively with the coarse fraction and
sand content, the latter being negatively correlated with soil age.
These results, including the variations of r-strategist (c-p 1) pro-
portions and nematode maturity index among sites, agree with the
idea that land use (forests, lawns or meadows) and soil manage-
ment can modify enchytraeid and nematode community
composition.

4.2. Annelid and nematode assemblages' relationships and their
ecological roles

A high diversity of soil fauna is generally expected to increase
soil functional diversity, resilience and stability [95,96]. In the ur-
ban context, functional diversity can be expected to increase with
soil age [36,97]. However this relationship also depends on the
identity of the species [98] and our data illustrate this well. Species
richness of enchytraeids and nematodes indeed tended to increase
with soil age but this trend was not observed for earthworms.
Similar earthworm species richness was found in young (1995RP
and 2010PR) and old (18thPD and 20thFS) soils. However, densities
of epigeic, endogeic and anecic earthworms varied among sites and
this can indicate differences in terms of soil functioning as observed
for other taxa such as collembolans [28,32]. For example, high
density of epigeic and low density of anecic earthworms were
found at sites 18thPD and 2010PR, while the opposite was observed
at sites 2005RU and 2005PB (Table 5). This indicates differences in
terms of soil functioning as epigeics are mainly involved in litter
comminution and early decomposition (pioneer species) whereas
anecics are the main actors of soil aggregation and soil organic
matter integration [56,60].

(unmeasured) factors, such as soil compaction [34] or Enchytraeids are decomposers of organic matter in the topsoil
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Fig. 3. Moving window analysis of the correlations (RV scores from Multiple Factor Analyses) among soil physical, chemical and functional variables, enchytraeid, earthworm and
nematode community patterns from urban soils in Neuchatel, Switzerland, in relation to soil age (window width = 6 sites; 1 = oldest sites). Significances of linear regression tests

are p < 0.05%, p < 0.01** and p < 0.001***,



[94]. Our data suggest that the proportion of enchytraeid r-strate-
gists [8] may be an indicator of soil age. Highest percentages were
recorded in younger sites and lower percentages were observed in
the oldest. Schlaghamersky and Pizl [37], found higher percentage
of Buchholzia and Enchytraeus (mostly r-strategist species) in highly
perturbed urban soils. Thus the proportion of r-strategists could
also indicate the level of soil disturbance in urban soils.

The increasing correlation between nematode community pat-
terns and chemical and functional variables along the soil age
sequence, and the correlations between nematode assemblages, SI
and El indices and soil water content, are in line with the idea that
nematodes are indicators of soil conditions and functioning [20].
However, the food web analysis showed high values of SI and EI in
most sites (upper right quadrant, Fig. 1) indicating light to moder-
ate soil disturbance and the stability of nematode community
structure [20]. Soil moisture was correlated with soil organic
matter content (r = 0.753) and therefore enrichment, which sug-
gests that r-strategists - mainly bacterial feeders such as Rhabditis -
were probably favoured and decreased nematode evenness and
diversity (Supplementary table 4) in fertilised urban soils.

Knowledge about the relationships among earthworms,
enchytraeids and nematodes remains limited, especially in the ur-
ban context where more is known also about each individual group,
and bioindication tools for assessing soil quality are still being
developed [29,99,100]. The effect that each of these groups has on
the others or on interactions with other groups such as collembo-
lans has been studied in forest and agricultural soils, especially
showing effects of earthworms on smaller soil organisms
[40,41,101—104]. In our study, no significant correlation was found
between earthworms and enchytraeid and/or nematode assem-
blages, suggesting that these three groups represent potential
complementary indicators of soil conditions and functioning in
urban soils.

5. Conclusion

With the ever-increasing spread of urban areas and the general
intensive use of soils, soil quality assessment has been identified as
a priority for policy-making and ecosystem management in
Switzerland and elsewhere [105]. In the urban context, the
comparative analysis of earthworm, enchytraeid and nematode
diversity metrics and community structure and their relationships
with soil age and physicochemical and functional characteristics of
soils revealed contrasting patterns among groups and in relation to
soil age. The three groups therefore provide complementary in-
formation on soil properties and functioning. This study is a first
step towards the potential development of usable bioindication
tools. To reach this longer-term goal, more comparative observa-
tional studies are needed, ideally across longer ecological gradients,
as well as experimental studies to further explore the relationships
among these faunal groups and how they respond to the different
ecological gradients, stress and perturbation (e.g. drought, eutro-
phication) that characterise the urban environment. It would also
be desirable to include other soil fauna groups such as micro-
arthropods in future studies.

Acknowledgements

We thank landowners for allowing us to conduct research on
their property. We also thank Pr. Jean-Michel Gobat, Dr. Ulfert
Graefe, Dr. Michele Glasstetter and Dr. Gérard Cuendet for input on
the study design, Lidia Mathys-Paganuzzi, Dr. Roxane Kohler-
Milleret and Thibault Goetschi for soil physicochemical analyses,
Dr. Radu Alexandru Slobodeanu for his useful help with statistics,
and many undergraduate students. Authors thank the two

11

reviewers for their careful reading and their helpful suggestions,
which contributed to improving the quality of the manuscript. This
study is a part of the research project “Bioindication in Urban Soils”
(BUS), funded by the Swiss Federal Office of the Environment
(Bern).

Appendix A. Supplementary tables

Supplementary table related to this article can be found at
http://dx.doi.org/10.1016/j.ejsobi.2016.01.004.

References

[1] B.G. Rawlins, J. Harris, S. Price, M. Bartlett, A review of climate change im-
pacts on urban soil functions with examples and policy insights from En-
gland, Soil Use Manage. 31 (2015) 46—61, http://dx.doi.org/10.1111/
sum.12079. Special Issue: SI Supplement: 1.

A. Lehmann, K. Stahr, The potential of soil functions and planner-oriented

soil evaluation to achieve sustainable land use, J. Soils Sediments 10 (2010)

1092—-1102.

[3] J.-M. Gobat, M. Aragno, W. Matthey, The Living Soil, Fundamentals of Soil

Science and Soil Biology, Science Publishers, Enfield, NH, 2004.

P. Lavelle, T. Decaens, M. Aubert, S. Barot, M. Blouin, F. Bureau, P. Margerie,

P. Mora, ].P. Rossi, Soil invertebrates and ecosystem services, Eur. ]. Soil Biol.

42 (2006) S3—S15.

PJ. Bohlen, C.A. Edwards, Biology and Ecology of Earthworms, third ed.,

Chapman & Hall, London etc, 1996.

[6] T. Bongers, H. Ferris, Nematode community structure as a bioindicator in

environmental monitoring, Trends Ecol. Evol. 14 (1999) 224—228.

[7] M.G. Paoletti, The role of earthworms for assessment of sustainability and as

bioindicators, Agric. Ecosyst. Environ. 74 (1999) 137—155.

U. Graefe, R.M. Schmelz, Indicator values, strategy types and life forms of

terrestrial Enchytraeidae and other microannelids, 3th International Sym-

posium on Enchytraeidae, in: R. Schmelz, K. Siihlo (Eds.), Newsletter on

Enchytraeidae, 6, Universitatsverlag Rasch, Osnabriick, 1999, pp. 59—67.

H. Ferris, T. Bongers, Nematode indicators of organic enrichment, J]. Nematol.

38 (2006) 3—12.

[10] J. Rémbke, S. Janch, H. Hofer, F. Horak, M. Ross-Nickoll, D. Russell, A. Toschki,
State of knowledge of enchytraeid communities in German soils as a basis for
biological soil quality assessment, Soil Org. 85 (2) (2013) 123—146.

[11] C.G. Jones, J.H. Lawton, M. Shachak, Organisms as ecosystem engineers, Oikos
69 (1994) 373—386.

[12] P. Lavelle, A.V. Spain, Soil Ecology, Kluwer Academic Publishers, Dordrecht,
2001.

[13] C.A. Edwards, Earthworm Ecology, second ed., CRC, Boca Raton, Fl, 2004.

[14] P. Jouquet, J. Dauber, ]. Lagerlof, P. Lavelle, M. Lepage, Soil invertebrates as
ecosystem engineers: Intended and accidental effects on soil and feedback
loops, Appl. Soil Ecol. 32 (2006) 153—164.

[15] G. Bullinger-Weber, R.-C. Le Bayon, C. Guenat, ].-M. Gobat, Influence of some
physicochemical and biological parameters on soil structure formation in
alluvial soils, Eur. J. Soil Biol. 43 (2007) 57—70.

[16] R. Milleret, R.C. Le Bayon, ].M. Gobat, Root, mycorrhiza and earthworm in-
teractions: their effects on soil structuring processes, plant and soil nutrient
concentration and plant biomass, Plant Soil 316 (2009) 1-12.

[17] W.AM. Didden, H.C. Friind, U. Graefe, Fauna in Soil Ecosystems, Marcel
Dekker Verlag, New York, 1997.

[18] L. Cole, R.D. Bardgett, P. Ineson, P.J. Hobbs, Enchytraeid worm (Oligochaeta)
influences on microbial community structure, nutrient dynamics and plant
growth in blanket peat subjected to warming, Soil Biol. biochem. 34 (2002)
83—-92.

[19] S.Topoliantz, J.F. Ponge, P. Viaux, Earthworm and enchytraeid activity under
different arable farming systems, as exemplified by biogenic structures, Plant
Soil 225 (2000) 39-51.

[20] H. Ferris, T. Bongers, R.G.M. de Goede, A framework for soil food web di-
agnostics: extension of the nematode faunal analysis concept, Appl. Soil Ecol.
18 (2001) 13—29.

[21] C. Villenave, K. Ekschmitt, S. Nazaret, T. Bongers, Interactions between
nematodes and microbial communities in a tropical soil following manipu-
lation of the soil food web, Soil Biol. biochem. 36 (2004) 2033—2043.

[22] M. Liu, X. Chen, B.S. Griffiths, Q. Huang, H. Li, F. Hu, Dynamics of nematode
assemblages and soil function in adjacent restored and degraded soils
following disturbance, Eur. J. Soil Biol. 49 (2012) 37—46.

[23] C. van Capelle, S. Schrader, ]. Brunotte, Tillage-induced changes in the
functional diversity of soil biota - a review with a focus on German data, Eur.
J. Soil Biol. 50 (2012) 165—181.

[24] M.B. Postma-Blaauw, R.G.M. de Goede, J. Bloem, J.H. Faber, L. Brussaard,
Agricultural intensification and de-intensification differentially affect taxo-
nomic diversity of predatory mites, earthworms, enchytraeids, nematodes
and bacteria, Appl. Soil Ecol. 57 (2012) 39—49.

[25] J. Cortet, A. De Vaufleury, N. Poinsotbalaguer, L. Gomot, C. Texier, D. Cluzeau,
The use of invertebrate soil fauna in monitoring pollutant effects, Eur. J. Soil

[2

[4

[5

8

[9



[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]
[57]

[58]

Biol. 35 (1999) 115—-134.

K. Lock, C.R. Janssen, Comparative toxicity of a zinc salt, zinc powder and zinc
oxide to Eisenia fetida, Enchytraeus albidus and Folsomia candida, Chemo-
sphere 53 (2003) 851—856.

C. Fiera, Biodiversity of Collembola in urban soils and their use as bio-
indicators for pollution, Pesqui. Agropecu. Bras. 44 (2009) 868—873.

L. Santorufo, CA.M. Van Gestel, A. Rocco, G. Maisto, Soil invertebrates as
bioindicators of urban soil quality, Environ. Pollut. 161 (2012) 57—63.

P. Salamun, M. Renco, E. Kucanova, T. Brazova, l. Papajova, D. Miklisova,
V. Hanzelova, Nematodes as bioindicators of soil degradation due to heavy
metals, Ecotoxicology 21 (2012) 2319—-2330.

W. Schulte, H-Ch Friind, M. Sontgen, U. Graefe, B. Ruszkowski,
V. Voggenreiter, N. Weritz, Zur Biologie Stadtischer Boden, Beispielraum
Bonn-bad Godesberg, Schriftenreihe fiir Landschaftspflege und Naturschutz,
Bundesforschungsanstalt fiir Naturschutz und Landschaftsokologie, KILDA-
Verlag F. Peking, Greven, 1989.

D.A. Steinberg, R.\V. Pouyat, RW. Parmelee, P.M. Groffman, Earthworm
abundance and nitrogen mineralization rates along an urban-rural land use
gradient, Soil Biol. biochem. 29 (1997) 427—430.

N.E. McIntyre, J. Rango, W.F. Fagan, S.H. Faeth, Ground arthropod commu-
nities structure in a heterogeneous urban environment, Landsc. Urban Plan.
52 (2001) 257—-274.

1. Eitminaviciute, Microarthropod communities in anthropogenic urban soils,
1. Structure of microarthropod complexes in soils of roadside lawns, Ento-
mol. Rev. 86 (2006) S128—S135.

V. Pizl, J. Schlaghamersky, The impact of pedestrian activity on soil annelids
in urban greens, Eur. J. Soil Biol. 43 (2007) S68—S71.

J. Schlaghamersky, A. Sidovd, V. Pizl, From mowing to grazing: does the
change in grassland management affect soil annelid assemblages? Eur. ]. Soil
Biol. 43 (2007) 72—-78.

K.M. Smetak, ].L. Johnson-Maynard, J.E. Lloyd, Earthworm population density
and diversity in different-aged urban systems, Appl. Soil Ecol. 37 (2007)
161-168.

J. Schlaghamersky, V. Pizl, Enchytraeids and earthworms (Annelida : Cli-
tellata : Enchytraeidae, Lumbricidae) of parks in the city of Brno, Czech Re-
public, Soil Org. 81 (2) (2009) 145—173.

J. Schlaghamersky, Short note on enchytraeid occurrence in deep layers of
urban soils, Soil Org. 87 (2) (2015) 85—89.

R. Hyvonen, S. Andersson, M. Clarholm, T. Persson, Effects of lumbricids and
enchytraeids on nematodes in limed and unlimed coniferous mor humus,
Biol. Fert. Soils 17 (1994) 201—-205.

M. Raty, V. Huhta, Earthworms and pH affect communities of nematodes and
enchytraeids in forest soil, Biol. Fert. Soils 38 (2003) 52—58.

J. Tao, Y. Xu, B.S. Griffiths, F. Hu, X. Chen, J. Jiao, H. Li, Earthworms reduce the
abundance of nematodes and enchytraeids in a soil mesocosm experiment
despite abundant food resources, Soil Sci. Soc. Am. J. 75 (2011) 1774—1778.
C.R. De Kimpe, J.L. Morel, Urban soil management: a growing concern, Soil
Sci. 165 (2000) 31—40.

A. Lehmann, K. Stahr, Nature and significance of anthropogenic urban soils,
J. Soils Sediments 7 (2007) 247—260.

M.L. McKinney, Urbanization, biodiversity, and conservation, BioScience 52
(2002) 883—890.

P. Sikorski, I. Szumacher, D. Sikorska, M. Kozak, M. Wierzba, Effects of visitor
pressure on understory vegetation in Warsaw forested parks (Poland), En-
viron. Monit. Assess. 185 (2013) 5823—5836.

0. Roithmeier, S. Pieper, Influence of Enchytraeidae (Enchytraeus albidus) and
compaction on nutrient mobilization in an urban soil, Pedobiologia 53 (2009)
29-40.

Food and Agriculture Organization of the United Nations FAO, World refer-
ence base for soil resources 2006, in: A Framework for International Clas-
sification, 2006 edition, 2006. Rome.

M. Vatan, Manuel de Sédimentologie, Technip, Paris, 1967.

M.R. Carter, E.G. Gregorich, Soil Sampling and Methods of Analysis, second
ed., 2007. Boca Raton.

J. Schnurer, T. Rosswall, Fluorescein diacetate hydrolysis ass a measure of
total microbial activity in soil and litter, Appl. Environ. Microb. 43 (1982)
1256—-1261.

K.G. Porter, Y.S. Feig, The use of DAPI for identifying and counting aquatic
microflora, Limnol. Oceanogr. 25 (1980) 943—948.

H. Christensen, LK. Poulsen, Detection of Pseudomonas in soil by rRNA tar-
geted in-situ hybridization technique, Soil Biol. biochem. 26 (1994)
1093—-1096.

J.C. Young, Microwave-assisted extraction of the fungal metabolite ergosterol
and total fatty-acids, J. Agri. Food Chem. 43 (1995) 2904—2910.

T. Larsen, J. Axelsen, H.W. Ravn, Simplified and rapid method for extraction
of ergosterol from natural samples and detection with quantitative and
semi-quantitative methods using thin-layer chromatography, J. Chromatogr.
A 1026 (2004) 301-304.

A.P. Lawrence, M.A. Bowers, A test of the 'hot' mustard extraction method of
sampling earthworms, Soil Biol. biochem. 34 (2002) 549—552.

M.B. Bouché, Lombriciens de France, Ecologie et Systématique, Annales de
Zoologie Ecologie Animale, INRA Editions, Paris, 1972.

R.W. Sims, B.M. Gerard, Earthworms: Notes for the Identification of British
Species, Revised edn., Field Studies Council, Shrewsbury, 1999.

RJ. Blakemore, An Updated List of Valid, Invalid and Synonym Names of

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]
[74]
[75]
[76]

[77]

[78]

[79]

[80]
[81]
[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

12

Criodrioidea (Criodrilidae) and Lumbricoidea (Annelida: Oligochaeta: Spar-
ganophilidae, Ailoscolecidae, Hormogastridae, Lumbricidae, and Luto-
drilidae), Yokohama National University, 2008.

C. Salomé, C. Guenat, G. Bullinger-Weber, J-M. Gobat, R-C. Le Bayon,
Earthworm communities in alluvial forests: Influence of altitude, vegetation
stages and soil parameters, Pedobiologia 54 (2011) S89—S98.

M.B. Bouché, in: U. Lohm, T. Persson (Eds.), Stratégies Lombriciennes, Soil
Organisms as Components of Ecosystems, 1977. Stockholm.

M. Prendergast-Miller, V. Standen, LD. Leith, LJ. Sheppard, Response of
enchytraeid worm populations to different forms of nitrogen (ammonia,
ammonium, and nitrate), Soil Org. 81 (2) (2009) 225—236.

F.B. O'Connor, Extraction of enchytraeid worms from a coniferous forest soil,
Nature 175 (1955) 815—816.

K. Kobeticova, J. Schlaghamersky, On the efficiency of three schemes of
enchytraeid wet funnel extraction, 5th International Symposium on Enchy-
traeidae, Newsl. Enchytraeidae 8 (2003) 25—31.

R.M. Schmelz, R. Collado, A guide to European terrestrial and freshwater
species of Enchytraeidae (Oligochaeta), Soil Org. 82 (1) (2010) 1-176.

A. Treonis, K. Sutton, B. Kavanaugh, A. Narla, T. McLlarky, J. Felder, C. O'Leary,
M. Riley, A. Pikus, S. Thomas, Soil nematodes and their prokaryotic prey
along an elevation gradient in the Mojave desert (Death valley national park,
California, USA), Diversity 4 (2012) 363—374.

C. Villenave, A. Jimenez, M. Guernion, G. Péreés, D. Cluzeau, T. Mateille,
B. Martiny, M. Fargette, J. Tavoillot, Nematodes for soil quality monitoring:
results from the RMQS BioDiv programme, Open J. Soil Sci. 3 (2013) 30—45.
D.J.F. Brown, B. Boag, An examination of methods used to extract virus-
vector nematodes (Nematoda: Longidoridae and Trichodoridae) from soil
samples, Nematol. Mediterr. 16 (1988) 93—99.

T. Bongers, De Nematoden van Nederland: Een Identificatietabel voor de in
Nederland Aangetroffen Zoetwater - en Bodembewonende Nematoden,
second ed., Stichting Uitg. KNNV, Utrecht, 1994.

G.W. Yeates, T. Bongers, R.G.M. Degoede, D.W. Freckman, S.S. Georgieva,
Feeding-habits in soil nematode families and genera - an outline for soil
ecologists, ]. Nematol. 25 (1993) 315—331.

T. Bongers, M. Bongers, Functional diversity of nematodes, Appl. Soil Ecol. 10
(1998) 239-251.

B. Sieriebriennikov, H. Ferris, R.G.M. de Goede, NINJA: an automated calcu-
lation system for nematode-based biological monitoring, Eur. ]. Soil Biol. 61
(2014) 90—-93.

T. Bongers, The maturity index: an ecological measure of environmental
disturbance based on nematode species composition, Oecologia 83 (1990)
14-19.

J:-M. Bland, D.G. Altman, Multiple significance tests - the Bonferroni method,
Brit Med. J. 310 (1995) 170.

N. Mantel, Detection of disease clustering and a generalized regression
approach, Cancer Res. 27 (1967) 209—220.

P. Legendre, E.D. Gallagher, Ecologically meaningful transformations for
ordination of species data, Oecologia 129 (2001) 271—-280.

P. Robert, Y. Escofier, Unifying tool for linear multivariate statistical
methods- RV-coefficient, J. R. Stat. Soc. Ser. C Appl. Stat. 25 (1976) 257—265.
M.L. Carlson, L.A. Flagstad, F. Gillet, E.A.D. Mitchell, Community development
along a proglacial chronosequence: are above-ground and below-ground
community structure controlled more by biotic than abiotic factors? J. Ecol.
98 (2010) 1084—1095.

R Development Core Team, R: a Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, Vienna, Austria, 2015.
J. Oksanen, E.G. Blanchet, R. Kindt, P. Legendre, R.G. O'Hara, G.L. Simpson,
P. Solymos, M.H.H. Stevens, H. Wagner, Vegan: Community Ecology Package,
R package version 2.3-0, 2015.

S. Le, ]. Josse, F. Husson, FactoMineR: an R package for multivariate analysis,
J. Stat. Softw. 25 (2008) 1-18.

P. Andres, E. Mateos, Soil mesofaunal responses to post-mining restoration
treatments, Appl. Soil Ecol. 33 (2006) 67—78.

B.S. Griffiths, L. Philippot, Insights into the resistance and resilience of the
soil microbial community, FEMS. Microb. Rev. 37 (2013) 112—129.

L.D. Hodkinson, Terrestrial and aquatic invertebrates as bioindicators for
environmental monitoring, with particular reference to mountain ecosys-
tems, Environ. Manage. 35 (2005) 649—666.

B. Fournier, E. Samaritani, ]. Shrestha, E.A.D. Mitchell, R.-C. Le Bayon, Patterns
of earthworm communities and species traits in relation to the perturbation
gradient of a restored floodplain, Appl. Soil Ecol. 59 (2012) 87—-95.

K.Y. Chan, LM. Barchia, Soil compaction controls the abundance, biomass and
distribution of earthworms in a single dairy farm in south-eastern Australia,
Soil till. Res. 94 (2007) 75—82.

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

D.H. Wall, R.D. Bardgett, V. Behan-Pelletier, J.E. Herrick, H.T. Jones, K. Ritz,
J. Six, D.R. Strong, W.H. van der Putten, Soil Ecology and Ecosystem Services,
Oxford University Press, 2012.

E. Huerta, D. Brunet, E. Velazquez, P. Lavelle, Identifying earthworm's organic
matter signatures by near infrared spectroscopy in different land-use sys-
tems in Tabasco, Mexico, Appl. Soil Ecol. 69 (2013) 49—55.

P.S. Chaudhuri, S. Bhattacharjee, A. Dey, S. Chattopadhyay, D. Bhattacharya,
Impact of age of rubber (Hevea brasiliensis) plantation on earthworm



communities of West Tripura (India), J. Environ. Biol. 34 (2013) 59—65.

[90] J. Nahmani, M.E. Hodson, S. Black, Effects of metals on life cycle parameters

[91]

[92]

(93]

[94]

[95]
[96]

[97]

on the earthworm Eisenia fetida exposed to fiels-contaminated, metal-
polluted soils, Environ. Pollut. 149 (2007) 44—59.

G.W. Yeates, T. Bongers, Nematode diversity in agroecosystems, Agric. Eco-
syst. Environ. 74 (1999) 113—135.

W.-B. Ruan, Y. Sang, Q. Chen, X. Zhu, S. Lin, Y.-B. Gao, The response of soil
nematode community to nitrogen, water, and grazing history in the inner
mongolian steppe, China, Ecosystems 15 (2012) 1121-1133.

C.M. Ugarte, E.R. Zaborski, M.M. Wander, Nematode indicators as integrative
measures of soil condition in organic cropping systems, Soil Biol. biochem.
64 (2013) 103—113.

L.S. Koutika, W.A.M. Didden, J.C.Y. Marinissen, Soil organic matter distribu-
tion as influenced by enchytraeid and earthworm activity, Biol. Fert. Soils 33
(2001) 294—-300.

AR. lves, K. Gross, ].L. Klug, Stability and variability in competitive com-
munities, Science 286 (1999) 542—544.

D.A. Wardle, Communities and Ecosystems Linking the Aboveground and
Belowground Components, Princeton University Press, Princeton, N.J, 2002.
X.-F. Wang, Y.-Z. Su, R. Yang, Characteristics of soil nematode community
along an age sequence of sandy desert soil cultivation in a marginal oasis of
middle reaches of Heihe River, Appl. Soil Ecol. 21 (2010) 2125—-2131.

[98] ]J. Bengtsson, Which species? what kind of diversity? which ecosystem

[99]

[100]

[101]

[102]

[103]

function? Some problems in studies of relations between biodiversity and
ecosystem function, Appl. Soil Ecol. 10 (1998) 191-199.

G.W. Luck, R. Harrington, P.A. Harrison, C. Kremen, P.M. Berry, R. Bugter,
T.P. Dawson, F. de Bello, S. Diaz, CK. Feld, J.R. Haslett, D. Hering,
A. Kontogianni, S. Lavorel, M. Rounsevell, M.]. Samways, L. Sandin, ]. Settele,
M.T. Sykes, S. van den Hove, M. Vandewalle, M. Zobel, Quantifying the
contribution of organisms to the provision of ecosystem services, BioScience
59 (2009) 223—235.

M. Blouin, N. Sery, D. Cluzeau, J.-]. Brun, A. Bedecarrats, Balkanized research
in ecological engineering revealed by a bibliometric analysis of earthworms
and ecosystem services, Environ. Manage. 52 (2013) 309—320.

S. Salmon, The impact of earthworms on the abundance of Collembola:
improvement of food resources or of habitat? Biol. Fertil. Soils 40 (2004)
323-333.

S. Wurst, Effects of earthworms on above- and belowground herbivores,
Appl. Soil Ecol. 45 (3) (2010) 123—130.

K. Karaban, A.V. Uvarov, Non-trophic effects of earthworms on enchytraeids:
an experimental investigation, Soil Biol. biochem. 73 (2014) 87—92.

[104] ]. Schlaghamersky, N. Eisenhauer, LE. Frelich, Earthworm invasion alters

[105]

enchytraeid community composition and individual biomass in northern
hardwood forests of North America, Appl. Soil Ecol. 83 (2014) 159—169.

C. Gardi, F. Jeffery, A. Saltelli, An estimate of potential threats levels to soil
biodiversity in EU, Glob. Chang. Biol. 19 (2013) 1538—1548.

13



	-1
	Amossé, J.-Patterns of earthworm-20160718
	Sans titre-1
	Sans titre-2
	Sans titre-3
	Sans titre-4
	Sans titre-5
	Sans titre-6
	Sans titre-7
	Sans titre-8
	Sans titre-9
	Sans titre-10
	Sans titre-11
	Sans titre-12
	Sans titre-13




