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Compaction is an important and increasing threat for forest soils. In addition to preventive
approaches, remediation solutions are needed. Among them, the release of anecic earthworms is
thought to be a promising approach. However, most previous attempts in compacted forest soils
failed to retrieve the introduced earthworms. To gain more insight on the feasibility of releasing
Lumbricus terrestris adults, we performed both a laboratory and a field study. Under laboratory
conditions, the L. terrestris behavior was assessed in repacked soil cores with increasing soil bulk
density (1.3, 1.4, 1.5 and 1.6 g cm™ for a silt-loam soil). We found that burrowing (burrow volume,
diameter and maximal burrow depth) as well as casting and feeding behavior were significantly
reduced (-95%, -50% and -65%, respectively) at the highest bulk density compared to the lowest.
For the field study, we released L. terrestris in a 10-year old experimental forest site in which two
factors were studied: soil compaction and liming. To prevent them from escaping, the earthworms
were caged in PVC cylinders in compacted (or not) and limed (or not) plots. After six months, we
assessed the burrowing behavior and litter consumption of the earthworms. L. terrestris showed a
good survival rate (>52%), as assessed by surface activity, in all situations. Liming had no
detectable effect whereas the increase in bulk density in compacted plots (from 1.29 to 1.36 g cm™)
led to a significant decrease in the burrow volume. This suggests that, when forced to do so, L.
terrestris is able settle in compacted and acidic soils and then perform its functional role (burrow

creation and litter burial).
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Soil functioning is now considered one of the pillars of environmental quality alongside water and
air (Bunemann et al., 2018). Human activities have a significant impact on this ecosystem and it is
sensitive to the numerous disturbances that are more frequently encountered in semi-natural
environments such as forests (Roger-Estrade et al., 2011). Indeed, the increasing mechanization of
forestry techniques and the use of increasingly heavier machinery on ever shorter rotations lead to
problems of soil compaction and tree growth, and greatly contribute to the degradation of forest
soils (Goutal, 2012; Solgi et al., 2020). This degradation, which may be more or less severe
depending on the weight and number of passes of the machinery, depends strongly on soil texture
(i.e. the size distribution of the mineral particles: clay, silt, sand) and the soil moisture (Pischedda,
2009; Naghdi et al., 2020). Forests with silty soils are particularly sensitive to compaction (Ranger
et al., 2015), especially when forestry works are carried out on moist soil. Indeed, this can directly
affect the physical fertility of the soil (Haynes and Naidu, 1998) by modifying the mechanical
resistance of the aggregates (structural stability), increasing its apparent density (mass per unit
volume of dry soil) and reducing macroporosity (porosity > 1 mm, visible to the naked eye) and the
connectivity between pores (Zhai and Horn, 2019). These phenomena may subsequently lead to a
decrease in tree root density (Mon Wilpert and Schéffer, 2006), water infiltration and gas flow
(Rabot et al., 2018). In addition, because the natural resilience of forest soils is generally low

(Goutal et al., 2012), damage to these ecosystems may be irreversible.

Since natural regeneration of the soil is slow (Drewry, 2006) and because the timber industry
is socio-economically important, solutions to maintain, preserve or restore the quality of forest soils
are needed. Recently, prevention and advice tools for managers were developed (Pischedda, 2009)
with the aim of promoting practices that prevent forest soil degradation while raising the awareness
of stakeholders on this issue. However, settlement and compaction due to the passage of heavy
machinery in some forest soils have already resulted in productivity losses. In these cases,

restoration work can be carried out to restore functions of the ecosystem that has been degraded,
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increasingly used but this type of work remains difficult because of the stumps and roots and these

methods can be expensive depending on the type of soil (Jabiol, 2013).

Several studies proposed that the properties of degraded agroecosystem soils can be restored
using roots or soil organisms (Snyder and Hendrix, 2008; Pulido-Moncada et al., 2020) and more
particularly the soil engineers, represented by the Lumbricidae, Formicidae and Isoptera (Jones et
al., 1994; Jouquet et al., 2014). For example, earthworms (Lumbricidae) constantly modify their
environment by burrowing galleries while ingesting soil and organic matter (Lavelle et al., 1997).
They have an important role in many processes regulating soil structure, such as water infiltration
and gas exchange (physical fertility), but also in the nutrient cycle and organic matter recycling
(chemical fertility) (Bottinelli et al., 2015). In Europe, Lumbricidae have sometimes been used for
soil restoration in ecological (or pedological) engineering because they are one of the organisms on
which the most knowledge has been obtained (Butt, 2008) and several studies have shown their
positive impact on soil properties (Jouquet et al., 2014). In fact, for the restoration to be effective,
the selected organisms need to be well adapted to the environment. This requires a sound
understanding of their biology and ecology. For example, most earthworm species are sensitive to
acidic pH and are therefore found in low abundance in soils at pH < 5.5 (Satchell, 1955; Ammer et
al., 2006). To remedy the acidity of forest soils and increase the activity and survival of earthworms,
it is possible to apply CaCOj3 on nutrient-poor soils using the technique known as liming (Auclerc et
al., 2013). This process is used on forest soils to regulate Ca and Mg deficiencies due to acid rain or
excessive biomass removal that can deplete soils on certain types of nutrient-poor rocks (Court et

al., 2018).

Despite the increasing problems of forest soil compaction and the growing accumulation of
knowledge about earthworms, very few studies have actually assessed the suitability of earthworm
inoculation to restore degraded forest soils. To the best of our knowledge, only Ampoorter et al.

(2011) and Muys et al. (2003) have attempted to observe the effect of earthworm inoculations on



was very low after one year or more. In agreement with current knowledge on the burrowing
activity (bioturbation) and litter consumption of earthworms and frequency in forest soils,
Lumbricus terrestris, an epi-anecic earthworm (Bottinelli et al., 2020) that creates deep vertical

burrows, was often selected for soil restoration.

Before releasing earthworms in degraded forest soils, it is first necessary to evaluate whether
they can survive in such an environment characterized by a double constraint, i.e. high soil bulk
density and low pH. Thus, we first carried out a laboratory experiment to evaluate the burrowing
capacity of L. terrestris in one acidic forest soil (pH= 4.4) with increasing soil bulk densities. Then,
using cages (Baker et al., 1996), we released L. terrestris individuals in an experimental site where
two different treatments (liming, compaction) were implemented ten years ago, alone or in
combination (Bottinelli et al., 2014). We followed earthworm activities (organic matter burial,

casting and burrowing activities) in order to estimate their potential as an agent of soil restoration.

2. Materials and methods

2.1. Study site and soil

The Grand Pays forest (49°8'27.59"N, 5°1'9.58"E) is located about 270 m above sea level near the
town of Clermont-en-Argonne in the North-East of France. This is an experimental site managed by
INRAE (National Research Institute for Agriculture, Food and the Environment) and ONF (Office
National des Foréts), used to study the medium and long-term effects of moderate soil compaction

in forest soils.

The soil at the site is a Luvisol (ruptic) (IUSS Working Group WRB, 2015) or Neoluvisol
according to Baize et al. (2009). It is polycyclic and more acidic at the surface (water pH = 4.42)
than at depth (pH of 5 between 0.7 to 1 m). An acidic mull humus is formed on a surface silt loam

of about 50 cm which rests on deep clay from the Cenomanian gaize. The soil’s bulk density



depth. In addition, the soil surface horizon is poorer in nutrient cations than the deep horizons which

forces the roots to penetrate deeper to ensure good tree growth.

This 6-ha site, initially occupied by a mature stand of approximately 100-year-old beech
(Fagus) and oak (Quercus) trees, was clearcut at the beginning of 2007. Logs were removed using a
cable yarding system to avoid soil disturbance. The site was then divided into three blocks, and each
block into four plots (30 m x 50 m) to study the two factors of compaction and liming. Each plot
was thus randomly-assigned with one of the four following treatment groups: control (not
compacted, not limed), compacted (but not limed), limed (but not compacted ) and compacted and

limed.

To create the compacted plots and study the recovery of the soil from compaction, a
simulated trafficking event was carried out on the designated plots (March, 2008) using a forestry
skidder (VALMET 8) with eight twin wheels in a charged cradle bogie (15 t empty and 20.5 t
charged) driven over the whole surface of the plots. Lime was added to limit nutrient deficits. To
create the limed plots, in September 2008, lime as powdered dolomite enriched with magnesium
lime (CaO 36% and MgO 24%, at a calculated application rate of 630 kg ha™ of CaO and 415 kg
ha™* of MgO) was applied on the designated plots. Potassium sulphate (K,0: 50% and S: 17%, at
360 kg ha™* of K,0) was also added to avoid an imbalance between nutrients (Bonneau, 1995). After
plots were prepared, a mono-specific plantation of sessile oak (Quercus petraea L.), which adapt
easily to silty soils was planted in autumn of 2008 (and dead trees were replaced the following year)
over the whole block. At this site, earthworm abundance was low and highly dominated by epigeic

earthworms (Lumbricus castaneus) up to 2011 (Bottinelli et al., 2014).

2.2. Laboratory experiment

To evaluate the capacity of the earthworms to burrow vertical galleries in acidic soils under varying

degrees of compaction, we used mesocosms (repacked soil cores) with increasing soil bulk densities
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Pays” experimental site. Mesoscoms were transparent PMMA (methyl polymethacrylate) plastic
cylinders 9.84 cm in diameter and 35 cm deep. The soil was thoroughly mixed, air dried for 4 days
then sieved to 2 mm. Repacked soil cores were made with layers of 400 g of dry soil that were
artificially compacted with a hydraulic press to obtain chosen soil thicknesses and thus soil BD. A
total of 28 mesocosms was made with average BD of 1.30, 1.40, 1.50 and 1.60 g cm™ (+ 0.01) with
7 cores for each density level. One adult L. terrestris earthworm (mean (= SE) weight = 4.27 + 0.27
g) was introduced per mesocosm and 2 g of litter (oak leaves also from the Grand Pays site) was
added. The earthworms were bought at a local fishing store and kept in a bucket partly filled with
the “Grand Pays” soil and some litter for several weeks for acclimation. The mesocosms were kept

under constant conditions at 20°C with natural night and day cycles for four weeks.

2.3. Field experiment

In one block at the site, we selected three subplots (1 m x 4 m) for each of the four treatments, thus
12 subplots in total. In each subplot, six PVC cylinders (10 cm diameter and 15 cm length) were
gently inserted into the wet soil using a wood hammer until 5 cm of PVC remained above the soil.
In each subplot, two mesocosms were kept as controls without earthworms and four were
inoculated with one adult L. terrestris (mean (£ SE) weight = 4.10 + 0.32 g). Natural litter was
removed from the soil surface. Four grams of oak litter leaves was added in all the mesocosms.
Each mesocosm had a lid comprising a stainless-steel 3-mm-opening mesh to prevent earthworms
from escaping. In total, 72 mesocosms were implanted in the soil at the experimental plot, 48 of

them with earthworms and 24 controls without earthworms.

Every month (from November 2017 to April 2018), we visually checked the quantity of litter
remaining in all mesocosms. If there was little litter remaining, 4 g of leaves were added at the soil

surface. The rate of litter disappearance was used as a proxy for assessing earthworm survival.



length) around the mesocosms to sample a soil column going deeper into the soil and containing the
mesocosm and thus the putative earthworm burrows. On the same day, twenty mL of chloroform
was poured into each mesocosm in order to kill the earthworms therein. We collected a soil sample
(0-30 cm depth) next to each mesocosm using a 2-cm diameter stainless-steel gouge auger to assess

soil water content profiles. The samples were cut into six layers with a 5 cm increment.

2.4. Physical and chemical measurements

The soils columns (from the laboratory experiment or sampled in the field) were scanned using an
X-ray scanner (50 mA, 120 kV) to obtain sets of 16 bits images. Images were analyzed using
ImageJ (Schindelin et al., 2012) and BoneJ (Doube et al., 2010). First images were segmented and
then the largest macropores (volume higher than 5 cm®) were selected to obtain earthworm burrows
since L. terrestris is known to build large and continuous burrows (Jégou et al., 1999; Dittbrenner et
al., 2011). Once the main burrows were selected, we improved the results manually in ImageJ by
either removing some parts of the burrow that were obviously not made by earthworms (for
example cracks or tiny cylindrical burrows) and adding other parts that were disconnected from the

main burrow by, for example, casts filling the burrows as could occur for lateral branches.

The objectives were (i) to determine if the earthworms settled in the soil core (based on the
presence / absence of a large burrow) and (ii) to measure the main characteristics of the L. terrestris
burrows: volume, diameter, maximal depth, percentage of the burrow volume in the first 5 cm. This
latter parameter was computed to take into account some of the results obtained in the laboratory

experiments (sub-horizontal burrows).

X-ray images from medical scanners are automatically calibrated in Hounsfield values and
also provided information on the BD of the (wet) soil. For field mesocosms, these wet BD were

estimated for different depths (0-5, 5-10, 10-15 and 15-20 cm) in the images using the modes of the



finally obtain estimates of the soil (dry) BD.

In each field mesocosm, the remaining litter was collected, cleaned to remove mineral
particles, dried in an oven for 72 hours at 40 °C, and weighed. We calculated litter consumption in
each mesocosm during the field experiment and conjectured that in earthworm-free mesocosms, the
consumption was due to microorganisms or other small invertebrates. After tomography and
destruction of the mesocosms, pH was measured within each field mesocosm at two depths (0-10

cm and 15-25 cm) following 1SO 10390 (2005).

2.5. Statistical analysis

For the parameters associated with the laboratory experiments (burrow characteristics, cast
production and litter disappearance), we used a one-way ANOVA with soil BD as a factor. In all
cases, data were log-transformed to reach homoscedasticity (assessed with a Bartlett test). For
burrow characteristics in the field experiment, we used a two-way ANOVA with liming and
compaction as factors. For soil BD and pH in the field experiment, we used a resampling test for
each factor separately using the ‘coin’ package. In this latter case, the interaction between the two
factors could not be computed and was only assessed visually with interaction plots. All

computations were carried out in R v3.3.3 (R core team 2019).

3. Results

3.1. Laboratory experiment

A few representative examples of 3D burrow reconstructions are shown in Fig. 1. Soil BD and thus
compaction had a strong and significant effect on L. terrestris burrowing under laboratory
conditions. The volume of the burrows made by each individual decreased, albeit non significantly,
when the BDs increased from 1.3 to 1.4 and 1.5 g cm™ (Fig. 2). However, the burrow volume

greatly and significantly decreased (-95%) at a BD of 1.6 g cm™ compared to the other tested BD
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but simply remained just below the soil surface. The diameter of the burrow followed the same
trend (p-value < 0.01; F324= 5.3; ANOVA) and was significantly lower at 1.6 than at 1.3 g cm™ (-
50%; Fig. 3). The diameter for the mid-range BD was very variable and thus not significantly
different from the highest and lowest tested BD. The maximum burrow depth was significantly
greater at 1.3 than at 1.5 g cm™ with a decrease of approximately 65% (p-value < 0.0001; Fs 4 =
22.2; ANOVA; Fig. 4). At 1.4 g cm™, the maximal burrow depth was intermediate and not
significantly different from those observed at 1.3 and 1.5 g cm™ due to a high variability. At the

highest BD, the burrow depth was very limited and significantly different from all other tested BD.

BD also had an impact on the surface behavior of L. terrestris with a significant decrease in
surface cast production (p-value = 0.015; F3 24 = 4.3; ANOVA) and organic matter burial (p-value <
0.0001; F3,4 = 26.4; ANOVA). Cast production was significantly lower at 1.5 and 1.6 g cm™ (on
average -60%) than at 1.3 g cm™ (Table 1). The percentage of consumed or buried organic matter

was significantly lower only at 1.6 g cm™ compared to the other tested BDs.

3.2. Field experiment

Ten years after the compaction event, we still observed a significantly higher soil BD for the 5-10
cm layer in the compacted plots (p-value < 0.001; Z = -3.8; resampling test; Table 2). Plots that
were limed showed a significantly lower BD compared to non-limed plots (p-value = 0.036; Z = -
2.1; resampling test). For the deeper soil layer (15-20 cm), no difference was observed between
compacted and non-compacted plots but there was still a significant effect of liming with higher BD

in non-limed plots (p-value = 0.009; Z = -2.6; resampling test).

Regarding pH, liming caused a significant increase at both depths considered (0-10 and 20-
30 cm; p-value = 0.02; Z = 2.3 and p-value = 0.003; Z = 2.9, respectively; resampling tests).

Moreover, non-compacted plots also had significantly higher pH values than compacted plots at
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tests).

For pH and soil BD, we used randomization tests and thus we could not test the effect of an
interaction between factors (liming and compaction). We thus only visually verified that no obvious

or significant interactions were present using graphical analysis (interaction plots).

The rate of litter disappearance at the soil surface in the cores, decreased with time (Fig. S1)
but indicated that earthworms were active in the cores and thus alive. There were no obvious
differences between treatments except after 5 months. At this date, activity seemed to be higher in

the non-limed plots.

Typical examples of 3D burrow reconstructions are shown in Fig. 5. Earthworm burrow
systems made by L. terrestris in the PVC cores were not very different among the treatment plots.
No differences were observed for diameter, the burrow volume in the 0-5 cm layer and the maximal
burrow depth (Table 2). This latter parameter was however influenced by our experimental design
and the limited depth of the PVC cores. The only significant difference was observed for burrow
volume which was significantly influenced (and reduced) due to compaction (p-value = 0.003; F1 43
= 11.5; ANOVA). The decrease was approximately 40% between compacted and non-compacted

plots.

The absence or presence of earthworms in the PVC cores had a significant effect (p-value <
0.001; F1 61 = 35.4; ANOVA) on the amount of litter buried or consumed (1.87 £ 0.55 vs 6.21 + 0.29
g (mean £ SE) respectively in six months) but neither compaction or liming had a significant effect
on the amount of litter buried or consumed (when only cores with earthworms were considered;

Table 2).

4. Discussion

4.1. Effects of compaction on L. terrestris behavior
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laboratory conditions with a larger range of BDs tested, burrow volume, diameter and maximal
depth were negatively impacted aa was cast production and litter consumption. Under natural
conditions with a much smaller variation in BD between compacted and uncompacted treatments,
only burrow volume was impacted. In the experimental site, ten years after the compaction, the bulk
densities were still higher (+ 0.07 g cm™) in the compacted plots compared to the control plots but
this difference was limited compared to that found immediately after the compaction (+ 0.09 g cm;

Goutal et al., 2012).

It was already well known that L. terrestris burrowing behavior is sensitive to soil
compaction. However, past studies either used a range of BD (from 1.47 to 1.68 g cm™) but no
replicates (Rushton, 1986) or only two very contrasting soil BDs, i.e. compacted vs non-compacted
soil (Joschko et al., 1993; Jégou et al., 2002; Miuller-Inkmann et al., 2013). Moreover, it is
impossible to compare our results with those of Rushton (1986) since this author did not describe
the texture of the soil used, and so BDs cannot be corrected and compared (Beylich et al., 2010;
Keller and Hakasson, 2010). Also due to the inherent variability linked to behavior in general, the
linear relationships between burrow length and BD in the study of Rushton (1986) was significant
but low (linear regression: p = 0.020, Rz = 0.34). However our findings were comparable with those
of Pohlitz et al. (2020) who showed that, for silt loam soils, the number of biopores produced by L.
terrestris decreased between 1.35 and 1.6 g cm™ with about 30% less biopores at 1.6 g cm™ (albeit
this decrease was not significant). Moreover, the relationships between biopore number and BD
were not linear (cf Fig. 5C in Pohlitz et al., 2020), which is in agreement with our findings, also in a
silt loam soil. It appeared that for the earthworm species L. terrestris, there is a threshold effect.
Below a given BD value, L. terrestris tend to build a typical deep vertical burrow (even if the trend
is a gentle decrease with increasing BDs) since this burrow is also a crucial shelter. Above this BD

value (between 1.5 and 1.6 g cmin our case) they produce a very short and not necessarily vertical
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since we observed a high variability of response for maximal burrow depth for this BD.

In contrast to many previous laboratories studies (as reviewed by Beylich et al., 2010), we
did not observe an increase in surface cast production with increasing BDs but instead a clear
decrease with a significant difference between 1.3 and 1.5 g cm™. There are two contradicting
phenomena which could explain this observation and thus the resulting outcome is difficult to
predict. First, most authors, as reviewed by Beylich et al. (2010), suggested that L. terrestris do cast
more at the soil surface in compacted soils since there is less free space within the soil and they do
not want to refill or obstruct their main burrow. These authors assumed that due to energy cost, in
compacted soils L. terrestris no longer burrowed small lateral dead-end burrows that were
sometimes observed (Grigoropoulou et al., 2008) and that could be used for casting. Second, from a
purely physical point of view, if the burrow volume decreases in compacted soil then the volume of
casts produced should also decrease, even if the earthworm is obliged to ingest the soil to burrow

when BD are high (Dexter, 1978).

Another observation from our laboratory experiment was the trend for a decrease in
diameter of the main burrow, suggesting soil compaction had an effect on L. terrestris behavior. A
compacted zone of a few mm width was previously observed around the burrows of this species as
its crushes its own casts against the burrow walls (Rogasik et al., 2014). Besides these so-called
‘cutanes’, it 1s thus likely that the daily reuse of the vertical burrow forces this earthworm to use its
hydraulic skeleton to anchor its body to crawl up which simply exerts a repeated lateral pressure on
the burrow walls. If the burrow diameter decreased when soil BD increased, it could mean that the
earthworms were less active or that the lateral pressure has a lesser impact when applied to a soil

matrix that is already compacted.

The most striking finding from our laboratory experiment was the constant decrease in
burrow maximal depth with increasing BDs. This result appears surprising considering that L.
terrestris is believed to live deep in the soil while our mesocosms were only 30 cm depth, so
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more than 1 m according to Shipitalo and Butt (1999), was observed for agricultural croplands only.
This view was further reinforced by laboratory studies where this earthworm was introduced into
mesocosms of 30 to 40 cm depth and filled with agricultural or fallow land soils (Jégou et al., 1999;
Langmaack et al., 1999; Dittbrenner et al., 2011; Crumsey et al., 2013; Capowiez et al., 2015). In all
cases, the L. terrestris burrows always reached the bottom of the soil cores. However, L. terrestris is
also known to exhibit behavioral plasticity (Lavelle et al., 1983 cited by Lee, 1985). Compared to
agricultural soils, forest soils have more abundant litter and do not get as dry during summer.
Hence, in forest soils, it is likely that L. terrestris does not need to burrow as deep. But even in
agricultural soils, there are some observations showing that this species do not always burrow very
deeply or only vertically either under field conditions (Nuutinen et al., 2017) or in laboratory
conditions (Evans, 1947; Bastardie et al., 2005; Rogasik et al., 2014). Overall, the plasticity of L.
terrestris could be triggered by organic matter quantity and location (Evans, 1947; Frazao et al.,
2019) or soil pollution (Mombo et al., 2018) leading to modification of the archetypical burrow
(vertical, deep and rarely branched) of this species. This suggests that this species is not a truly
anecic species (sensus Bouché, 1972) but rather an epi-anecic species, able to shift from one
ecological category to another (sometimes epigeic in forest soils to typically anecic in agricultural
soils). In their recent study aiming at better defining the ecological categories, Bottinelli et al.
(2020) determined that this species (called L. herculeus by Bouché, 1972, see James et al., 2010, for

more details) is 66% anecic and 34% epigeic.

In brief, the effects of compaction were clearly observed during the laboratory experiment
whereas compaction appears to have only an impact on burrow volume under our field conditions.
The values of BD and the difference in BD between the compacted and non-compacted plots in the
field experiment were both low (1.36 vs 1.29 g cm™). Indeed effects were observed under

laboratory conditions for much higher BDs (1.5 or 1.6 g cm™ depending on the studied parameters).
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Ten years after the experiment was set up, the impact of liming was still observable on the surface
horizon (0-10 cm) with a higher pH for the limed treatment groups. This was also true for the soil
BD, which remained higher in the compacted plots. Although the soil has partially restored itself
naturally on the surface, it had not returned to its initial state (i.e. the control plot). This further
confirms that forest soil regeneration by natural actors (climate, soil organisms and roots) is slower
than for agricultural soils on which more management approaches (such as seed dressing or tillage)
are carried out every year (Capowiez et al., 2012; Bottinelli et al., 2014). It is then valid to attempt
to help restoration using physical methods such as mulching for example or by stimulating or
introducing soil ecosystem engineers such as earthworms and in particular anecic or epi-anecic
ones. This approach for ecological restoration was previously reported but, in both cases, the
released anecics (including L. terrestris) did not survive (Muys et al., 2003) or were almost not
retraced (Ampoorter et al., 2011), even though L. terrestris is often thought to be more acido-
tolerant than other anecics (Muys et al., 2003). Indeed the inherent difficulties of this kind of
approach should not be minimized: if few or no earthworms are initially found in the degraded
(compacted) zones, this suggests that these conditions cannot support their settlement and survival
and that they preferred to migrate. Generally distance migration for earthworms is low (Eijsackers,
2011), although L. terrestris is a peregrine species with higher colonization capacities and is able to
crawl up to 20 m in one night at the soil surface (Lee, 1985). It appears that the choice of releasing
L. terrestris is paradoxical as recent attempts to release this earthworm even in agricultural plots, a
priori more favorable, were proven to be slow (Nuutinen et al., 2017). These authors observed that
L. terrestris managed to settle in wheat plots but only ten years after initial release and even so the

mean abundance remained low (less than 5 individual m™).

Conclusions
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very low. Under our experimental conditions (encaged earthworms), L. terrestris survived well for
six months even in degraded soils (compacted and non-limed), as assessed by their feeding and
burrowing activities. However we did not determine whether they would reproduce. Further studies
are needed to examine whether young earthworms, with different behavior and preferred depth,
could survive under these conditions. Releasing anecic earthworms is often thought to be an
effective first step in soil remediation since these earthworms buried a lot of organic matter and
create large vertical burrows that will enable later the settlement of endogeic earthworms, the
intensive bioturbators of the topsoil layer. However the choice of L. terrestris as an effective
restoration agent should remain an open question since its behavioral plasticity and slow settlement

speed could be seen as possible limiting factors (Butt, 2008).
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Fig. 1. Examples of 3D reconstructions of L. terrestris burrow systems in repacked soil cores (25
cm in length and 16 cm in diameter) with increasing soil bulk densities. Burrow diameter cannot be
directly compared in these images since it depends on whether the burrow is on the foreground or

the background of the image.

Fig. 2. Box and whisker plots of burrow volume created by L. terrestris in repacked soil cores with
four soil bulk densities. Boxes bearing different letters are significantly different from each other

(ANOVA).

Fig. 3. Box and whisker plots of the diameter of L. terrestris burrows in repacked soil cores with
four soil bulk densities. Boxes bearing different letters are significantly different from each other

(ANOVA).

Fig. 4. Box and whisker plots of the maximal depth of L. terrestris burrow in repacked soil cores
with four soil bulk densities. Boxes bearing different letters are significantly different from each

other (ANOVA).

Fig. 5. Examples of 3D reconstructions of the L. terrestris burrow systems in caged mesocosms (30
cm in length and 16 cm in diameter) set-up at the 10-year old experimental site in which

compaction and liming were tested.
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consumed (means and SE) as a function of the soil bulk density for L. terrestris under laboratory

conditions. Values bearing different letters are different at the 5% level (one-way anova).

Bulk density 1.30 1.40 1.50 1.60
(g cm™
Amount of 23.38% (0.93) 13.90% (0.77) 9.31° (0.83) 9.67° (0.94)

surface casts (g)

Litter consumed 85.06% (1.48) 86.95% (1.28) 74.24% (1.01) 42.11° (0.91)

or buried (%)
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tests of the behaviour of L. terrestris in mesocosms under field conditions depending on compaction

and liming. Values (in bold) bearing different letters are different at the 5% theshold level.

Compacted Non Limed Non Effect of  Effect of Interaction

compacted limed compaction liming

Soil physico-chemical parameters (resampling test)

Bulk density at 5- 1.36% 1.29° 1.30° 1.34% P<0.001 P=0.036 -
10 cm depth (0.727 (0.27)  (0.84) (0.90)
(g cm®)

Bulk density at ~ 1.44 (0.28) 1.41(0.28) 1.39° 1.46%® P=0.28  P=0.009 -

15-20 cm depth (0.28) (0.29)

(gem?)

pH (water) at0- 481" 494° 505 471° P=0019  P<0.001 -
10 cm depth (0.52) (0.52)  (0.53) (0.51)

pH (water) at 20- 4,67 478"  577° 468" P=0003  P=0.01 -
30 cm depth (0.51) (0.52)  (0.51) (0.51)

Characteristics of the earthworm behaviour (two-way anova)

Volume of 9.51° 15.95% 11.99 13.95 P=0.003 P=0.32 P=0.71

burrows (cm®) (0.75) (0.97) (084) (0.90)
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(mm) (0.70
Maximum 12.51(3.2) 14.32(3.5) 13.39
burrow depth (3.3)
(cm)

Percentage of 32.80 29.21 33.25
macroporosity in (1.39) (1.31) (1.40)

the first 5 cm

depth (%)

Litter consumed 6.32 (0.73) 6.10(0.71) 5.43

or buried () (0.67)

26

(0.69)

13.52

(3.4)

29.05

(1.31)

7.00

(0.76)

P=0.11

P=0.44

P=0.81

P=0.84

P=0.19

P=0.09

P=0.48

P=0.57

P=0.044
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- Earthworm feeding and burrowing behavior was studied with increased soil bulk density
- Above soil bulk density of 1.4 g cm™, Lumbricus terrestris activity was significantly reduced
- Caged L. terrestris remained active in acidic compacted forest soils for 6 months

- Earthworms, as ecosystem engineers, can help to restore degraded forest soils
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