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A B S T R A C T

Enchytraeids (Annelida Oligochaeta), small burrowing organisms found worldwide, are known to influence soil
structure, though their specific effects on pore space are not well quantified. In this study, we evaluated how the
burrowing activities of Enchytraeus albidus and Enchytraeus crypticus affected the X-ray imaged porosity of soil
over a 40- day period using two different soils (loamy and silty-clay-loamy soil) sieved to 2 mm and packed at
two bulk densities (0.8 and 1 g cm− 3). Our findings revealed that while enchytraeids had minimal impact on X-
ray imaged porosity, they played a key role in reshaping the soil’s internal structure, increasing pore connectivity
and homogenizing pore size distribution. This was evident through a reduction in the number of smaller pores
and a shift toward larger pore sizes. The overall pore structure became more uniform, with enchytraeids pro-
moting a shift in the dominant pore sizes. These structural changes were particularly pronounced in loosely
compacted soils, where enchytraeids contributed to greater network complexity, as well as in the soil with a
higher clay content, which is more conducive to aggregation. This suggests that enchytraeids have a significant
role in modifying soil physical properties, especially in conditions where the soil is loosely compacted. X-ray
microtomography is a promising tool for studying at the mesopore scale, and further studies are needed to better
characterize the bioturbation activity of enchytraeids.

1. Introduction

Enchytraeids are small (6–50 mm in length) unpigmented Annelida
Oligochaeta that belong to the soil mesofauna (body diameter 0.1–2
mm). They can be found in all continents, from the tropics to the polar
regions (Didden, 1993), and are bioindicators of chemical stress and
agricultural practices because of their sensitivity to environmental
changes (Didden and Römbke, 2001; Pelosi and Römbke, 2016). Like
earthworms, enchytraeids are recognized as soil engineers due to their
effects on soil structure and nutrient availability for other organisms
(Bullinger-Weber et al., 2007; Brussaard et al., 2012). Through their
burrowing activity, enchytraeids form new pores that affect soil struc-
ture (Van Vliet et al., 1998). As Enchytraeids are soft-bodied animals
that consume dead organic matter and soil microorganisms (Römbke,
1991; Koutika et al., 2001, Gajda et al., 2017), they are inevitably linked
to burrowing activities in the soil. Unlike earthworms (Brown et al.,
2000), enchytraeid digging behaviour has not been clearly

characterized. Yet, bioporosity linked to enchytraeid activity has a
substantial effect on soil aeration, by significantly enhancing air
permeability (Didden et al., 1997; Topoliantz et al., 2000) and elevating
the total soil heterotrophic respiration (Lagerlöf et al., 1989). Enchy-
traeids ingest and transport mineral soil particles, fill soil pores with
their excrement, and influence the soil structure and aggregate stability
(Didden, 1990; Van Vliet et al., 1993; Tyler et al., 2001). However,
research on enchytraeids as bioturbators remains very limited and their
effect on soil porosity and structure has never been quantitatively
assessed.

X-ray microtomography (XCT) is a non-invasive and non-destructive
imaging technique that uses X-rays to create cross-sections of a physical
object and enables the reconstruction of 3-D images. Since the 1980 s,
this technique has been used to study the morphological properties of
the soil structure (Pires et al., 2020; Petrovic et al., 1982). Micro-
tomography is a promising technique to study enchytraeid activity
because it can capture images at the mesoscopic scale, which is precisely
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the scale range at which enchytraeids operate (Mermillod-Blondin et al.,
2018). Yet, only one study used XCT to analyse the enchytraeid pore
network (Porre et al., 2016), where soil columns of 6.7 cm in diameter
and 14 cm in depth to assess the synergy between soil organisms (i.e.,
Enchytraeus albidus, fungivorous and predatory mites) for greenhouse
gas emissions. The study design did not give priority to the enchytraeid
pore network, no structural indicator were calculate and so character-
ization and did not allow concluding on their influence on soil physical
properties.

The aim of this study was to characterize the burrowing activity of
enchytraeids using two different species [E. albidus (20–30 mm long,
diameter 0.6–1 mm in width at the clitellum) and Enchytraeus crypticus
(3–12 mm long, diameter 0.18–0.30 mm in width at the clitellum)]
(Westheide and Graefe, 1992; Schmelz and Collado, 2010; Nagy et al.,
2023) and to quantify their impact on soil imaged porosity and structure
in repacked soil columns in laboratory conditions. Two soils (loamy and
silty-clay-loamy) were tested at two bulk densities (0.8 and 1 g cm− 3).
XCT provided 3-D images at the start and 40 days after enchytraeid
introduction (or control, i.e. no animal). These images were analyzed for
imaged porosity, connectivity (Euler number), exchange surfaces, and
pore size distribution to determine if enchytraeids modify pore space
based on soil texture and bulk density.

2. Material and methods

2.1. Preparation of the soil columns

To simulate an arable system, two calcareous soils (Table 1) were
used: a loamy soil and a silty-clay-loamy soil (IUSSWorking GroupWRB,
2022). The soils were manually affined, air-dried and passed through a
2 mm sieve.

Water Holding Capacity (WHC) is defined by the ability of a certain
soil texture to physically hold water against the force of gravity. Both
soils were moistened to 60 % of their respective WHCwith tap water and
then sieved again through a 2 mm sieve. Smaller grain sizes (i.e. soil
sieved at 500 µm, 800 µm, 1 mm) and higher bulk densities (i.e. 1.1, 1.2,
1.4 g cm− 3) were tested in the early stages of this study showing that
enchytraeids cannot enter these soils. Sixteen cylindrical plastic vessels
(3.3 cm in diameter and 6.0 cm in height) were filled with the soils to
reach a total height of 2.5 cm. For each soil, eight columns were used,
four packed at a bulk density of 0.8 g cm− 3 and four at 1 g cm− 3. The
soil moisture was adjusted to 80 % WHC by carefully and homoge-
neously dropping water at the top of the column.

The chosen bulk densities correspond to the topmost soil horizon rich
in organic matter, the typical habitat of enchytraeids (Davidson et al.,
2002; Rasoulzadeh and Yaghoubi, 2010; Murphy, 2015).

2.2. Enchytraeids

E. albidus individuals were bought from AQUAPLANTE (sold as fish
food) and E. crypticus individuals came from a breeding culture at INRAE

Avignon, France. Both species were successfully maintained in our
laboratory in the dark at 18 ◦C for several months (in soil and on agar-
agar, respectively) and fed finely ground rolled oats twice per week.

For each soil bulk density, one vessel remained without enchytraeids
(control). For each treatment with enchytraeids (two soils, two bulk
densities), three replicates were used in which 10 E. albidus (equivalent
to 12 000 individuals m− 2) and 120 E. crypticus (equivalent to 140 000
individuals m− 2) adults were introduced. These abundances are realistic
according to what has been reported in arable fields (1000 to 100 000
individuals m− 2 in cropland) (Beylich and Achazi 1999; Beylich and
Graefe, 2012; Ricci et al. 2015) and respect the distribution of small and
large organisms at 80 % and 20 % (Edwards and Bohlen, 1996),
respectively, while ensuring that juveniles comprised 60 % of the total
annelid population (Curry and Schmidt, 2007). Parafilm was attached
by an elastic band at the top of each column to ensure gas exchange and
maintain the soil moisture, while preventing enchytraeid escape during
the experiment. The sixteen columns were kept in a dark room at con-
stant temperature (18 ◦C) for 40 days. Weekly, 10 mg of powdered
oatmeal was placed on the soil surface as food source for the enchy-
traeids. The soil moisture was adjusted weekly at 80 % WHC by
weighing the columns and adding water when necessary.

2.3. Image acquisition

The columns were scanned by XCT at the experiment start (here
named T0, before the introduction of enchytraeids) and at day 40
(named Tf). A GE Phoenix v|tome|x s tomograph (INSA Lyon, France)
was used. The tube voltage was set to 120 kV and the intensity to 120 µA
“FAST” category acquisition using a continuous rotation were per-
formed, with a voxel size of 20 µm for a total of 1500 projections. An
optical copper filter of 0.3 mm of thickness was added. The exposure
time employed was 0.666 s, giving a total acquisition time of 17 min per
3-D scan. The X-ray source was perpendicular to the columns. The cone-
beam XCT data were reconstructed by a filtered back projection
Feldkamp-algorithm using the PHOENIX datosx 2 software to compute
the slices.

2.4. Image analysis

The raw 3-D images were processed using Fiji. First, a region of in-
terest (ROI) of 19x19x14 mm3 (950x950x701 voxels) centred to the raw
volume to avoid edge effects was selected in each column (Fig. 1A). The
ROIs in the columns with enchytraeids at bulk density of 0.8 g cm− 3

(both soils) were adjusted individually to avoid pixels of air due to the
column surface collapse at Tf (Table 2, Fig. 1B).

The greyscale distribution was then normalized and equalized, and a
median filter of 1 voxel size was applied to reduce the noise. Each 3-D
image was multiplied by itself to further increase the contrast between
organic matter and pores. Imaged porosity thresholding was performed
automatically to avoid operator-related effects. The global threshold
was determined according to the so-called “Minimum” algorithm based
on the histogram shape (Prewitt and Mendelsohn, 1966). The resulting
image is a binary (8-bit greyscale) 3-D image with pores at a grey level of
0 and the solid phase (to which organic matter is associated) at 255.
Thresholding quality was estimated by the operator based on two as-
pects: (i) the good superposition of the pore edges on the grey level
image, and (ii) organic matter association with the solid phase (Fig. S1).
These controls, carried out on two central vertical planes of the 3-D
image, indicated that the thresholding approach yielded reasonable
results.

As proposed by Vogel et al. (2010), a binary structure can be char-
acterized by several basic geometric measures, named Minkowski
functionals. Some of them have been used to characterize the activity of
enchytraeids and to associate basic geometric properties with the col-
umn meso-structure: total imaged pore volume or X-ray imaged porosity
percentage when divided by the sample volume (ε); vertical distribution

Table 1
Characteristics of the two soils used in the experiment.

Loamy soil Silty-clay-loamy soil

Site name Valabre Agricultural
College

Avignon INRAE
centre

Site coordinates 43.464304, 5.451139 43.943437, 4.865881
Land use Vineyard Grassy pear orchard
pH (H2O) 8.1 8.3
Clay (%) 24 29
Silt (%) 36 52
Sand (%) 40 18
Soil Organic Carbon
(g kg− 1)

22.4 15.4

Total nitrogen (g kg− 1) 2.35 1.77
Water holding capacity (%) 38.2 26.0
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of the imaged porosity profile; total interfacial area between pore and
solid or specific surface when divided by the total sample volume (SV);
and Euler number calculated using the number of isolated objects
(closed convex) minus the number of redundant connections or loops
(closed saddle surfaces) plus the number of cavities (closed concave).
The Euler number is a connectivity indicator: a positive number in-

dicates a predominance of isolated components compared with redun-
dant connections. A negative Euler number indicates the predominance
of redundant connections. Lastly, the pore size distribution was char-
acterized using the local thickness algorithm. The local pore diameters
within the pore space were deduced with the maximum inscribed sphere
method (Hildebrand and Rüegsegger, 1997). All these features were
measured at T0 (initial state) and Tf (40 days after adding or not the
enchytraeids).

2.5. Data treatment

For the columns with enchytraeids, the mean ± standard deviation
(SD) of the three replicates was used.

Pore size distribution according to the column depth was smoothed
using a moving average and grouped into 50 µm size classes to eliminate
part of the variability. Then, a spline interpolation was used to smooth

the data (with a degree of freedom equal to 10) and negative values were
adjusted to zero to eliminate any non-physical value. The skewness co-
efficient was calculated from the smoothed data to assess the distribu-
tion asymmetry. A high skewness coefficient indicates the predominance
of smaller or larger pores, suggesting a less uniform pore size distribu-
tion, whereas a low skewness coefficient implies a more homogeneous
distribution. For each modality, the mode was identified and the cor-
responding class refers to the dominant pore size category. This infor-
mation is functionally significant because it helps to determine the
prevalent pore size that contributes most to the soil structure, by influ-
encing properties such as aeration, water infiltration, and root
penetration.

When the conditions for parametric tests were met (normality of
residues using the Shapiro-Wilk test and homogeneity of variance using
the F test), the Student’s t-test was used. When these conditions were not
met, logarithmic or square root transformations were used, and if the
conditions for the parametric tests were still not met, the initial (T0) and
final (Tf) values of the different indicators were compared with the
Wilcoxon test (R Development Core Team 2018).

The imaged porosity variation of each slide (Table 2) was calculated,
considering the difference between the imaged porosity at T0 and Tf,
with the following formula:

The imaged porosity variation of each slide was graphically represented
(Fig. 2) to determine whether enchytraeids differently affected imaged
porosity according to the column depth. In the control columns, imaged
porosity variation was homogeneous at the different depths (Fig. 2A).
This variability in control columns was considered as noise because it
was not linked to enchytraeid activity, but to sample moving during the
experiment, particularly transport by car. Only imaged porosity varia-
tions larger than the variation range (− 2.66 ± 6.25; mean ± SD) in the
control columns were considered as resulting from enchytraeid activity.
To be as conservative as possible and not over-interpret the results, 2 SD
were kept to define the noise (Fig. 2B).

3. Results

In the four control columns without enchytraeids, total imaged

Fig. 1. Two X-ray microtomography images of soil cross-sections showing the region of interest delineation (red rectangle) in a column of silty-clay-loamy soil (bulk
density 0.8 g cm-3) at the beginning of the experiment (T0) (A) and at the end of the experiment (Tf; 40 days with enchytraeids)(B). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Number of slides considered for image analysis of the two soils (L, loamy soil;
SCL, silty-clay-loamy soil) and bulk densities at the beginning (T0) and end (Tf)
of the experiment.

Bulk density (g cm− 3) 0.8 1
Soil Column replicate Number of slices analysed Number of slices analysed

T0 Tf T0 Tf

L Control 701 701 701 701
​ R1 701 668 701 701
​ R2 701 691 701 701
​ R3 701 648 701 701
SCL Control 701 701 701 701
​ R1 701 672 701 701
​ R2 701 637 701 701
​ R3 701 602 701 701

Imaged porosity variation (%) =

(
Final state porosity − Initial state porosity

Initial state porosity

)

*100
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porosity was lower in the loamy soil than in the silty-clay-loamy soil,
whatever the bulk density (Table 3). The pore volume did not change
between T0 and Tf in the four control columns (Table 3) and in the
columns with enchytraeids, except in the silty-clay-loamy soil at the
bulk density of 0.8 g cm− 3 where it decreased by 11 % (Student’s t-test,
p-value = 2.6 × 10-6).

The Euler number was negative in all columns, indicating a highly
interconnected pore space. The values were higher in the silty-clay-
loamy soil than in the loamy soil (Table 3). Moreover, from T0 to Tf,
the Euler number increased by 93% (Student’s t-test, p-value= 3.8× 10-
5) and 86% (Student’s t-test, p-value= 6.6× 10-4) in the loamy and silty-
clay-loamy soils with enchytraeids (bulk density of 0.8 g cm− 3),
respectively (Table 3). At the highest bulk density, the difference be-
tween T0 and Tf was significant only in the loamy soil, with an increase
by 60 % (Student’s t-test, p-value = 3.2 × 10-2) (Table 3).

The imaged porosity variation tended to decrease in the zone of
enchytraeids activity, more in the silty-clay-loamy soil than in the loamy
soil and more for the bulk density of 0.8 than for 1 g cm− 3 (Fig. 2B). At
the bulk density of 0.8 g cm− 3, both soils displayed a significant
decrease in imaged porosity over the first 8 mm: the mean maximum
imaged porosity loss ranged from 40 % (loamy soil) to 7 % (silty-clay-

loamy soil) (Fig. 2B). At 8 mm of depth, the imaged porosity variation
was of the same order of magnitude than in the control columns. At the
bulk density of 1 g cm− 3, the imaged porosity variation in the silty-clay-
loamy soil decreased over the first 3 mm, and the maximum imaged
porosity loss of 45 % was observed at ~ 1 mm of depth (Fig. 2B). At ≥ 3
mm of depth, the imaged porosity variation was of the same order of
magnitude than in the control columns. The soil imaged porosity vari-
ation in the loamy soil at the bulk density of 1 g cm− 3 was of the same
order of magnitude than in the control columns (Fig. 2B).

The pore size distributions were unimodal and each featured a single
mode (one peak). In the control columns, the pore size distribution was
similar at T0 and Tf as well as the skewness coefficient (Fig. 3A-D). In the
loamy soil, the pore size distribution was narrower than in the silty-clay-
loamy soil and the pore size was smaller, whatever the bulk density.
Increasing the bulk density slightly shifted the distribution towards
smaller pore sizes (Fig. 3). Enchytraeid activity showed significant in-
teractions with their environment and altered the soil structure, result-
ing in a modification of the pore size distribution curve between T0 and
Tf. Regardless of the soil type and bulk density, the mode (pore size
distribution peak) was less narrow and pronounced and also shifted
towards larger sizes, indicating that enchytraeids homogenized the pore

Fig. 2. Porosity variation (%) in function of the column depth (mm) between the beginning (T0) and end (Tf) of the experiment in: (A) the control columns (without
enchytraeids) and (B) the columns with enchytraeids. Light blue, loamy soil at the bulk density of 0.8 g cm-3; dark blue, loamy soil at the bulk density of 1 g cm-3;
orange, silty-clay-loamy soil at the bulk density of 0.8 g cm-3; red, silty-clay-loamy soil at the bulk density of 1 g cm-3. The mean porosity variations in the control
columns ± 2 SD are represented with dashed and dotted lines, respectively, in (A) and as a grey area in (B). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 3
Total soil porosity (in percentage, mean ± SD in columns with enchytraeids) and Euler number at the beginning (T0) and end (Tf) of the experiment for the loamy soil
and silty-clay-loamy soil at two bulk densities in the control columns (without animals) and in the columns with enchytraeids; n, number of replicates; * indicates a
significant difference between T0 and Tf values.

Total porosity (%) Euler number
Soil Bulk density

(g.cm− 3)
Treatment n T0 Tf T0 Tf

Loamy 0.8 Control 1 36.8 34.5 ​ - 65,256 - 62,467 ​
​ ​ Enchytraeids 3 36.8 ± 0.7 28.1 ± 3.2 ​ - 62,535 − 4332 *
​ 1 Control 1 28.6 29.9 ​ - 60,914 - 63,562 ​
​ ​ Enchytraeids 3 27.8 ± 1.7 27.3 ± 2.5 ​ - 55,464 - 21,999 *
Silty-clay-loamy 0.8 Control 1 43.6 42.2 ​ - 11,986 - 11,886 ​
​ ​ Enchytraeids 3 43.6 ± 0.4 32.7 ± 2.1 * - 11,204 − 1546 *
​ 1 Control 1 36.9 35.0 ​ - 14,636 - 11,757 ​
​ ​ Enchytraeids 3 36.0 ± 2.1 35.5 ± 2.7 ​ - 13,190 − 9385.7 ​
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distribution in the soil. The creation of larger pores, while conserving
the overall pore volume, reduced the total number of smaller pores. This
shift explains the curve flattening at Tf compared with T0. This is rep-
resented by a notable reduction of the mode intensity comparing before
and after the work of enchytraeids at the bulk density of 0.8 g cm− 3 for
the loamy soil and silty-clay-loamy soil (− 42.8 %, student’s t-test, p-
value = 2.2 × 10-2, and − 37.3 %, student’s t-test, p-value = 4.5 × 10-3,
respectively) and a shift of the dominant pore size range from 200-250
µm to 350–400 µm (Fig. 3A) and from 350-400 µm to 450–500 µm
(Fig. 3C), respectively. These effects were almost absent in both soils at
the bulk density of 1 g cm− 3 (Fig. 3B, D).

All skewness coefficients were positive and ranged between 0.37 and
1.29, indicating highly asymmetric pore size distributions in which
smaller pores dominated and extended towards larger ones (Fig. 3A-D).
Enchytraeid burrowing activity decreased the skewness coefficient in
the loamy soil at the bulk density of 0.8 g cm− 3, from 0.90± 0.10 to 0.66
± 0.11 (Student’s t-test, p-value = 4.8 × 10-2) (Fig. 3A).

4. Discussion

Imaging techniques, such as tomography (Le Bayon et al., 2021) and
microtomography (Balseiro-Romero et al. 2020), have been widely used
to study the burrowing activity of earthworms and rarely to explore
enchytraeid activity in soils (Porre et al. 2016). Here, we showed that
microtomography provides a detailed view of the combined arrange-
ment of pores and solids, allowing us to quantify some changes induced
by the activity of enchytraeids, and providing a valuable visual
perspective on the interactions between enchytraeids and their

environment. This approach opens new possibilities for better under-
standing enchytraeid roles and effects in terrestrial ecosystems. The
comparison of images acquired at different time points (start and end of
the experiment) revealed that the change in total imaged porosity of the
control columns without enchytraeids was negligible and that its slight
decrease may be explained by the column transport by car between
Avignon and Lyon (approx. 200 km) due to vibrations and slightly
rearrangement of the aggregates. However, it should be noted that all
samples were transported together and were meticulously packed with a
focus on shock-absorption procedures.

The densities chosen for this study were based on preliminary results
that are not presented in this study. Smaller aggregates sizes (500 µm, 630
µm, 800 µm and 1000 µm) and higher bulk densities (i.e. 1.1, 1.2, 1.4 g
cm− 3) revealed that even when enchytraeids were combined, the bigger
individuals of E. albidus (600–1000 µm in width) were unable to penetrate
the soil. At a bulk density of 1 g cm− 3, enchytraeids burrowed through the
entire soil volume, as indicated by the noticeable bioporosity on images
(Fig. S2). Enchytraeids could be considered as “porosity opportunists”
because they use the voids already present in the soil. Therefore, unlike
earthworms, the studied species of enchytraeids cannot be considered as
true diggers. Retractor muscles in enchytraeids are not as developed as in
earthworms (Weir Bell, 1962). We used species adapted to loose envi-
ronments that naturally live in loose material. Using species representative
of mineral soils might yield different results.

In the present study, we found that E. albidus and E. crypticus, working
in synergy through their burrowing activity, did not change the total
imaged porosity, with the exception of the silty-clay-loamy soil at low bulk
density (0.8 g cm− 3) (decrease by 10 %). Therefore, the soil type and bulk

Fig. 3. Pore size distributions (50 µm classes) in the control columns (without enchytraeids; in red) and in the columns with enchytraeids (in blue) at the beginning
(T0 − dotted lines) and at the end of the experiment (Tf – solid lines), and results of the comparison of the skewness coefficient, dominant pore size category and
number of voxels in the dominant pore size category between T0 and Tf in the loamy soil samples at bulk density of 0.8 g cm-3 (A) an 1 g cm-3 (B) and the silty-clay-
loamy soil samples at bulk density of 0.8 g cm-3 (C) and 1 g cm-3(D); vertical lines represent the peak at T0 (red) and at Tf (blue) in the columns with enchytraeids; n
is the number of replicates;* indicates a significant difference (p = 0.05). The images in each panel are microtomography photographs (cross-sections; cropped) of the
relevant soil at T0 (left, dotted line) and Tf (right, solid line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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density influenced the enchytraeid effect on soil imaged porosity. Specif-
ically, enchytraeids hadmore pronounced physical effects in the silty-clay-
loamy soil (29 % of clay and 18 % of sand) that is more conducive to
aggregation than the loamy soil (24 % of clay and 40 % of sand). These
organisms burrow and ingest mineral and organic soil particles (van Vliet
et al., 1995), secrete mucus and expulse excrements (Karaban and Uvarov,
2014). Excrements can obstruct pores (Didden, 1990) and mucus may act
as a binder between soil aggregates, causing particle clumping and
creating a more compact structure. This compact structure was observed
particularly at the bulk density of 0.8 g cm− 3, through the entire column
depth (Fig. S2). This imaged porosity decrease may also be linked to
overpopulation because many juveniles were observed near the surface
and at the column edges at the end of the experiment. The high density of
adults introduced in the soil columns and the potential high activity of new
hatchlings may have influenced (i.e. decreased) imaged porosity. Simi-
larly, van Vliet et al. (1998) observed an increase in larger pores (diameter
> 147 µm) when few enchytraeids were present. However, this effect
disappeared after 2 months, due to the large number of enchytraeids and
finally, pores were smaller. In future studies, it would be interesting to
decrease the number of introduced enchytraeids to see whether the
observed effects remain the same.

The Euler number indicated a complex and highly interconnected pore
space made by enchytraeids, as observed by Didden (1990) who found
that Enchytraeus buchholzi increases the continuity and volume of pores
corresponding to its body size (50–––200 µm pore diameter). Our images
showed that the soil of the columns with enchytraeids was highly inter-
connected. Euler numbers were higher in silty-clay-loamy soil than in
loamy soil, indicating that pores in loamy soil were more interconnected.
The presence of enchytraeids contributed to increase these values, sug-
gesting that they reduce the number of interconnection paths and there-
fore act to simplify the complexity of the pore space. This effect was
stronger at the lower soil bulk density (0.8 g cm− 3). This could be again
explained by their potential greater ease of movement in this loosen soil.

The imaged porosity profiles showed that the surface crusts experi-
enced a loss of up to 70 % in total imaged porosity (at the bulk density of
0.8 g cm− 3), particularly in the first 8 mm. This may be attributed to the
surface feeding activity of enchytraeids during the experiment. Food
that was added weekly to the surface (as recommended in the guidelines
OECD, 2004) could have been the cause of overactivity in the first 3 mm
and overpopulation (many juveniles). Moreover, related to this, large
mucus and excrement deposits may have resulted in a much higher local
water content and compaction than in the rest of the column. This
behaviour may not necessarily reflect the enchytraeid natural habits.
Future research should consider not feeding the enchytraeids during the
experiment to avoid behavioural changes.

In both loamy and silty-clay-loamy soils, the pore size distributions
in the control columns were similar at T0 and Tf, indicating a relative
stability of the porous structure in the absence of enchytraeids. Once
again, the minimal modification observed at the bulk density of 1 g cm− 3

in both soils (Fig. 3B, D) could be attributed to reduced passage of
enchytraeids in denser soils. Their intensive work generates a slight
increase in fine macro-porosity, shifting the size distribution of the
remaining pores towards larger sizes (Fig. 3), although the total pore
volume decreased due to compaction or aggregation. In the presence of
enchytraeids, the pore size distributions were more symmetrical in
loamy soil (both bulk densities) than the before state and therefore, the
pore space became more homogeneous. Moreover, enchytraeids
increased the overall pore size. The significant changes in pore size
distribution and mode highlighted the enchytraeid role in modifying the
soil structure. The observed decrease in the mode intensity in the pres-
ence of enchytraeids indicates that their bioturbation and burrowing
activities resulted in the compaction of some areas and the creation of
voids in others, reorganizing the soil structure by reducing the number
of larger pores and creating smaller pores. The obtained “spongy” soil
structure made by enchytraeids has already been reported by some “old”
studies (Jegen, 1920; Kubiena, 1955; Didden, 1991).

The use of two enchytraeid species (E. albidus and E. crypticus), one
small and one larger, represent the size diversity observed in enchy-
traeid communities in natural soils (Didden, 1991; Schmelz and Collado,
2010). Small enchytraeids may be more agile and have easier access to
soil microhabitats, while large enchytraeids may influence more the soil
structuring due to their ability to move larger amounts of material. In
this experiment, we used relatively high densities of enchytraeids,
although based on existing abundances. Considering the limited depth of
the experimental columns (2.5 cm), this density probably exacerbated
the effects that would be observed under natural field conditions. This
setup was chosen to maximize observable effects, given the highly novel
nature of this research topic, aiming to provide initial insights and
establish a foundation for future investigations under more realistic
conditions, such as deeper and more heterogeneous soil environments.
The two enchytraeid species used in this experiment are typically
regarded as standard test organisms in various guidelines, such as those
of the Organization for Economic Development (OECD, 1984) and In-
ternational Organization for Standardization (ISO, 1993; 1998; 2019).
The use of wild species would have been more ecologically relevant, but
natural enchytraeid populations are difficult to breed.

5. Conclusion

This study revealed the impact of the combined activity of E. albidus
and E. crypticus on soil imaged porosity and structure using advanced
imaging techniques (X-ray microtomography). By assessing the enchy-
traeid behaviour in small disturbed soil columns filled with two different
soil types at two different bulk densities, this study unveiled changes at
the mesoscopic scale and brings new insights into their environmental
interactions with soil properties, such as porosity, compaction, and soil
structure modification. The densities chosen for this study were
informed by previous findings that indicated enchytraeids may struggle
to penetrate soils under certain conditions —specifically with higher
bulk densities and smaller aggregate sizes— limiting their ability to
create burrows due to increased soil resistance. In our experiment con-
ditions (i.e. aggregates 2 mm), enchytraeids had only a minimal impact
on the X-ray imaged porosity, but they significantly affected the soil’s
internal structure by increasing pore connectivity and homogenizing
pore size distribution. Enchytraeid activity promoted the formation of
larger pores that increased the fine macro-porosity. Additionally, the
“spongy” soil structures observed in this study are in line with historical
findings, indicating a consistent impact of enchytraeid activity on soil
properties. This study underscores the functions performed by soil en-
gineers that contribute to the functioning and health of agricultural
soils. Incorporating these insights into predictive models can enhance
our understanding of the soil structure dynamics and improve land
management strategies.
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