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in technogenic soil-like substrate from bricks and compost?
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Abstract
Purpose Topsoil and peat are often taken from intact rural ecosystems to supply the urban demand for fertile soils and soil-
like substrates. One way of reducing this exploitation is to recycle suitable urban wastes to produce Technosols and
technogenic soil-like substrates. In this study, we investigate the role earthworms can play in impacting the hydraulic
properties of such a soil-like substrate.
Materials and methods In a 4-month microcosm experiment, the influence of the earthworm species D. veneta on the hydraulic
properties of brick-compost mixture was examined. Of the ten boxes filled with ca. 11 dm3 of ground bricks (0.7 cm3 cm−3) and
green waste compost (0.3 cm3 cm−3), five contained earthworms (W-boxes) and the remaining five were used as controls (C-
boxes). The substrate was periodically irrigated and the weight of the boxes and of the drained water was monitored. At the same
time, images were taken from the front of the boxes to quantify the activity of the earthworms by image analysis and soil
aggregation was studied with micrographs. Before and after the experiment, water retention curves were determined from
disturbed samples of the substrate using the simplified evaporation method.
Results and discussion After 6 weeks, differences between the C- and the W-boxes were evident. Micrographs showed brick-
compost aggregates only for the substrates processed by earthworms. The earthworm activity leads to reduced evaporation and an
increased water content in the respective microcosms. The effect persists even after disturbing the substrate. The proportion of
plant-available soil water is about 0.02 cm3 cm−3 higher for the substrate processed by earthworms (0.250 ± 0.009 cm3 cm−3)
compared with the control (0.230 ± 0.008 cm3 cm−3).
Conclusions This study shows that earthworms are capable of ingesting and processing crushed bricks together with compost.
The earthworms produced aggregates which persisted after disturbance and had a positive influence on the water retention
capacity of such a soil-like substrate constructed from waste.
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1 Introduction

Cities and their growing population tend to utilize resources
from urban surroundings or the countryside to satisfy their
needs. High-quality topsoils, for example, are imported from
the countryside to be used for urban greening (Cannavo et al.
2018; Deeb et al. 2016b; Rokia et al. 2014) or bog peat is used
as main constituent of growing media (Schindler et al. 2016).
Thereby, functioning rural ecosystems and landscapes are
exploited and disturbed.

Soils are a fundamental ecological resource in a city. They
provide several ecosystem functions, such as infiltration, buff-
ering, and cooling (Herrán Fernández et al. 2016). Soil itself is a
biological habitat and hence is conducive to biodiversity
(Dominati et al. 2010). Being the basis for biomass production,
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soils provide the habitat for plants which in turn provide mul-
tiple ecosystem functions, such as cycling of nutrients, water,
and energy (Nehls et al. 2014). Especially in cities, plants do not
only supply a yield, but greenery helps to alleviate air pollution
(Rawski 2019) and to mitigate the urban heat island effect by
shading and evaporative cooling (Hoelscher et al. 2016; Price
et al. 2015; Santamouris et al. 2018). Additionally, greenery
provides recreational space and cools buildings thus having a
direct influence on the well-being of urban dwellers (Buchin
et al. 2016; Yilmaz et al. 2016).

However, urban soils are often degraded, sealed, and con-
taminated (Abel et al. 2015; Séré et al. 2008), limiting their
ability to fulfill the necessary ecosystem services (Morel et al.
2015). Therefore, the remediation, reconstruction, ameliora-
tion, and finally the purpose-designed construction of
Technosols (see WRB 2006) is a systemic approach to im-
prove the sustainability of cities (Flores-Ramírez et al. 2018;
Rokia et al. 2014). This should not lead to ecosystem degra-
dation elsewhere.

One way to spare the ecosystems of the countryside from
the usurpation of the cities and still guarantee the ecosystem
services provided by urban soils is to make use of another
problem of continuous urbanization—the growing amounts
of waste produced in cities (Cannavo et al. 2018; Deeb et al.
2016b). Particular parts of the urban waste can be employed
for the construction of Technosols or soil-like substrate.
Construction and demolition waste or excavated soil material
can serve as mineral component (Rokia et al. 2014). Green
waste, compost, and sewage sludge are typical organic com-
ponents (Deeb et al. 2016b). The variety of components and
the means of mixing them in certain ratios can enable the
design of soil-like substrates with properties that suit their
application (Willaredt and Nehls 2020). Technosols and soil-
like substrates constructed from urban wastes have been stud-
ied regarding their soil physical properties, such as porosity,
hydraulic conductivity, and plant-available soil water (PAW)
(Deeb et al. 2016a; Jangorzo et al. 2013; Yilmaz et al. 2016),
plant growth (Cannavo et al. 2018; Krawczyk et al. 2017),
contaminant eluviation (Herrán Fernández et al. 2016; Séré
et al. 2008), and further agronomic properties, such as nutrient
availability (Rokia et al. 2014; Vidal-Beaudet et al. 2016).
According to Herrán Fernández et al. (2016), construction
and demolition waste, bio-stabilized material, and green waste
can be used as growing media without negative influence on
the environment. Soil-like substrates constructed from bricks
and green waste have a high porosity, a high proportion of
plant-available water (PAW), and high saturated hydraulic
conductivities compared with natural soils (Blume and
Runge 1978; Nehls et al. 2013; Yilmaz et al. 2016).

The water retention and hydraulic conductivity of soils are
determined by the soil texture and soil structure (Amezketa
1999; Vogel et al. 2006) as well as by the share of organic
matter (Blume et al. 2016; Smagin et al. 2002). In many soils,

the activity of soil organisms, such as earthworms, is one of
the main processes for the creation of soil structure
(VandenBygaart et al. 2000). Ingestion and digestion of or-
ganic and also mineral matter by earthworms leads to the
formation of casts which are stable organo-mineral aggregates
(Lavelle et al. 1997). These aggregates modify the micro- and
mesoporosity of soils (Blouin et al. 2013) and are more stable
than other aggregates in soils (Jangorzo et al. 2015).
Furthermore, earthworms have an influence on the structure
and the porosity of soils by their burrowing activities creating
macropores whilst compressing the adjoining soil (Jangorzo
et al. 2015; Kooistra and Pulleman 2010). These influences on
the physical structure consequently affect the hydraulic prop-
erties (Blouin et al. 2013) and the water balance, i.e., infiltra-
tion, drainage, and evaporation, of the soil. According to Deeb
et al. (2016a), the presence or absence of earthworms better
explained the differences in the total moisture ratio of a con-
structed Technosol than differences in the ratio of the compo-
sition of the parent material.

There are three different ecological types of earthworms,
according to the classification by Bouché (1977). These three
types, anecic, epigeic and endogeic, are not strictly separable
and there are many earthworm species that cannot be allocated
to one type but rather are intermediate types with characteris-
tics from two or even from all three types (Dunger 1983).

Endogeic and—to a lesser extent—epigeic earthworms en-
hance the diffuse infiltration of water into the topsoil (Ernst
et al. 2009; Shuster et al. 2002; Van Schaik et al. 2016).
Anecic earthworms create stable macropores which facilitate
preferential flow and hence increase water infiltration and
drainage (Larink 2008). Ernst et al. (2009) found a tendency
of an endogeic and an anecic earthworm species to enhance
the drying of the soil probably due to an enhanced evaporation
while an epigeic species enhanced the water storage in the
topsoil. Milleret et al. (2009) observed a compacting influence
by an endogeic earthworm species leading to a decrease in the
PAW. In general, bigger earthworms have the tendency to
compact parts of the soil which increases the water retention
capacity and leads to more preferential infiltration patterns,
while smaller worms tend to be de-compacting. They tend to
decrease water retention and homogenize infiltration
(Blanchart et al. 1999). Yet, there are interaction processes
between these groups that seem to be necessary to maintain
and improve a natural soil structure (Blanchart et al. 1999).
Jangorzo et al. (2015) found a combination of anecic and
endogeic species to be best considering the stability of aggre-
gates. Consequently, the influence on water storage and trans-
fer also varies greatly depending on the earthworm species
(Bastardie et al. 2003).

These influences of earthworms on soil properties are in-
tensely studied (e.g., Blanchart et al. 1999; Blouin et al. 2013;
Edwards and Lofty 1972), the application of epigeic worms for
vermicomposting is widely spread (Domínguez 2018; Edwards
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and Burrows 1988). Earthworm can be regarded as a resource
that needs to be properly managed to enhance ecosystem ser-
vices provided by soils (Lavelle et al. 2006). Yet the deliberate
use of earthworms as engineers in the production of Technosols
or soil-like substrates, to improve physical soil properties like
the water retention capacity, is barely considered.

For instance, it is not clear, if earthworms are able to ingest
both compost and technically crushed, sharp brick particles.
Therefore, the aim of this study is to examine the capacity of
earthworms to change the structure and thus the hydraulic prop-
erties of a soil-like substrate constructed from urban wastes.
Since such a substrate is not constructed in-situ, it is important
to know if earthworm induced soil structures are stable enough
to persist, even if the soil material is disturbed and transported
to its final destination after the production process.

In a laboratory experiment with ten microcosms (five
with and five without earthworms) the following hy-
potheses are tested:

(i) Earthworms (Dendrobaena veneta) are able to process
ground bricks together with organic material to form
aggregates.

(ii) The deliberate treatment of a soil-like substrate con-
structed from urban waste with earthworms changes its
water balance compared with a substrate not impacted
by earthworms.

(iii) The earthworm activity increases the PAW of the proc-
essed material and this change persists even in disturbed
samples.

2 Materials and methods

2.1 Substrates, earthworms, and experimental setup

In order to evaluate the effect of earthworms on the soil hy-
draulic properties of a substrate from bricks and organic
waste, an experimental setup with standardized microcosms
with and without earthworms has been chosen. The substrate
used in this experiment consists of a mix of ground bricks
(GB) sieved to pass 2 mm and green waste compost (GWC)

sieved to pass 5 mm. Both materials were purchased from a
local composting company (Galafa GmbH, Falkensee,
Germany). Based on the experience by Deeb et al. (2016a),
a ratio of 0.7 cm3 cm−3 GB and 0.3 cm3 cm−3 GWC was
chosen which equals a dry weight ratio of 0.82 g g−1 GB
and 0.18 g g−1 GWC (see Table 1 for a characterization of
the materials). The rather high fraction of GWCwas chosen to
ensure sufficient feed for a high number of earthworms over
the total experimental period.

In order to guarantee the same soil texture for each of the
replicates, the GB were sieved into four fractions: coarse sand
(0.63–2 mm), medium sand (200–630 μm), fine sand (63–200
μm), and silt/clay (< 63 μm). Then, these fractions were
mixed again in the same original mixing ratio for all replicates.
The GB and GWC portions were slightly moistened,
homogenously mixed with an electrical stirrer (Collomix
Xo4 with WK 120), and then filled into microcosm boxes.

Ten PE-boxes each with a rectangular base area of 21.6 cm
× 26.4 cm and one acrylic glass side wall were used as micro-
cosms (Fig. 1). The acrylic glass was installed in order to
observe the earthworm activity. Between the observations it
was carefully covered with black cardboard as earthworms
flee light. The shading permits earthworm activity close to
the acrylic glass front even when the light in the laboratory
was on. To allow evaporation while keeping the worms inside
the boxes, the lids were prepared with mesh-covered holes.
The boxes were installed in a slightly tilted position and a fiber
glass wick (60 cm hanging water column) was attached in
their lower rim to drain any stagnant water. The ends of the
plastic-foil coated wicks were inserted in glass bottles to col-
lect drained water.

A total dry weight of 9.67 kg of the mixture was finally
filled into the boxes and compacted to achieve a height of
19 cm (i.e., a bulk density of 0.90 g cm−3). The experiment
was set up in a cooling chamber at 20 °C for 140 days.

Five boxes (W1-5) were equipped with earthworms, the
other five boxes (C1-5) served as control. The earthworms
placed in the microcosms were chosen based on the following
criteria: (i) they should be active under the given laboratory
conditions, (ii) they need to burrow in the topsoil layer, and
(iii) they must be available. Dendrobaena veneta was hence
chosen as an epi-endogeic species, which usually lives and

Table 1 Properties of mineral and
organic materials used for the
substrate

Material Origin Particle size distribution Solid density (g cm−3) Ctot (g g−1)

Brick sand Urban building
and demolition waste

Coarse sand: 31.1 wt%

Medium sand: 44.1 wt%

Fine sand: 19.3 wt%

Silt and clay: 2.5 wt%

2.63 0.024

Compost Urban cuttings - 2.06 0.268

T0-material Brick sand and compost - 2.50 0.061
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feeds in the litter layer (epigeic part), but also burrows verti-
cally and horizontally up to 0.3 to 0.5 m deep in the topsoil
while it consumes organic matter that is incorporated into the
soil (endogeic part) (Dunger 1983; Felten and Emmerling
2009). D. veneta prefers temperatures of 15–25 °C and toler-
ates a wide moisture range (Domínguez and Edwards 2011;
Edwards and Bohlen 1996). As D. veneta is commonly used
as bait worm, the earthworms were bought from a fishing
supply shop.

Before introducing the earthworms into the microcosms,
they were washed with tap water and kept in wet paper towels
for about 24 h for intestinal voiding. Then they were washed
again, dried cautiously with paper towels, weighed, and divid-
ed into five portions of 50 individuals of approximately the
same weight (Table 2).

Earthworms live in aerobic and moist conditions. Thus, the
containers were initially irrigated to a water content of 0.29
cm3 cm−3, slightly more than the water content at field capac-
ity (FC, pF 1.8). The boxes were regularly weighed and sub-
sequently irrigated to this water content to compensate for
evaporation and drainage losses: twice a week until day 52,
then once a week until day 108. Finally, starting on day 115
the boxes were left to dry out for five weeks and were still
monitored weekly to observe how the earthworm activity in-
fluenced the water balance in drier circumstances.

Despite the effort to make closed boxes with meshes on the
openings, during the first 14 days a total of 30 earthworms
managed to escape through and were found outside the boxes.
Unfortunately, it could not be traced from which boxes the
individuals escaped. From day 14 on no further earthworms
were found outside the boxes as then the cooling chamber was
continuously illuminated. The illumination led to a higher heat
load which increased the number of cooling cycles thereby
decreasing the relative air humidity. One earthworm was seen
in control box C2. Between days 108 and 111, the climatic
chamber was accidentally switched off leading to a rise in air
temperature to 30 °C on the third day.

2.2 Monitoring the water balance and earthworm
activity during the experiment

Before each irrigation, all the boxes and the drained water were
always weighed (with Sartorius Signum® 1 balance). The box
weights were further monitored weekly after the irrigation was

Fig. 1 Experimental set up and schematic representation of the microcosms used

Table 2 Number and weight of earthworms at the beginning and at the
end of the experiment per box

Box Initial earthworms Earthworms at the end

Number Weight (g) Number Weight (g)

W1 50 41.03 5 1.4

W2 50 41.95 8 2.3

W3 50 41.23 12 3.3

W4 50 42.01 10 2.0

W5 50 41.99 5 1.2

C2 - - 4 0.9
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stopped. Each time the boxes were weight, images of the front
of the microcosms were taken in order to observe the effects of
the earthworms, e.g., aggregation and structuring processes.
This was done using a flatbed scanner (EPSON perfection
2480) with a resolution of 1200 dpi which was mounted on
the acrylic glass side of the microcosm boxes.

2.3 Sample preparation after the experiment

After the end of the experiment, the boxes were emptied onto
a plastic sheet; the earthworms were collected by hand-
sorting, counted, and weighed after intestinal voiding (see
Table 2). In this study the experimental set up in boxes is
considered a production step. The further use of the obtained
soil-like substrates as planting substrates requires dislocation.
As we are interested in whether the impact of earthworms
remains relevant when soil-like substrates are used as a plant
habitat, disturbed material was used for further investigation.
The substrate was mixed, homogenized, and partitioned ac-
cording to the standardized procedure dividing by quartering
(LABO 2002). This procedure was repeated until about 400 g
of the substrate were left as samples for the measurement of
water retention curves, determination of Ctot (using LOI in the
muffle furnace according to the German norm DIN 19684-3
(2005)), and for light microscopy. The samples for light mi-
croscopy were sieved to pass 1 mm. Of both fractions (< 1
mm, > 1 mm) micrographs were taken through a light micro-
scope for two different magnifications (Nikon, SMZ-U).

2.4 Measurement of the water retention curve

The water retention curves of (i) the original substrate (T0)
and disturbed samples of (ii) the C substrates and (iii) the W
substrates at the end of the experiment were determined using
the simplified evaporation method (HYPROP® device,
METER group AG) (Peters and Durner 2015; Schindler
1980). Therefore, one sample of the disturbed processed sub-
strate of each box and five replicates with original substrate
were packed into 250 cm3 steel cylinders at a bulk density of
1.15 g cm3. This 1.3-times higher density than the bulk den-
sity in the experimental boxes was necessary to be able to
handle the samples after their full saturation.

In order to calculate the PAW, the volumetric water content
at pF 4.2 was determined using a pressure plate extractor
(Soilmoisture Equipment Corp., Santa Barbara, USA). Here,
too, one sample of the disturbed processed substrate of each
box and five replicates of the original substrate were analyzed.

2.5 Data processing and analyses

The images taken from the front of the boxes and the micro-
graphs of the substrates have been analyzed qualitatively com-
paring results of earthworm activity (fraction of substrate

affected by earthworm activity) and aggregate formation be-
tween the W and the C treatments and in between the W
treatments.

To analyze the influence of the earthworms on the soil mois-
ture, the different components of the water balance were mea-
sured or calculated right before each irrigation: the gravimetric
water content g (g g−1), the volume of seepage water S (mm
d−1), and the daily evaporation E (mm d−1). The water content
in the boxes is stated as gravimetric water content as the volume
of the substrate in the microcosms was subject to change.

The data of the water retention curve measurements with
HYPROP was revised for inconsistencies. The PAWwas calcu-
lated from the water contents of the samples at pF 1.8 and pF 4.2.

In order to test the treatments for significant differences, the
data of the water balance and of the measurements of the water
retention for W, C, and T0 was tested for normality of distri-
bution with the Shapiro-Wilk tests (R, version 3.3.1). If nor-
mality was verified, Student’s t test was used to test for sig-
nificant differences in the means of the variables for the treat-
ments. Linear regression models were calculated to test for
significant correlations between the variables of the water bal-
ance and time. Correlations and differences in mean were
considered significant at p < 0.05 (*), i < 0.01 (**), and p <
0.001 (***).

3 Results

3.1 Impacts of earthworm activity

Regarding the images taken of theW-boxes, an increase in the
fraction of substrate impacted by the activity of the earth-
worms was observed over time (Fig. 2). The earthworms im-
mediately started to burrow. There is a peak in the area of the
burrow system at the end of the second irrigation regime (day
108). The reduction of the irrigation frequency to once a week
(after day 52) did not influence the earthworms’ activity while
after stopping irrigation (after day 108) new burrows were not
detected. While some of the burrows seem to be stable over
time, others—especially in the upper horizon—were refilled
during subsequent earthworm activities. The boxes with earth-
worms show a similar alteration of the visible surfaces of the
substrate over time. Only in box W3 the burrowing activity
visible on the front wall is distinctly higher. The changes in the
irrigation scheme (after day 52 and day 108) are also visible in
the changing color of the substrate of the C-boxes (Fig. 2).

The activity of the earthworms could also be observed on
the surface of the substrate. The surface of C stayed flat
throughout the experiment. Only the color changed, turning
lighter, especially in the last phase of the experiment. The
surfaces in the W-boxes changed visibly since the first day
of the experiment. The burrowing activity as well as the casts
of the earthworms created a rough, uneven surface. The
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deposition of casts on the surface became less after the cooling
chamber was permanently illuminated. The color of the W-
substrate only changed slightly. The volume of the substrate
decreased in all ten microcosms—primarily in the phase with-
out irrigation—but not measurably, leading to gaps between
the substrate and the inner walls of the boxes.

A change of the structure of the substrate due to the earth-
worms’ activity was also observed at the microscopic scale
(Fig. 3). This change is especially visible in the micrographs
of the particle size fraction > 1 mm where aggregates that
combine organic and mineral components were detected only
in the W-substrate.

A slight decomposition of carbon was observed for both
treatments. However, the differences in Ctot are not significant
(n = 5, p > 0.05), neither between T0 (5.42 ± 0.36 g g−1) and
the processed substrates nor between C- (5.08 ± 0.37 g g−1)
and the W-substrate (5.10 ± 0.19 g g−1).

At the end of the experiment, the number of earthworms
collected from the boxes is clearly lower than their initially

introduced number (Table 2). Some of the collected earth-
worms were identified as juvenile.

3.2 Water balance of the microcosms during the
experiment

During the time span of 20 weeks, the gravimetric water con-
tent g, the daily evaporation E, and the daily seepage water S
were monitored (Fig. 4). As the results are based on a number
of five samples per treatment, all statistical results are to be
handled with care. After an initial phase of two weeks, the 18
weeks starting on day 17 were analyzed.

During the first phase (irrigation twice a week) seepage
hardly changes with time, there is only a small decrease mea-
surable in C-boxes (Fig. 4, bottom panel, R2 = 0.06, p < 0.05).
After day 17, coinciding with the continuous illumination of
the cooling chamber, there was a pronounced increase in
evaporation (Fig. 4, middle panel). Then the evaporation just
like the water content stays rather stable during the first phase
(Fig. 4, top panel).

The longer timespan between measurements in the
second phase (irrigation once a week) leads to a de-
crease of seepage by a factor of about 1.7 compared
with the higher irrigation frequency. During this phase
seepage is stable. The magnitude of evaporation is not
influenced by the frequency of irrigations and stays
more or less the same from day 49 to the end of the
second phase of the experiment. For the C-treatment,
evaporation is about twice as high as seepage; for, W
this difference is either slightly less or—for box W3—
non-existent. The water content is lower at the time of
the measurement in the second phase compared with the
first phase.

In the third phase, as the soil dries out, water content and
evaporation decrease steadily while seepage drops to zero a
week after the irrigation is stopped.

Differences concerning the three variables g, E, and S be-
tween W- and C-boxes are hardly evident throughout the first
weeks of the experiment. The mean and median evaporation
forW are higher than for C between day 21 and day 38 and the
water content is lower. On day 42 this relationship inverses
abruptly, and evaporation for C is higher than for W and the
water content for C is slightly lower than for W. Evaporation
remains higher for C until the last day (141) of the experiment,
when W and C reach the same value. On this last day of the
experiment, evaporation is especially reduced for the boxes
C1 and C3, the ones with the lowest water content of less than
13 g g−1.

The boxW3 differs from the other boxes. It has the highest
seepage and the lowest evaporation of all the ten microcosms
from day 42 on. During the third phase of the experiment,
when the irrigation is stopped and seepage drops to zero,
W3 is the box with the highest water content.

Fig. 2 Scans of the front of the microcosms showing the development of
pore structures in a brick-compost mixture processed by earthworms
(W3) and in a control box (C3)
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3.3 Water retention of the processed substrate

The differences observed for the water balance in the mi-
crocosms between W and C during the experiment persists
when disturbed samples of the processed substrate are an-
alyzed for water retention (Fig. 5) using the HYPROP-de-
vice. There is a high variance of the volumetric water con-
tent v in the replicates at low pF-values. The variance of
the water content for the original substrate (T0) is high for
the whole range of pF-values, whereas for C it gets close to
zero for pF-values > 1.6.

At pF 1.8 the water content is about the same for T0 and C,
while it is higher for W. The difference between C and W of
almost 0.02 cm3 cm−3 is highly significant (n = 5, p < 0.01).
Such a difference can be observed for the whole pF-range
covered by the HYPROP-measurements (pF 1.5 - 2.8). At
higher pF-values of this range, differences between W and
T0 become significant (n = 5, p < 0.05). At pF 4.2 the water
content was determined with the pressure plate extractor and
shows almost the same values for all three treatments.

In sum, the mean volume of plant-available water of the W-
substrate is 0.015 and 0.02 cm3 cm−3 higher than of T0 and C

Fig. 3 Micrographs of a brick-
compost mixture processed by
earthworms (W3) and in from a
control box (C2)
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(Fig. 6). Here again, the difference between the W- and the C-
substrate is highly significant (n = 5, p < 0.01). The variance of
the PAW of T0 is again higher than for the processed substrates.

4 Discussion

The earthworm D. veneta is able to process urban wastes like
ground bricks. The micrographs from the aggregates show, that
the earthworms do not only incorporate the organic material of
the compost but also bricks. As the fraction impacted by earth-
worm activity increases during the phases with irrigation and as
young earthworms occurred, the composition of the substrate
seems to provide an acceptable habitat for the earthworms as
long as tolerable humidity and temperature are kept. It cannot
be stated for sure when in the experimental period the number of
earthworms in the boxes was reduced. The escape of some earth-
worms from the boxes during the first 2 weeks of the experiment
is not necessarily due to the quality of the substrate. Earthworms
are very active in the dark and especially epigeic worms are
known to disappear from experimental units (Chatelain and
Mathieu 2017; Fründ et al. 2010; Wurst et al. 2008). With the
illumination of the cooling chamber, the escaping could hence be
stopped. However, the continuous illumination had further side
effects. Since the relative air humidity was decreased due to the
higher heat load and the necessary higher number of cooling
cycles, the evaporation from the boxes was increased. In

accordance a decreasing seepage during the first phase of the
experiment is observable for both W- and C-boxes.

Fromthis timeonwards, the earthworms stayedwithin the sub-
strate and were less active on its surface. This could have influ-
enced the impact of the earthworms on the evaporation since the
transport of wetter material from deeper layers to the surface was
reduced and therewere lessmacropores enlarging the evaporative
surface. Therefore, we discuss all the results starting from day 17.

We observed a compaction of the substrate in the micro-
cosms. According to Jangorzo et al. (2013), Technosols com-
pact due to gravity and rainfall/irrigation. Such a compaction
leads to a reduction of macro- and mesopores in the relatively
loosely packed substrate. A slight decrease of the filling height
of the substrate in the boxes due to compaction—particularly
in the last phase of the experiment—can in fact be noticed on
the scans from the front of the microcosms. This change is yet
quite small and due to high variability in the substrate-surface
in the W-boxes the accuracy of possible measurements of this
compaction is too low to quantify it.

There are statistically significant alterations regarding the wa-
ter balance during the experiment especially in the phase without
further irrigation (after day 115). Until day 108, differences in the
water content and evaporation between W- and C-boxes are not
statistically significant. However, starting from day 42 the influ-
ence of the earthworm activity on the water content becomes
more obvious. Consequently, there is a trend of a lower evapo-
ration from the W-substrate compared with the C-boxes.

Fig. 4 Development of the moisture content ( g), the evaporation (E), and
the seepage water (S) during the experiment in the control and the worm
boxes. Boxplots should be interpreted with care since they are the result

of only five measurements each. Differences in mean were considered
significant at p < 0.05 (*) and p < 0.01 (**)
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According to analyses by Smagin and Prusak (2008) earth-
worm casts have a higher water retention capacity than the
surrounding soil throughout the WRC. This could be due to
finer pores in the casts and a stronger adsorption of water due
to the formation of organo-mineral aggregates.

The reduced evaporation from the W-substrate could be
caused by the burrows of the earthworms leading to a loss in
connectivity of fine pores from the lower layers of the substrate to
the surface (Kutílek and Nielsen 1994). Additionally, these bur-
rows enhance the infiltration of irrigation water to deeper sub-
strate layers (see below). On the other hand, these macropores
may lead to a higher evaporation from wet soils as they increase
the evaporative soil surface. However, the gas exchange between
the substrate and atmosphere was limited in the cooling chamber.

Even though the differences between the W- and the C-
boxes showed a systematical trend starting from day 42, the
low number of replicates and the high variability between the
boxes restricted statistical significance at the chosen 95 %-

level. Additionally, during the phases with irrigation, the sub-
strates were almost saturated with water and evaporation rates
were mainly driven by atmospheric conditions and not limited
by soil suction. Thus, the influence of the activity of earth-
worms could not become effective. Consequently, these dif-
ferences become significant during the drying phase.

In the box with the highest earthworm activity—W3—the
contradicting influences of the earthworm activity on the wa-
ter balance of the substrate are most pronounced: the seepage
was the highest and the evaporation the lowest compared with
all the other boxes. On the one hand, earthworms increase the
macroporosity due to their burrowing activity and thus en-
hance the seepage, e.g., due to preferential flow. On the other
hand, they form aggregates that retain the water more strongly
and result in lower evaporation rates. In sum, the water content
does not differ from that of the control boxes.

By taking disturbed samples of the substrate and relocating
it, the structure of the burrowing activity of the earthworm,

Fig. 5 Water retention curves, i.e., volumetric water content ( v) against
the pF, of packed cylinders with initial substrate (T0) as well as disturbed
samples of the processed substrate from the control boxes (C) and the
boxes with earthworms (W). The data for pF < 3 were obtained using the
simplified evaporation method, for pF = 4.2 using a pressure plate extrac-
tor. The bold lines are the mean of each group. The shaded sections depict

the standard deviation. The boxplots show the water retention capacities
at the four displayed pF-values in more detail. They should be interpreted
with care since they are the result of only five measurements each.
Differences in mean were considered significant at p < 0.05 (*) and p <
0.01 (**)
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i.e., the macropores, is destroyed. Yet, the aggregates formed
by the ingestion of the earthworms persist (see Fig. 3). Since
differences in water retention characteristics between the sub-
strate processed by earthworms and the control are also ob-
servable in the disturbed samples, we assume that the increase
in retained water in these disturbed samples is caused by the
produced aggregates. In order to verify if the enhanced water
retention capacity of the substrate of the W-boxes persists
after transport and with time, the stability of the aggregates
formed by earthworms could be measured. Deeb et al. (2017)
reported that Aporrectodea caliginosawas responsible for the
aggregate stability of processed Technosols consisting of ex-
cavated sub soil material and green waste compost.

In this study, we thoroughly sorted the earthworms by hand
from the substrate. In practical applications, it is likely that at
least some earthworms and cocoons will be transported with
the processed material. They could further process the sub-
strate on site and continue to influence the soil structure.
Such earthworm introduction could imply the risk of estab-
lishment of non-native species and interference with existing
species (Craven et al. 2017).

Before such a substrate can be applied for urban greening,
some additional points should be considered. The organic
matter content of the substrate used in this experiment is quite
low compared with usually purchasable growing substrate.
However, compared with natural soils the Ctot-concentration

is rather high. Therefore, the risk of enhanced leaching of
nutrients should be studied.

In this study, we used only one mixing ratio of only two
components with one earthworm species. It is well known that
the original material as well as the earthworm species might have
a large influence on the aggregate formation and stability
(Schrader and Zhang 1997). Other mixing ratios, e.g., with less
organic material, other input materials, and other earthworm spe-
cies could lead to different results. Generally, such a soil-like
substrate will be subjected to a certain evolution once it is imple-
mented as a planting substrate. Therefore, approaches aiming for
designing soil-like substrates with purpose specific properties
should be aware of this early pedogenesis. It should be taken into
account that properties may improve but may also worsen.

5 Conclusions

In this study, the capacity of earthworm D. veneta to change
the hydraulic properties of a soil-like substrate made from
urban waste was tested in a microcosm experiment for 4
months. With the images taken from the front of the micro-
cosms, it could be observed that the earthworms are able to
process the mixture of crushed bricks and compost. As long as
the moisture conditions were adequate, the earthworms were
active, burrowed the substrate, and formed aggregates.

The evaporation in the microcosms with earthworms was
reduced compared with the controls. This is most likely due to
a higher water retention capacity of the earthworm cast. For
the volume of seepage water, an effect of the earthworms
could only be observed for the box with the highest earth-
worm activity. Here, there was strong burrowing activity
and increased seepage compared with the other boxes, most
likely due to preferential flow through the macropores.

The measurements of the water retention curves of the
disturbed and translocated substrate reveal a persistence of
the earthworms’ influence on the water content observed
during the experiment. At field capacity, the water content
in the substrates processed by earthworms is higher than
for the control and the initial substrate. Differences in the
water content at the permanent wilting point are not as
distinct. This results in a proportion of PAW that is on
average 8.6% higher for the substrate treated with earth-
worms than for the control. While the macropores are dis-
turbed when relocating the substrate and thus preferential
flow is no longer a relevant factor, the structure of the cast
with its higher water retention capacity persists.
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