
Contents lists available at ScienceDirect

Applied Soil Ecology

journal homepage: www.elsevier.com/locate/apsoil

Inoculation of an ecosystem engineer (Earthworm: Lumbricus terrestris)
during experimental grassland restoration: Consequences for above and
belowground soil compartments

Estelle Foreya,⁎, Matthieu Chauvatb, Sekou F.M. Coulibalya, Estelle Langloisa, Sebastien Barotb,
Julia Clausea,c

aNormandie Univ, UNIROUEN, IRSTEA, ECODIV, 76000, Rouen, France
b IEES-P (IRD, CNRS, UPMC, UPEC), 7 quai Saint Bernard, 75252, Paris Cedex, France
cUniversité de Poitiers, Laboratoire Ecologie & Biologie des Interactions—UMR CNRS 7267, Equipe Ecologie Evolution Symbiose, 5, rue Albert Turpin, TSA, 51106,
86073, Poitiers Cedex 9, France

A R T I C L E I N F O

Keywords:
Plant-soil interactions
Collembola
Functional types
Disturbance
Alkaline peat
In situ experiment
Plant productivity

A B S T R A C T

Although soil organisms might strongly affect the dynamics and composition of natural vegetation, relatively
few studies have tried to in-situ manipulate soil fauna, especially in restoration ecology. The objective of this
study was thus to observe the impact of a soil ecosystem engineer (Lumbricus terrestris L.) on plant communities
as well as on soil organisms (springtails) in a reclaimed floodplain previously devoid of earthworms. Within a
randomized factorial design based on buried frames (depth 0.45m), half of the quadrats (1 m2) were inoculated
with 100 earthworms, the other half served as control. After one year of experiment, earthworm inoculation
doubled the plant biomass and favored grass species over forbs. Both abundance and diversity of Collembola
(depending on functional groups) were negatively impacted by the presence of earthworms. Using a path
analysis we found that this negative impact was probably indirect and due to an earthworm effect on plant
community structure and plant functional groups. We suggest in our particular case that vegetation, and more
precisely plant biomass and functional traits, may be more influential than soil properties in driving Collembola
assemblages. Regarding restoration, we conclude that manipulating earthworms could be an interesting tool for
increasing plant productivity but may disfavor soil biodiversity and alter above-belowground linkages.

1. Introduction

Over the last decade, an increasing number of conceptual and em-
pirical studies have stressed the importance of soil fauna and above-
belowground linkages in driving communities and ecosystem properties
(Bardgett and Wardle, 2003; Wardle et al., 2004). For example, in-
vertebrate soil fauna might enhance both secondary succession and
local plant species diversity (De Deyn et al., 2003). The composition
and diversity of soil fauna communities also determine ecosystem
multifunctionality (Wagg et al., 2014). As a consequence, it has been
suggested to consider soil biota and above-belowground linkages to
assist conservation and restoration ecology (Kardol and Wardle, 2010).

To date, the manipulation of soil fauna in restoration ecology has
concerned earthworms as emblematic soil ecosystem engineers (sensu
Jones et al., 1994). Through their feeding and burrowing activities,
they influence soil physical properties such as aggregate stability, soil
structure, infiltration of water, and aeration of deeper soil layers.

Earthworms also modify soil biotic properties such as microbial bio-
mass and activity, nutrient cycling and mineralization, density of other
soil invertebrates, plant productivity and community composition, and
aboveground food webs (for a complete review see Blouin et al., 2013).
The inoculation of earthworms in soils devoid or with a low density of
earthworms may be a tool for assisting the rehabilitation of degraded
lands (Butt, 1999; Snyder and Hendrix, 2008; Boyer and Wratten, 2010;
Jouquet et al., 2014). However, a large majority of these studies fo-
cused on earthworm inoculation techniques (choice of earthworm
species, density, methods, timing, costs, etc.; for a review see Butt,
2008), and only looked at the restoration of soil properties such as
aggregate structure and soil porosity (Fraser et al., 2003; Marashi and
Scullion, 2003), soil fertility (Scullion and Malik, 2000; Fraser et al.,
2003) or remediation of contaminated soils (Sizmur et al., 2011). In
comparison, studies that used earthworm inoculation to assist restora-
tion of the biotic (above and/or belowground) component of an eco-
system are rather scarce (e.g. Curry and Boyle, 1987; Roubickova et al.,
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2009; Mudrak et al., 2012). And only one of them tested the effect of
earthworms on both late successional plants and soil fauna (Mudrak
et al., 2012). In this 3-month laboratory pot experiment, these authors
demonstrated that the inoculation of earthworms could contribute to
drive the succession of plant and soil fauna communities (Collembola).

Among belowground organisms Collembola (springtails) constitute
a model soil organism group (e.g. Henneron et al., 2017). They are the
most abundant soil invertebrates present in almost all terrestrial eco-
systems. By interacting with microorganisms through fungal grazing
and others mechanisms, these soil microarthropods are recognized to
play an important role in litter decomposition, nutrient cycling and
plant growing processes (Petersen, 2002; Partsch et al., 2006; Forey
et al., 2015). Collembolan species are generally classified into three life-
form groups (epedaphic, hemiedaphic and euedaphic) according to
their ecology and sensitivity to environmental conditions (Gisin, 1943;
Petersen, 2002), which allow to investigate their functional assem-
blages. Recent studies demonstrated that plant community structure
and functions could be strong drivers of collembolan assemblages
(Abgrall et al., 2017; Henneron et al., 2017). Indeed, according to the
plant functional diversity hypothesis (Balvanera et al., 2006;
Eisenhauer et al., 2010b), rich plant communities could favor decom-
poser diversity due to enhanced microhabitat and substrate hetero-
geneity (Wardle et al., 2005). Alternatively, the plant mass-ratio hy-
pothesis (Grime, 1998) states that soil fauna assemblages should be
driven primarily by traits of the dominant plant species (those con-
tributing most to productivity; Wardle et al., 2005).

The objective of our study was to assess the importance and impact
of inoculated earthworms (Lumbricus terrestris L.) on above and be-
lowground compartments, i.e. on plants and on Collembola. This study
was set within a larger restoration project that aimed at using former
exploited gravel pits to restore wetland habitats or grasslands to be used
as pastures for cattle grazing or mowing (Mchergui et al., 2014). In this
reclaimed land, earthworm abundance was around zero. Thus, the in-
oculation of earthworm as an ecosystem engineer in this site could fa-
cilitate ecosystem dynamics to recreate an herbaceous ecosystem. After
one year of experimentation, we monitored plant and Collembola
communities in plots inoculated or not with L. terrestris. We hypothe-
sized that earthworms might (1) indirectly enhance plant productivity
through increasing soil fertility, (2) drive plant species assemblages by
favouring some functional types (3) and thus directly or indirectly

modify Collembola communities with contrasting responses according
to their functional group (Fig. 1).

2. Materials and methods

2.1. Study area and restoration project

The experiment was conducted in a currently exploited gravel
quarry ('Carrières et Ballastières de Normandie’) in Yville sur Seine (49°
29' 05' N; 00° 52' 31" E) located in the floodplain Seine valley in France.
Average daily temperatures range from −5 °C in winter to 27 °C in
summer. For decades, these gravels have been dug out from pits that are
naturally filled with water after their use. Recently, a new project
aimed at filling pits with a deep layer of sediments dredged out from the
nearby Seine River, which is then covered by alkaline peat to restore
local grasslands for grazing or mowing. Thereby, collective industrial
objectives of dredging the Seine, exploiting gravels and ecological ob-
jectives of restoring grasslands can be met.

After been exploited, a gravel-pit was progressively filled between
2009 and the end of 2011 with sediments dredged from the Seine River
(between 7 and 8m) and covered with a layer of sand (10 cm, to sta-
bilize sediments). Then, to reconstitute the initial soil profile, a layer of
peat coming from adjacent wet meadows (between 70 and 80 cm) was
added. This is an alkaline alluvial peat naturally deposited during the
Holocene (Mchergui et al., 2014). Lastly, the peat was topped with a
layer of grassland soil (10 cm). This topsoil corresponded to the a
mixture of the organic layers of a soil called “hemic histosoil covered by
clay alluvial deposits” (Mchergui et al., 2014) that was present before
the exploitation of a new gravel pit. This topsoil was collected in wet-
lands located less than 500m away, which correspond to the desired
grassland. The potential C and N mineralization of the peat was esti-
mated in aerobic conditions and respectively ranged between 98 and
348 μg d−1 g−1 and between 4 to 8.1 μg d−1 g−1 of dry soil.

Vegetation was absent in this site during the first months of the
experimentation. Earthworm density observed on another gravel-pit
refilled with a comparable process (but without topsoil) was very low
(0.27 ± 0.49 indm−2) after 3 years of monitoring (Grand Port
Maritime de Rouen (GPMR), 2013) in comparison to nearby permanent
wet grasslands (1082 ± 363 indm−2). This allowed us to state that
earthworms were almost absent from our site just after the refilling
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Fig. 1. Impact of plant biomass on total Collembola species richness
(Total), and species richness of Euedaphic (Eu), Hemiedaphic (Hemi)
and Epedaphic species (Epe) in plots inoculated with earthworms
(white points) and plots not inoculated with earthworms (black
points). Correlation coefficients (r) and level of significance
(α=0.05) are indicated for each relation: *p < 0.05, ns: non-sig-
nificant.
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process.

2.2. Earthworms inoculation

In May 2012, two treatments were established corresponding to the
inoculation of earthworms (EW) or to the control (C). Each treatment
was replicated 10 times in PVC frames (length x width x height= 1m x
1m x 0.60m). The frames were forced into the soil at a depth of 0.45m
(Appendix A) as a compromise to limit the up and down dispersion of
earthworms, to limit shading effects of PVC on plant communtities, and
to enable the quadrat set-up (see also Eisenhauer et al., 2009). Soil
disturbance could not be avoided and was mostly located outside
quadrats. At least 2 m separated each quadrat. In September 2012, at
the starting time of the experiment (T0), EW quadrats were inoculated
with 100 adult individuals of Lumbricus terrestris L. Treatments (EW or
C) were randomly assigned. Earthworms were purchased at a local
fishing bait store.

This species was chosen firstly because this is an anecic earthworms
feeding on litter and creating deep burrows in the soil, thus causing
mixing of soil layers. Secondly, this species is easily purchasable for
restoration purposes. Finally, this anecic species was recorded on ad-
jacent wet grasslands with similar mesic histosol (alkaline peat). We
also carefully read the recommendation of (Butt, 2008) that constitute
one of the few available papers on species choice recommendation in
restoration ecology. The main concern was the low survival of L. ter-
restris recorded in several studies, which encouraged us to specifically
increase the number of earthworms to inoculate. Thus, prior to our
experiment, the survival of L. terrestris was tested in five mesocosms
(Ø8 cm x 10 cm long PVC tubes) filled with the peat and without any
addition of litter. In each mesocosms (12 °C, darkness), five individuals
of L. terrestris were inoculated. After 4 weeks, all individuals were re-
covered (100%).

The number of inoculated earthworms in comparative field trials is
highly variable (Butt, 1999) and there is no clear recommendation
about the density to inoculate. For example, densities of inoculated
earthworms in natural grasslands varied from 22 indm−2 in Wales to
200 indm−2 in Romania (Lee, 1985), but these studies did not concern
peat soils. We decided to inoculate 100 mature earthworms per m2

(about 420 g of fresh weight) as a compromise to simulate an event of
colonization, to prevent mortality following introduction and to keep a
realistic achievement for ecosystem management on the industrial site.

2.3. Field sampling

After one year (T1), in September 2013, plant species richness and
total cover were recorded within each quadrat. We also estimated the
percentage cover of each plant species present. Then, each plant species
was assigned to one of the following functional types: grasses or forbs.
Leguminous species (only two species recorded) were included in the
‘forb’ functional type for further analyses. To estimate the cover pro-
portion of grasses over forbs, we calculated the relative percent cover of
each species per quadrat and the cumulative sum per plant functional
type. These relative covers were used to assess a grass to forb ratio.
Lastly, total plant biomasses were randomly sampled in five quadrats of
each treatment, oven-dried (5 days, 60 °C) and weighed. At the begin-
ning of the experimentation, plant cover was around zero and conse-
quently, biomasses gave estimation of plant productivity.

Within each quadrat inoculated or not, surface soil (10 cm depth)
was sampled for chemical analyses and Collembola were sampled with
a steel cylinder (Ø 5 cm, 10 cm depth). Each Collembola sample
(n=20) was individually placed into a plastic container, transported to
the laboratory in cool boxes and stored for at most 24 h at 4 °C before
further processing. Earthworms at the end of the experiment were
harvested in the same quadrats used for total plant biomasses (n=5).
They were collected by hand-sorting soil monoliths of
50 cm×100 cm×50 cm, then counted and identified (Bouché, 1972).

2.4. Laboratory analyses

Soil moisture was determined after oven drying (105 °C, 24 h).
NH4

+ and NO3
− were extracted with a 0,2 M K2SO4 solution (100mL

of solution and 20 g of dry soil) and measured by colorimetry with an
AA3 auto-analyzer (BRAN+LUEBBE, Norderstedt, Germany). Total C
and N (C and N) concentrations were measured with a CHN pyrolysis
micro-analyzer (NF ISO 10,694 and NF ISO 13878, ThermoScientific,
France). Due to high levels of organic matter, total C was considered to
be mostly composed of organic C. pH was measured with combined
ThermoScientific glass electrodes (1:5 ratio, ISO 10390).

Collembola were extracted by the dry-funnel method (Tullgren,
1918) and stored in 70% ethyl alcohol. Identification to species level
followed several keys (Gisin, 1960; Hopkin, 2007). Finally, all species
were allocated to one of three different life forms, i.e. epedaphic,
hemiedaphic, euedaphic (Gisin, 1943). These life forms are closely re-
lated to dispersal ability and various functional attributes such as re-
production, mobility, and metabolic activity (Petersen, 2002).

2.5. Data analyses

Statistical analyses were achieved with the R-software (R
Development Core Team, 2008). The ‘vegan’ package was used to cal-
culate plant and Collembola species richness and evenness. Univariate
analyses were performed to detect significant effects of earthworm in-
oculation on soil, plant and Collembola variables. Normality and
homoscedasticity of data were tested (Shapiro-Wilk and Levene,
α=0.05) to decide whether parametric or non-parametric tests had to
be used using respectively Student's t tests or Kruskal-Wallis. For
counted data (abundance and species richness of Collembola), we used
a generalized linear model assuming a Poisson error structure. We as-
sessed relationships between total plant cover, grass cover, forb cover
or plant biomass and the Collembola species richness or evenness by
calculating Pearson correlation coefficients.

To estimate direct and plant-mediated indirect effects of earthworm
inoculation on total and euedaphic Collembola species richness, we
used path analysis with the ‘lavaan’ R package. Since earthworm in-
oculation had no significant impact on soil properties, the latter were
not considered in our models. The earthworm inoculation treatment
was converted to 0 (C) and 1 (EW) and was treated as a binary exo-
genous variable. Binary exogenous variables are handled by the ‘lavaan’
package. We fitted the model by testing for the overall goodness of fit
using the maximum likelihood (ML) estimation procedure (Appendix
B). Adequate model fits are indicated by a non-significant axitest
(p > 0.05), low Akaike Information Criterion (AIC) and low Root Mean
Square Error of Approximation (RMSEA) (Grace, 2006). Results were
interpreted by using standardized path coefficients (SPC) of the model
and P values. Path coefficients are analogous to partial correlation
coefficients. They describe the direction and the strength of a re-
lationship between two variables.

3. Results

3.1. Earthworms communities

After one year of experiment, L. terrestris density dropped by 85% in
our inoculated plots and only one individual of L. terrestris was recorded
in the five control plots. No difference in earthworm density between
the two treatments was recorded for earthworms that might have
naturally colonized the site via cocoons from the spread topsoil (ex-
cluding L. terrestris individuals; F= 3,60 p= 0.057). We found 14.4
mature earthworms per m−2 with a total species richness of 3 (without
counting L. terrestris). In addition to L. terrestris, six other earthworm
species were recorded, among which two epigeic species (Lumbricus
rubellus, Lumbricus castaneus) and four endogeic species (Apporrectodea
caliginosa, Octolasion lacteum, Allolobophora chlorotica, Apporectodea
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rosea). Earthworm communities (without counting L. terrestris) were
quite similar between the two treatments (see Appendix C), but we
noted that O. lacteum was slightly more abundant in EW than in C plots
(respectively 4.4 ± 2.6 and 0.8 ± 1.8 indm−2).

3.2. Effect of earthworm inoculation on chemical properties

Earthworm inoculation (EW) had no effect on any of the measured
soil properties compared to the control (C) one year after the inocula-
tion (Appendix D). In our soils, pH was slightly alkaline (pH=7.6),
Ammonium and nitrate were respectively around 6.8 and 5.5 g kg−1,
Ntot was 9.3 g kg−1, and C/N was 13.8.

3.3. Effect of earthworm inoculation on plant communities

The presence of earthworms led to a significant increase of plant
cover (+21%) and plant biomass (+58%) after one year of the ex-
periment (Table 1). This positive effect strongly depended on plant
functional type: only grass species had a significant increase of plant
cover (+69%, Table 1). As a consequence, we observed a lower pro-
portion of forbs compared to grasses (forbs/grasses ratio) in EW than C
(Table 1). No changes in plant species richness and diversity indexes
(Eveness or Shannon) were observed between treatments (Table 1).

3.4. Effect of earthworm inoculation on Collembola communities

Total species richness (SR) of Collembola was markedly reduced
(−41.1%) following earthworm inoculation (t=−3.53, p=0.003;
Table 2). More precisely, SR of the hemiedaphic life form was con-
stantly lower in EW compared to C (Table 2), and the same effect was
seen for the Shannon and Simpson indices. Only evenness did not differ
between treatments (Table 2). Total abundance of Collembola did not
differ between C and EW (Table 2). Nevertheless, when considering
collembolan life forms, abundance of hemiedaphic was reduced by
48.3% in EW (Table 2).

3.5. Links between earthworms, plants and Collembola

Collembola evenness was not impacted by earthworm treatment but
was significantly positively correlated with plant biomass (R= 0.77),
and to a lesser extent, positively correlated with the grass cover and
plant cover (R= 0.49 and R=0.36) and negatively correlated with the
forb cover (R=−0.45).

Model selection for the path analysis (Appendix B) showed that the
negative impact of earthworms on Collembola was not direct but

mediated through the positive effect of earthworm inoculation on plant
biomass (path analysis; SPC=0.94, p < 0.001), and a negative impact
of plant biomass on Collembola (path analysis; SPC=−0.83,
p < 0.001; Appendix E). Results of path analysis on the impact of
earthworm inoculation on euedaphic Collembola population (Appendix
B) showed a similar indirect effect (path analysis; SPC=−0.68,
p=0.005; X2 (1)= 0.46, p=0.5; RMSEA=0.0, p=0.5).

4. Discussion

4.1. Earthworms inoculation and natural earthworm colonization

Although earthworm inoculation largely doubled plant pro-
ductivity, the density of retrieved L. terrestris dropped by 85% in our
inoculated plots after one year of experiment. This strong collapse in
earthworm number might be due to particularly high temperature
events recorded in August just before the sampling of earthworms in
September. Indeed, until mid-July we noted high earthworm activities
(e.g cast production at the soil surface) in earthworm plots (EW) sug-
gesting that earthworms were still alive. Earthworm death in August
and the subsequent mineralization of their biomass probably only
marginally benefited plant growth. Indeed, at this time of year (July)
plants have already reached their maximum biomasses. The positive
effect of earthworms on plant biomass was thus very likely due to
earthworm activities before their death. Curry and Schmidt (2006) re-
ported that topsoil-dwelling species established better than deep-bur-
rowing species (such as L. terrestris) in a reclaimed cutaway peat soils in
Ireland. Another explanation to our low recovery of L. terrestris could be
that our anecic individuals were still aestivating at the time of sampling
and could not be caught by digging at a depth of 0.50m. They might
also have escaped drought by burrowing deeper than 0.5 m. For tech-
nical reasons it was not possible to sample earthworms deeper or to use
deeper frames for earthworm inoculation. Hence it cannot be fully ex-
cluded that more earthworms survived.

Natural earthworm colonization of epigeic and endogeic species
from the spread topsoil was observed. One year after reconstitution of
the experimental site, we found about 14.4 indm−2 with a total species
richness of 3 (without counting L. terrestris). Nevertheless, this density
was still low compared to nearby permanent wet grasslands with
1082 ± 363 indm−2.

4.2. Impact of earthworm inoculation on plants

The inoculation of L. terrestris had a very strong and positive effect
on plant productivity. Both plant cover and biomass nearly increased by
20% and 60% respectively (Table 1). Curry and Boyle (1987) also

Table 1
Impact of earthworm inoculation (EW) on plant communities. Mean and standard de-
viation are given (n= 20, except for plant biomass n= 10). Student t-tests or Kruskal
tests were used. Bold values show significance at p=0.05.

Plant communities Control EW t/X² p value

Plant biomass (gm−2) 479 ± 87 824 ± 50 7.07a 0.001
Plant cover (%)
Total 72 ± 17 88 ± 15 4.24b 0.039
Grasses 32 ± 14 45 ± 10 −2.78a 0.012
Forbs 68 ± 14 55 ± 10 0.87a 0.398

Forbs/Grasses ratio 2.13 ± 0.96 1.32 ± 0.52 2.15a 0.047
Species richness (nbm−2)
Total 13.4 ± 2.6 11.9 ± 3.2 −1.13a 0.273
Grasses 3.3 ± 0.9 3.6 ± 1.3 −1.96a 0.066
Forbs 10.1 ± 2.3 8.3 ± 2.4 0.13b 0.723

Diversity index
Shannon index 2.25 ± 0.26 2.20 ± 0.32 0.41b 0.520
Eveness 0.87 ± 0.06 0.89 ± 0.05 0.87a 0.394

a Student t-test.
b Kruskal test.

Table 2
Impact of earthworm inoculation (EW) on Collembola communities. Mean and standard
deviation are given (n= 20). Generalized linear model with poisson distribution were
used for the statistical analysis of abundance and species richness. Student t-tests were
used for diversity indexes. Bold values show significance at p=0.05.

Collembola communities Control EW t value p value

Abundance (indm−2)
Total 10426 ± 4892 8840 ± 4831 −0.69 0.499
Epedaphic 737 ± 726 283 ± 517 −1.52 0.146
Hemiedaphic 5270 ± 3038 2720 ± 883 −2.42 0.028
Euedaphic 4420 ± 1803 5836 ± 4402 0.38 0.384

Species Richness
Total 6.22 ± 1,79 3.66 ± 1,22 −3.54 0.003
Epedaphic 1.00 ± 1.00 0.44 ± 0.72 −1.35 0.196
Hemiedaphic 2.22 ± 0.83 1.22 ± 0.44 −3.18 0.006
Euedaphic 3.00 ± 1.11 2.00 ± 1.00 −2.00 0.062

Simpson index 0.74 ± 0.04 0.68 ± 0.08 −2.13 0.048
Shannon index 1.63 ± 0.18 1.31 ± 0.23 −3.23 0.005
Eveness 0.73 ± 0.11 0.82 ± 0.08 1.94 0.071
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reported an increase of plant yield (25% the second year, and 49% the
third year) when they inoculated earthworms in a restoration experi-
ment following an industrial peat extraction. Strangely, soil chemical
measurements did not reflect any increase in soil fertility. An ex-
planation would be that plants quickly absorbed soil nutrients miner-
alized by inoculated earthworms (through the consumption of litter) so
that soil content in mineral nutrients did not increase. Earthworm im-
pact on plants is generally positive but depends on plant functional type
(Scheu, 2003; van Groenigen et al., 2014). Grass species were more
favored by the presence of earthworms than forbs. Other studies re-
ported a more pronounced and positive effect of earthworms on gra-
minoid species (i.e. grasses) over other functional types (Wurst et al.,
2005; Eisenhauer and Scheu, 2008; Laossi et al., 2009). Generally it is
suggested that grasses benefit more from a higher availability of N in
soil due to earthworm activities, maybe because of their high root
densities, which would increase their competitive ability against other
plant types such as legumes. Additionally, earthworms might directly
impact plant communities through the ingestion and/or digestion of
seeds (Milcu et al., 2006a; Forey et al., 2011). The passage of seeds
through the earthworm gut potentially damages them, altering their
germination and seedling establishment depending on seed traits
(Clause et al., 2011). L. terrestris is recognized to have a very high seed
ingestion rate (86%) compared to other earthworm species such as
Allolobophora chlorotica (15%) and could act as an important selection
pressure for plants by selecting small or large oil-rich seeds, such as forb
and legume seeds (Clause et al., 2017) and digesting them.

Despite the overall positive effect of earthworms on plant pro-
ductivity and differences in the responses of plant functional groups to
earthworms, earthworm inoculation had no effect on plant diversity
indices. Nevertheless, we can hypothesize that the strong positive effect
of earthworms on graminoids and on plant productivity could favor
grasses and lead to significant changes in plant diversity indices be-
tween treatments within a few years.

4.3. Impact of earthworm inoculation on Collembola

Earthworm inoculation had a strong deleterious impact on soil
Collembola assemblages and mainly on hemiedaphic species (species
richness and density). (Milcu et al., 2006b) also found that L. terrestris
reduced the total density of Collembola (20%) and particularly the
density of Folsomia candida (46%), a hemiedaphic species. Several de-
scriptive or experimental studies have already suggested the detri-
mental effect of earthworms on microarthropods, including Collembola
(for a review, see Eisenhauer, 2010). Several mechanisms have been
suggested to explain these negative impacts. The burrowing activity of
earthworms might trigger a physical stress factor for Collembola po-
pulations (Maraun et al., 2003). By feeding and reducing the amount of
litter, earthworms might also compete with CollemboIa for resources or
habitat. Our results on Collembola life forms did not support this hy-
pothesis as Collembola living at the soil surface (epedaphic) were not
affected by the earthworm inoculation. Lastly, indirect effect of earth-
worms through their impact on the structure and composition of mi-
crobial community structure and composition may negatively impact
fungivorous Collembola.

4.4. Importance of plant community for Collembola assemblages

Collembola community characteristics also appeared to be related
to plant community structure. Indeed, Collembola evenness was not
impacted by earthworm treatment but was significantly positively
correlated with plant biomass, grass cover and plant cover and

negatively correlated with the forb cover. These results support the
plant abundance hypothesis stating that the overall plant biomass af-
fects either negatively or positively Collembola communities (e.g.
Bokhorst et al., 2012). Relationships between Collembola evenness and
plant also revealed that the response of Collembola communities to
plant cover depends on the identity of the plant functional type
(Salmon, 2004; Sabais et al., 2011). These results are in line with the
plant mass-ratio hypothesis according to which plant community
identity and composition would drive collembolan assemblages by
controlling dominant plants traits (e.g. Wardle et al., 2005). For ex-
ample, grass cover but not for cover had a beneficial effect on evenness.
The well-developed root system of grass species might contribute to the
build-up of plant root-associated microorganisms such as fungi and
bacteria (Carpenter-Boggs et al., 2003; Eisenhauer et al., 2010a).
Therefore, the rhizosphere of grasses likely improves food availability
in comparison to forb or leguminous species that have less developed
root systems, and thereby favor diverse food resources and diverse
Collembola species (i.e. high Collembola evenness).

To disentangle the direct effect of earthworms on Collembola rich-
ness from their indirect effect via their impact on plants, we used a path
analysis. This analysis suggested that earthworms had an indirect effect
on Collembola through a modification of vegetation structure (plant
biomass and cover), which itself directly impacted Collembola richness
and evenness. Recently, (Abgrall et al., 2017) suggested that plant
functional traits play a key role in structuring Collembola assemblages
and are more influential for Collembola communities than abiotic fac-
tors. However, we cannot exclude that soil parameters such as physical
structure were not partially influenced by earthworm inoculation and
played a role in their impact on Collembola.

5. Conclusion

Deliberate or accidental (e.g. biological invasion) introductions of
new species into ecosystems provide rare opportunities to understand
their importance and their impact on both local biota and ecosystem
processes. Here, we demonstrated that the inoculation of earthworms in
a restoration context might provide very fruitful opportunities to study
their influences on plants, belowground fauna and also consequences
for ecosystem services such as primary productivity. In this in situ ex-
periment, earthworms quickly doubled plant yield one year after in-
oculation but had no impact on plant diversity and a negative impact on
collembolan diversity. Longer monitoring is necessary to confirm these
first results. Nevertheless, this study demonstrates that the introduction
of a single soil species might impact both the above and belowground
compartments and their interactions in the very short term (1 year).
This study also stresses the strong influence of feedbacks between plant
community characteristics (biomass and functional type) and soil biotic
assemblages. We therefore finally recommend using restoration ex-
periments manipulating keystones species to further analyze such
feedbacks.
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Appendix A

Study site with 20 quadrats in a peat-filled pit in Yville-sur-Seine, Upper-Normandy, France. 10 quadrats (frames) were randomly inoculated with
100 earthworms (EW) per m2 and 10 quadrats were used as controls (Ctrl).
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Appendix B

Results of path analysis on the impact of earthworm inoculation and plant biomass on Collembola richness. SPC: standardized path coefficient. R2

: proportion of variance explained by the model. RMSEA: Root Mean Square Error of Approximation. SRMR: Standardized Root Mean Square
Residual. See also figure 2 for a visual representation of relationships between variables.

Total Collembola Epedaphic Collembola Hemiedaphic
Collembola

Euedaphic Collembola

SPC p R2 SPC p R2 SPC p R2 SPC p R2

Plant biomass∼Earthworm inoculation
(direct)

0.94 < 0.001 0.88 0.94 <0.001 0.88 0.94 < 0.001 0.88 0.94 < 0.001 0.88

Collembola richness∼plant biomass
(direct)

−0.83 < 0.001 0.69 −0.24 0.489 0.06 −0.31 0.352 0.10 −0.72 0.003 0.53

Collembola richness∼Earthworm
inoculation (indirect)

−0.78 <0.001 – −0.22 0.491 – −0.29 0.355 – −0.68 0.005 –

X2 ; df ; p 0.005; 1; 0.94 0.090 ; 1 ; 0.76 0.277 ; 1 ; 0.60 0.46; 1; 0.50
RMSEA ; pRMSEA 0.00; 0.94 0.00 ; 0.77 0.00 ; 0.60 0.00; 0.50
SRMR 0.002 0.012 0.020 0.018
AIC 131.1 122.48 128.93 131.50

Appendix C

Means and standard deviations (m ± SD) of earthworm species abundance and richness (indm−2) at the end of the experiment (n=5). Juvenile
earthworms (no clitellum) could not be identified, but their total abundance are given. Kruskal tests were used. Bold values show significance at
p=0.05

At the beginning of the experimentation, i.e. before L. terrestris inoculation, earthworm density and species richness per m2 were null in the
experimental site.
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Earthworm communities (indm−2)

Earthworm species: Control treatment Earthworm treatment X² p value

Allolobophora chlorotica 1.6 ± 1.7 2 ± 1.4 0.21 0.650
Apporrectodea caliginosa 1.6 ± 1.7 2.8 ± 5.2 0.01 0.734
Apporectodea rosea 0.8 ± 1.1 2.8 ± 3.3 1.03 0.309
Lumbricus castaneus 3.6 ± 3.8 2.4 ± 4.3 0.97 0.324
Lumbricus rubellus 0.6 ± 3.3 1.6 ± 2.6 0.45 0.502
Lumbricus terrestris 0.4 ± 0.9 16.4 ± 6.1 7.25 0.007
Octolasion lacteum 0.8 ± 1.8 4.4 ± 2.6 4.70 0.030
Total density
without L. terrestris 11.4 ± 4.8 17.2 ± 5.2 3.60 0.057
with L. terrestris 11.6 ± 4.8 33.6 ± 8.2 6.98 0.008
with L. terrestris and juveniles 25.2 ± 4.15 55.2 ± 8.4 6.86 0.008
Total species Richness 3.4 ± 1.3 4.6 ± 0.9 2.79 0.094

Appendix D

Impact of earthworm inoculation on soil properties. Mean and standard deviation are given (n=20). Student t-tests or Kruskal tests were used.
Bold values show significance at p=0.05.

Soil variable Control EW t/X² p value

Soil moisture (%) 65 ± 11 62 ± 6 0.21b

pH 7.6 ± 0.1 7.6 ± 0.1 0.03a

NH4
+ (g kg−1) 7.8 ± 2.2 5.9 ± 3.0 0.20b

NO3
− (g kg−1) 7.2 ± 2.9 3.9 ± 1.8 0.14b

Ntot (g kg−1) 9.5 ± 1.4 9.2 ± 1.2 −0.47a

Ctot (g kg−1) 136 ± 20 132 ± 17 −0.50a

Corg (g kg−1) 131 ± 20 127 ± 17 −0.50a

C/N 13.8 ± 0.2 13.8 ± 0.2 −0.30a

Appendix E

Indirect impact of earthworm inoculation on Collembola total species richness via its impact on plant biomass obtained from the path analysis
(see Appendix B). Standardized Path Coefficient (SPC) between variables and levels of significance (***p < 0.001) are indicated. R2 is the proportion
of variance explained. RMSEA: Root Mean Square Error of Approximation.
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