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Abstract
Purpose Constructed Technosols are frequently used to create the biofilter layer of blue-green infrastructure elements when the local 
soil does not possess the necessary properties. However, the long-term functioning of the biofilter is not entirely understood. The aim 
of this study is to elucidate changes in the structure of a constructed Technosol based biofilter of a bioretention cell (BC) by means of 
x-ray tomography and additional physical characterization during the first years after installation under two different water regimes.
Methods and materials Two identical experimental BCs were studied to investigate structural changes in biofilter. The BCs 
exhibited different water regimes. BC1 collected naturally occurring rain concentrated from the nearby roof, while BC2 
lacked a regular inflow of water except for several irrigation events and exhibited drier conditions overall. Biofilter was 
constructed using a mixture of 50% sand, 30% compost, and 20% topsoil. Undistributed soil samples were collected from the 
biofilter at 7, 12, 18, 23, and 31 months after BC installation. The changes in the soil pore system geometry were assessed by 
analyzing morphological parameters derived from X-ray computed microtomography images (μCT) and additional physical 
parameters. The μCT images were analyzed using the SoilJ software package.
Results In both BCs, soil consolidation accompanied by a significant reduction in macroporosity and pore connectivity, occurred 
between months 7 and 18 in BC1 and between months 7 and 12 in BC2. Macroporosity then gradually increased in BC1 between 
months 18 and 31. During the same period, in the drier soil of BC2, macroporosity and pore connectivity decreased. In BC1, the 
water field capacity increased between months 7 and 18, but then returned to its initial values by month 31.
Conclusion The μCT proved to be suitable for assessing the structural changes of constructed Technosol. Significant differ-
ences in soil structure development were observed in BC, depending on the water regime. These differences were particularly 
evident in the development of field capacity, total porosity, and macroporosity.

Keywords X-ray microtomography · Constructed Technosol · Bioretention cell · Soil structure · Infiltration · Swale · Urban 
soil · Pedogenesis

1 Introduction

Constructed Technosols, which are intentionally created 
mixtures of organic and mineral waste materials, designed 
to meet specific criteria, play an important role in runoff 

formation from the urban catchments (Deeb et al. 2020). 
Constructed Technosols offer the advantage of precise 
control over their initial properties and implementation 
conditions, allowing for tailored compositions to meet 
specific requirements in various applications (Watteau et al. 
2019). Constructed Technosols are significant for blue-green 
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infrastructure, especially in urban areas where natural soils 
are unsuitable. In summary, constructed Technosols are 
intentionally designed mixtures of organic and mineral 
materials that play a crucial role in various applications, 
particularly in urban environments where natural soils may 
not be suitable. Their significance extends to the functioning 
of various blue-green infrastructure systems, including 
bioretention cells (infiltration swales). Bioretention cells 
(BC), also known as rain gardens, are soil-plant systems 
designed to manage stormwater runoff. These depressions 
in the ground are filled with specialized filter media, called 
biofilters, and planted with vegetation that is suitable for 
the local conditions (Davis 2008). Plant species chosen for 
BCs must be capable of withstanding fluctuating wet and 
dry conditions, typically falling between those thriving in 
wetland environments and those requiring drier conditions. 
Various perennial species, shrubs or trees are best suited 
to these conditions (Davis 2008; Yuan and Dunnett 2018). 
These BCs function as natural filters, utilizing processes such 
as filtration, adsorption, and sedimentation to enhance water 
quality. Furthermore, they facilitate the mitigation of peak 
flow and the reduction of the overall runoff volume, thereby 
conferring hydrologic benefits such as groundwater recharge 
(Dietz and Clausen 2005; Hatt et al. 2009). Changes in the 
soil structure of the biofilter affect water infiltration, colloid 
transport (Mesticou et al. 2016), and heat transport (Malek 
et al. 2021) in these systems. Compared to natural soils, 
there is still relatively little literature on the development of 
soil structure in constructed Technosols (Badin et al. 2009). 
Séré et al. (2010) found that the pedogenesis processed 
associated with the development of soil structure, and 
chemical processes in constructed Technosols are similar to 
those in natural soils. Additionally, Scalenghe and Ferraris 
(2009) suggested that the development of soil structure in 
constructed Technosols is much faster than in natural soils. 
The hydraulic properties of biofilters and bioretention cells 
are affected by processes such as consolidation, macropore 
development, and particle clogging (Coustumer et  al. 
2009; Muerdter et al. 2018; Zhou et al. 2023). Pedogenesis 
determines the development of soil structure, changes in 
organic matter content, formation of macropores, clogging 
of pores by particles, and alterations of soil wettability. In 
the case of bioretention cells, the dynamics of structural 
changes can be influenced by a wetter water regime and 
growing plants during soil formation (Wang and Zhang 
2024). The long-term functioning of BCs is not yet entirely 
understood due to the scarcity of long-term experimental 
studies on this topic are still sparse, and the inconsistent 
results obtained Dietz (2007). The effectiveness of biofilters 
in bioretention cells for water retention, detention, and 
purification is dependent on the physical and chemical 
properties of the soil. These properties are determined by 
the initial composition of the engineered soil and subsequent 

soil pedogenesis (Scalenghe and Ferraris 2009; Sere et al. 
2012; Jangorzo et al. 2013). Studies have shown that there 
was no systematic decline in BC performance after two years 
(Emerson and Traver 2008) and after six years (Jenkins et al. 
2010). Coustumer et al. (2009), reported that the hydraulic 
conductivity of biofilters decreased by more than half from 
the initial value over seven years. Similarly, Paus et al. 
(2016) found that the saturated hydraulic conductivity (Ks) 
of biofilter decreased with decreasing air temperature. Other 
studies (Archer et al. 2002; Hatt et al. 2009; Muerdter et al. 
2018) have demonstrated that vegetation can prevent the 
clogging of the biofilter, which is a long-term solution for 
maintaining functioning.

Recently, noninvasive imaging methods such as x-ray 
computed microtomography (μCT) (Cislerova et al. 1988; 
Grevers et al. 1989; Schlüter et al. 2020), neutron imaging 
(Kaestner et al. 2016), and magnetic resonance (Tan et al. 
2011; Dohnal et al. 2013) assess soil structure development. 
X-ray μCT, in particular, is an effective mean of assessing 
soil structure. These methods enable the determination of 
soil pore structure with high accuracy while preserving the 
integrity of the sample, which is a significant advantage 
(Wang and Zhang 2024). Following μCT imaging, the other 
important soil properties can be determined by standard 
destructive methods. X-ray μCT can be used to study soil 
structure development, pore clogging and pore geometry 
deformations (Jarvis et al. 2017; Cnudde and Boone 2013; 
Helliwell et al. 2013). In the investigation of soil struc-
ture, μCT imaging has been predominantly applied to agri-
cultural soils. E.g. Koestel and Schlüter (2019) assessed 
the structural evolution namely the pore morphology and 
deformations over two years at six time points in an undis-
turbed soil sample using μCT. After imaging, the samples 
were returned to the field. Settlement and compaction were 
observed, primarily below a depth of 20 mm. Coustumer 
et al. (2009) presented a similar result, demonstrating that 
small particles settle primarily in the upper 10 cm layer 
below the surface. Vanderborght et al. (2002) used X-ray 
μCT to examine the macropore network in loamy forest 
soil. The study found that a dense macropore network at 
a depth of 10–20 cm facilitated homogeneous transport, 
while the presence of isolated large continuous macropo-
res at a depth of 50–60 cm resulted in more heterogeneous 
transport. Similarly, freshly harrowed soil typically exhib-
its a macro-structure that resembles an amalgamation of 
soil aggregates of varying sizes. This is accompanied by a 
well-connected network of larger pores interspersed among 
them (Dexter et al. 1983; Schlüter et al. 2018). Some stud-
ies have included repeated soil sampling at a specific site 
over longer time intervals to quantify soil structure evolu-
tion using X-ray imaging (Sandin et al. 2017; Keller et al. 
2017). In some cases, constructed Technosols structure was 
examined using μCT. Jelinkova et al. (2016) studied the 
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state of pedogenesis on undisturbed soil samples by means 
of microCT. A useful tool for processing μCT images is 
the SoilJ plugin (Koestel 2018) implemented in the ImageJ 
(Abramoff et al. 2004). SoilJ has been shown to signifi-
cantly reduce the time required for processing large image 
data sets. Although studies on the long-term functioning 
of bioretention cells are limited and results can vary, non-
invasive imaging methods, including μCT have emerged as 
effective tools for assessing soil structure evolution and its 
effects on water flow. Further research is needed to enhance 
the understanding and optimize the design and maintenance 
of constructed Technosols, particularly in bioretention cells, 
for long-term performance and behavior.

The main objective of this study is to analyze how the soil 
structure in the biofilter of a BC evolves. We focus on how 
the characteristics of the soil’s porous space, determined 
using X-ray μCT imaging, change over time. Additional 
aim was to assess trends in total porosity and field capacity 
obtained from standard laboratory measurements as well as 
characteristics of macropores obtained using μCT.

The additional objective was to assess the differences 
in biofilter soil evolution in bioretention cell with a water 
regime typical for the humid temperate climate in contrast 
to biofilter of the bioretention characterized by drier condi-
tions due to less frequent and restricted water inflow, which 
instead of that can represent climate with dryer conditions.

2  Materials and methods

2.1  Experimental site and bioretention cells set‑up

In December 2017, two identical experimental BCs were 
established at the University Centre for Energy Efficient 
Buildings (UCEEB) of the Czech Technical University in 
Prague (CTU). UCEEB is situated in Bustehrad, Czech 
Republic (50°9.41797’N, 14°10.19195’E, 355 m a.s.l.). The 
test site is located in a temperate region with an average 
annual rainfall of 500–550 mm and an average air tempera-
ture of 9 °C. BCs were constructed for long-term monitor-
ing and to evaluate the rainfall-runoff characteristics, assess 
biofilter property development, and testing of resistant per-
ennials. The set-up is described in detail by Heckova et al. 
(2022), therefore only basic description is provided here. 
Each BC is 2.4 m wide and 4.0 m long. The top layer of 
BCs was made of a 5 cm thick layer of gravel fraction 16/32 
representing a mulch layer designed to suppress the weed 
growth and reduce evaporation. A biofilter was placed under 
the mulch layer. The biofilter was 30 cm thick at the lowest 
point and consisted of 50% sand, 30% compost, and 20% 
topsoil. The texture of the biofilter was: 12% clay (< 0.002 
mm), 14% silt (0.002–0.05 mm) and 74% and sand (0.05–2 
mm). The drainage layer of the biofilter had an average 

thickness of 19 cm and was made of gravel fraction 16/32. 
The drainage pipe collected water from the drainage layer. 
A layer of sand (0/4 fraction) 10 cm thickness separated the 
biofilter and the drainage layer to capture fine particles. A 
geotextile with a grammage of 200 g  m−2 was inserted under 
the sand layer. The filling of the biofilter was isolated from 
the surrounding soil by a waterproofing PVC membrane. 
A more even distribution of water along the length of the 
BC was achieved by a shallow gutter made of concrete tiles 
built at the floor of the BC in the longitudinal direction. The 
space between tiles was however not sealed, therefore water 
infiltrated preferentially close to the inlet especially during 
less intense rain. Each bioretention cell (BC) was planted 
with four perennial species. The selection of perennials for 
planting was undertaken with the intention of ensuring sus-
tained growth throughout the experiment. Species capable 
of withstanding both waterlogged and dry conditions were 
chosen, with the collaboration of a landscape architect guid-
ing the selection process. The result was the establishment of  
distinct habitats within the bioretention cell, comprising four 
specific perennial species. The supplementary material Fig. S1 
displays the planting plan of species and their distribution, 
which included Aster novae-angliae 'Purple Dome'; Hemero-
callis 'Lemon Bells'; Eupatorium 'Phantom'; Molinia caeru-
lea. In spring 2019, Eupatorium 'Phantom' (five pieces of 
plant) replaced the perennial Euphorbia amygdaloides from 
the original planting plan in 2018 due to unsuitable condi-
tions in the bioretention cell. The study presented in this 
paper began on 14/12/2017, when bioretention cells were  
constructed, and finished on 18/06/2020 after the final col-
lection of the soil samples.

2.2  Water and thermal conditions of biofilter

The first BC1 collected stormwater from the roof of the 
nearby experimental building (roof area 38  m2, bitumen roof 
sheets, slope 14°). Input of water into BC1 was therefore the 
sum of water that falls directly on the surface of the biofilter 
and water that was collected from the roof. BC2 received 
rainwater on its surface and was also flooded during ponding 
experiments. The ponding experiments sought to assess the 
bioretention cell's performance under controlled conditions 
with maximum loading in the previous study Heckova et al. 
(2022). Inflow to the cell matched the area's maximum rain-
fall intensity with a 5-year recurrence interval. Two types of 
precipitation were performed: one with high rain intensity 
and short duration and the other with low rain intensity and 
long duration. During these experiments, water was supplied 
from the reservoir, and the inflow system to the BC was 
identical to that of BC1. A total of six ponding experiments 
were conducted in 2018 and another six were performed in 
2019. Details on the ponding experiments were given by 
Heckova et al. (2022).
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The biofilter’s conditions has been continuously 
monitored since its establishment. There were five soil 
tensiometers (T8, Meter Environment, Germany) installed at 
different depths, and four TDR (CS635, Campbell Scientific, 
U.S.A.) installed at a height of 15 cm above the biofilter-
sand interface. The probes labelled as TDR1 through TDR4 
were placed in BC1, where TDR1 and TDR4 were located 
close to the inlet, while TDR2 and TDR3 were farther from 
the inlet. Similarly, in the BC2 biofilter, TDR5 and TDR8 
were located nearer to the inlet, while TDR6 and TDR7 
were located farther away from the inlet. Each TDR sensor 
provided readings of the soil conditions in the root system of 
specific plants, namely: Hemerocallis (TDR4, TDR8), Aster 
(TDR1, TDR5), Eupatorium (TDR2, TDR6), and Molinia 
(TDR3, TDR7).

Both biofilters water content conditions were charac-
terized by the weekly minimum and maximum values of 
the volumetric water content measured in the biofilters 
during the entire monitored period (Supplementary mate-
rial Fig. S2). The supplementary materials Fig. S2a and 
S2c display the biofilter water content closer to the inlet 
of BC1 and BC2, respectively. The supplementary materi-
als Fig. S2b and S2d display the volumetric water content 
closer to the outflow of the BC1 and BC2, respectively. 
The volumetric water content values in bioretention cell 

BC2 were significantly lower than those in BC1, because 
BC2 was not connected to a permanent source of rain-
water. Lower volumetric water content values in BC2 
were observed since September 2019 after the last pond-
ing experiments were conducted. The average volumetric 
water content of the biofilter in BC1 was 0.3  cm3  cm−3, 
while in BC2 it was 0.25  cm3  cm−3.

Daily minimum, maximum, and mean near-surface soil 
temperatures measured 18 and 17 cm in BC1 and 18 and 13 
cm in BC2, respectively, above the biofilter-sand interface 
are shown in Fig. 1 along with 15 min of rainfall depth. 
The temperature data from the temperature sensor built in 
ceramic cup of tensiometers are only available from April 
14, 2018, after the sensors were connected to the data logger. 
It is evident that the soil at this depth only froze during the 
winter of 2018/2019. Figure 1 also displays the water input 
for each BC normalized to a bioretention cell size of 9.6  m2.

The photographs presented in Fig. 2 illustrate the growth 
of vegetation during the study period. The photographs were 
taken from locations with a water supply. In BC1, Hemero-
callis and Aster are in the foreground, while Molinia is in the 
back row on the left and Euphorbia/Eupatorium on the right. 
In BC2, the front row has Aster on the left and Hemerocallis 
on the right, and the back row has Euphorbia/Eupatorium 
on the left and Molinia on the right.

Fig. 1  Biofilter conditions: 
Biofilter conditions: a Soil 
temperatures measured in 
BC1 by temperature sensors 
built into the ceramic cups of 
the T8 tensiometers at 18 cm 
(T1) and 13 cm (T2) above 
the biofilter-sand interface; 
additionally, the rainfall depths 
per 15 min are shown (direct 
rainfall plus roof supply) b 
Soil temperatures measured in 
BC2 by temperature sensors 
built into the ceramic cups of 
the T8 tensiometers at 18 cm 
(T1) and 13 cm (T2) above the 
biofilter-sand interface; again, 
the rainfall depths per 15 min 
are shown (direct rainfall plus 
water added during the ponding 
experiments)



Journal of Soils and Sediments 

2.3  Collection of soil samples

Intact soil samples were taken from the biofilter layer at five 
different times over three consecutive years, starting in 2018. 
Samples were taken from the surface layer of the biofilter 
at a depth of 0–10 cm. The sampling was done using small 
aluminum cylinders with an internal diameter of 29 mm and 
a height of 29 mm (Fig. S3). A detailed description of the 
sampling schedule is presented in Table 1. After collection, 
the samples were stored in a refrigerator before further pro-
cessing. Tables S1 and S2 in the Supplementary material 
show the sample annotation for each sampling event. Three 
replicated samples were taken from the vicinity of each plant 
for each time X-ray μCT of soil samples.

The samples were saturated with water, weighed, and 
placed in a pressure extractor (Soil Moisture Equipment 
Corp., Goleta, CA) to equilibrate a field capacity (FC) value 
(at -330 mbar) before undergoing μCT imaging. After scan-
ning, the samples were dried and reweighed. Porosity, bulk 
density of the dry sample and water content at a pressure of 
-330 mbar were calculated from the measured data for all 

scanned samples. The particle density of the biofilter, set at 
2563 kg  m−3, was employed to calculate the porosity.

Samples were imaged at two research infrastructures 
based on availability. Even though the μCT imagers were 
of different brands at each of the infrastructures, both were 
state-of-the-art industrial/research grade instruments and 
imaging conditions were similar in both cases. The sam-
ples from 2018 and 2019 were scanned at the Swedish 
University of Agricultural Sciences, Uppsala in Sweden 
(SLU), using a GE Phoenix industrial X-ray scanner with 
a 240 kV X-ray tube with a tungsten target. The samples 
were imaged using a tube voltage of 100 kV and a current 
of 200 μA. Each radiograph was exposed for 200 ms. The 
projections were inverted to 3-D images using the GE soft-
ware Datos X (version 2.1) and exported as 16-bit TIFF 
with voxel edge a 20 μm. The samples taken in autumn 
2020 were scanned at the Czech University of Life Sci-
ences, Prague on a Nikon XT H 225ST. The tube voltage 
and current were set to the same values as for imaging at 
SLU. The 3-D image resulting from 2785 slices with voxel 
edge length 12 μm was exported. The projections were 

Fig. 2  Photographs showing the vegetation growth during the sampling period in BC1 and BC2

Table 1  Detailed description of sampling and μCT imaging

Sampling 
campaign no.

Sampling 
campaign name

Sampling date Number of months 
after BC foundation

Number of samples 
taken from each BC

μCT imaging 
facility

Date of μCT imaging

1 18jun 5.6. 2018 M7 12 SLU 11.11. – 14.11. 2018
2 18nov 1.11. 2018 M12 12
3 19may 24.5. 2019 M18 12 11.11. – 14.11. 2019
4 19oct 15.10. 2019 M23 12
5 20jun 18.6. 2020 M31 12 CZU 1.7. 2020
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then inverted to 3-D images using the VGSTUDIO MAX 
2022.4 and exported as 16-bit TIFF.

2.4  Image processing and analysis

The image data was processed using the FIJI distribution 
of the open access software ImageJ (Abramoff et al. 2004; 
Schneider et  al. 2012). An example of raw images is 
presented in Fig. 3a. The samples in Fig. 3 were randomly 
selected from three replicated samples collected at each 
sampling point in BC (S1-S4). For image processing, the 
ImageJ plugin SoilJ (Legland et al. 2016; Koestel 2018) was 
utilized. Firstly, the μCT images from Jun 2020, which were 
scanned at higher resolution, were resampled to achieve 
the same voxel size 20 mm for all the images. This was 
done in order to facilitate comparison with the previous 
data set. The raw images were straightened and centered 
aluminum column outlines were detected automatically. 
The horizontal slices extending above and below the upper 
and lower ends of the soil columns were removed from the 
3D images. The X-ray images were calibrated to the 0.1 
percentile of the grey-values inside the soil volume and the 
grey value of the aluminum column wall. The two imaged 
phases were assigned to grey-values of 5,000 and 20,000, 
respectively. Segmentation of the images was done on 
the normalized images by global thresholding, where all 
voxels with value below 8000 were considered as pores. 
The threshold value was carefully selected based on visual 
inspection of many normalized images. The same value of 
threshold was used for segmentation of all μCT images. A 
single threshold value could be used for the segmentation 

because the images were normalized in the previous step 
(Koestel 2018). An example of segmented 3D μCT image 
is shown in Fig. 3b, with the red color indicating the pore 
space. The representative cylindrical part (ROI) of the 
sample was extracted by removing the parts of the sample 
affected by sample extraction. In the final post-processing 
step, we removed all isolated outlier pores with a diameter 
smaller than 80 µm (Koestel et  al. 2020), which is the 
minimum pore size commonly defined as microporosity 
(Reginato and Bavel 1962). Given the image resolution, 
it is reasonable to assume that these isolated, thin clusters 
predominantly represented noise.

2.5  Analysis of pore space morphology

After segmentation, the morphological properties of the 
brighter phase of a binary image were analyzed. This 
includes the macroporosity, pore thickness, and three con-
nectivity metrics, the normalized Euler number χn, the con-
nection probability Γ (–), and the critical pore diameter dc 
(mm). The characteristics were determined by binary images 
within the ROI. The ROI represents a cylindrical shape with 
a diameter of 20.48 mm. Its height is chosen based on the 
sample to cover its undisturbed portion. The connection 
probability Γ (Renard and Allard 2013) was calculated using 
SoilJ, as determined by

(1)Γ =

∑N

i=1
n
2

i

(
∑N

i=1
n
i
)
2

Fig. 3  a 2D horizontal (top) and 
vertical (bottom) cross-section 
through the raw μCT image 
b 3D μCT segmented image. 
The red part represents the pore 
space and the transparent part 
the soil matrix and solid phases
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where ni represents the number of voxels contained in the 
ith pore cluster, and N represents the total number of uncon-
nected pore clusters. The macroporosity φ was calculated as 
the fraction ratio of pore volume in the ROI for each sample. 
The thickness of the pores was determined using the larg-
est inscribed sphere method, from which the diameter was 
obtained. The value of Γ equals one when all pore voxels 
in the investigated ROI are connected. If no pore clusters 
were present in an ROI, the connection probability of zero 
was assigned. The closer this value is to one, the higher the 
connectivity between the pores. Another important param-
eter in the characterization of porous media is the critical 
pore diameter dc. This represents the diameter of the largest 
sphere that can pass through the pore network within a spe-
cific ROI, extending from the top to the bottom. This param-
eter measures of the narrowest bottleneck pore diameter 
present in the pore network connection from top to bottom 
surfaces, which is critical for assessing the permeability of 
porous media. Three connectivity measures were calculated 
using MorphoLibJ (Legland et al. 2016) to determine the 
Euler-Poincaré number χ. Euler's Poincaré characteristic is 
a metric that quantifies the difference between the number of 
isolated pore clusters and the sum of loops or redundant con-
nections within these clusters. It provides valuable insights 
into the connectivity and structure of the porous network. 
The Euler-Poincaré characteristic (χ) serves as an extensive 
metric that scales with the volume of the ROI under con-
sideration. To enable comparison across various scales, we 
normalize χ by the volume of the ROI, resulting in the Euler 
density (χn) expressed in  cm−3. Negative χn values indicate 
well-connected pore networks, which suggest efficient fluid 
flow pathways. Conversely, positive values indicate a greater 
number of isolated pore clusters, which could hinder fluid 
movement within the porous medium.

2.6  Statistical analyses

The basic statistical parameters, i.e., median, upper, and 
lower quartile, maximum and minimum were calculated 
for each sampling event. We conducted an analysis of 
variance (ANOVA) with α = 0.05 significance level to 
test for significant differences between values obtained 
from different samplings. Subsequently, the Duncan's 
multiple range test the significance was performed to 
assess differences between values obtained from different 
samplings. The multiple range test was conducted using 
the XLSTAT Free package in Microsoft Excel (Lumivero 
2024). Correlations between soil characteristics obtained 
using different techniques were assessed using the Pearson 
product-moment correlation coefficient. The statistical 
significance of the estimated correlations was evaluated 
using the p-value. All statistical analyses were performed 
using significance level of 0.05%. The next ANOVA 

test was conducted to determine the effect of the water 
regime on the evolution of soil structure in the biofilter. 
Porosity and macroporosity were selected as the two 
characteristics to describe the evolution in the biofilter. The 
null hypothesis that the water regime does not affect the 
development of macroporosity and porosity in the biofilter 
was tested. The hypothesis underwent testing in various 
periods: throughout the entire study period, during the two-
year period when the ponding experiments were conducted, 
during the six-month period without ponding experiments, 
the first year of period and second year of period.

2.7  Vegetation maintenance and growth

Following the planting of the bioretention cells, both 
bioretention cells were watered (40 L per BC) in order to 
ensure the successful establishment of the plants. During 
the growing seasons, any unwanted species were removed 
on a regular basis. In early spring, dry biomass was sys-
tematically removed with the intention of allowing the 
perennials to overwinter and to facilitate better growth 
(Moller et al. 2011). We photographed the bioretention 
cells on a regular basis (Fig. 2). The obtained photographs 
were analyzed in ImageJ software (Abramoff et al. 2004) 
in order to estimate plant growth metrics. The photographs 
perspective was adjusted using the Interactive perspective 
plugin (Schindelin et al. 2012) and the scale of the pho-
tographs was adjusted. Subsequently, basic plant metrics 
(width and height) were quantified based on the aforemen-
tioned adjusted photographs. The dimensions are rounded 
to the nearest ten.

3  Results

As an example of μCT imaging outcomes, Fig. 4 displays 
a matrix of central slices from selected normalized μCT 
images. The five columns represent the date of sampling, 
while the rows indicate the sampling point where the sam-
ples were taken, corresponding to the plant in its vicinity, 
namely S1 = Molinia, S2 = Aster, S3 = Hemerocallis and 
S4 = Eupatorium/Euphorbia in BC1 and BC2. The pro-
vided cross sections depict the portion of the sample ana-
lyzed by the inscribed circle within the displayed squares. 
The individual cross-sections were chosen from the center 
of the sample. As illustrated in Fig. 4, the samples collected 
from BC2 in months M31 - S2 have an unusually high pro-
portion of organic matter compared to the other samples. 
These images were excluded from subsequent μCT analysis 
because the macroporosity value was deemed an outlier. The 
images demonstrate that samples from site S3 in the BC2 
area exhibit higher porosity than other samples from BC2. 
When compared to BC1, the higher porosity samples are 
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observed in the first row of S1, while the most compact 
samples are seen in the last row of S5.

3.1  Water regime

The total rainfall volume measured by the weather station 
during the 31 months was 841 mm. The total normalized 
water input for BC1 during the study period, including direct 
precipitation and roof water, was 4347 mm. For BC2, the 
total normalized water input was 1779 mm, which includes 
rainfall that fell directly on the BC and water added during 
ponding experiments.

3.2  Plants growth

There was a significant increase in vegetation mass over 
three years, as shown in Fig. 2. The first photograph taken 
in 2018 highlights the dead state of the Euphorbia amyg-
daloids plant, while the following image taken in 2019 dis-
plays the thriving growth of Eupatorium 'Phantom', which 
has proven to be a highly compatible and flourishing spe-
cies within the bioretention cell. In 2018 at end of the grow-
ing season, the plants in both BCs had achieved similar 
growth and the average width of the plants in BC1 and BC2 
was as follows: Aster, 60 cm (height 40 cm), Hemerocallis, 
30 cm (height 40 cm), and Molinia, 10 cm (height 30 cm). 
Following the conclusion of the 2018 growing season, the 
Euphorbia have withered and was therefore removed. Fol-
lowing the 2019 growing season, the average width of the 
Molinia plant in BC1 was determined to be 20 cm (height 
100 cm). The dimensions of the other plants in BC1 were as 
follows: 120 × 120 cm (height 70 cm) for the Aster, 70 × 160 
cm (height 60 cm) for the Hemerocallis, and 100 × 126 
cm (height 90 cm) for the Eupatorium. In BC2, the width 
of the Molinia plant in 2019 was 20 cm (height 100 cm). 
The other plants reached the following dimensions: Aster 
(100 × 170 cm, height 70 cm), Hemerocallis (70 × 130 cm, 
height 60 cm), and Eupatorium (100 × 150 cm, height 90 
cm). The plant size in 2020 was determined on the date 
of the last sampling on 6 June 2020 at BC1: the average 
width of Aster was 50 cm (height 30 cm) and Molinia 40 cm 
(height 130 cm). For the other plants, the width and length 
were: Hemerocallis was 103 × 170 cm (height 80 cm) and 
Eupatorium was 120 × 180 cm (height 200 cm). In BC2, 
the average width of Aster and Molinia plants was 40 cm 
(height 30 cm) and 20 cm (height 60 cm) respectively, and 

the width and length of all plants were: Hemerocallis was 
100 × 140 cm (height 60 cm) and Eupatorium was 90 × 150 
cm (height 70 cm).

3.3  Soil properties determined from undisturbed 
samples

Figure 5 illustrates the development of soil properties (total 
porosity, bulk density, and FC), and its variability measured 
on the samples taken from both BCs. The colored symbols 
represent the corresponding values for the soil samples, with 
each color indicating the specific plant sampled. Porosity 
trends in both BCs, whose values ranged from 0.3 to 0.6 
are shown in Fig. 5a. In the BCs, porosity decreased sig-
nificantly after the growing season during the first year of 
operation between M7 and M12. There was also a very slight 
decrease in porosity of the BC1 samples in the second and 
third years, but it was not significant. The median values 
also decreased in the M12 sampling and reached similar 
values in M18 samplings. The range of values was lower in 
samplings before the vegetation season M7 to M18 than after 
the vegetation season M12 and M23 and during the vegeta-
tion season M31. The trend in the porosity values in BC2 
after the first year of operation differed from that in BC1. 
Compared to BC1, porosity increased significantly between 
the M12 and M18 in BC2. The FC in BC1 (Fig. 5b) showed 
a gradual increase until M18, and the significant increase in 
value occurred between M12 and M18. Subsequently, there 
was a significant decrease in values between M18 and M31. 
However, the comparison of FC in the last M31 and first M7 
sampling showed almost identical values to those obtained 
in the sample collected shortly after the start. The median 
values in BC2 remained relatively constant during the first 
two years, with a significant decrease occurring only in the 
last year. The maximum and minimum values ranged from 
0.12 to 0.35  cm3  cm−3. During the sampling campaign M12, 
there was a higher scatter of values. Figure 5c shows the 
bulk density of the samples, which ranged from 1.1 to 1.6 
g  m−3. These values fall within the typical range for sandy 
soils. As shown in Fig. 5c and a, bulk density was inversely 
proportional to porosity.

3.4  Macroporosity, connection probability, 
normalized Euler number

Figure  6a illustrates a decrease in BC1 macroporosity 
values during sampling campaigns M7, M12, and M18, 
where the most significant decrease was recorded between 
months M7 and M18 (according to Fig. 6a). In the M23 
and M31 sampling campaigns, no significant change 
in trend was observed. The values have stabilized and 
remained almost constant. The macroporosity values in 
BC1 oscillated between 0.02 and 0.14, while in BC2 they 

Fig. 4  Snippets of vertical 2D cross-section through the μCT images. 
An example next to each investigated plant species and biofilter was 
randomly chosen at each sampling occasion. The columns indicate 
the sampling time, and the rows denote the locations where the sam-
ples were taken from (S1 = Molinia, S2 = Aster, S3 = Hemerocallis, 
S4 = Euphorbia/Eupatorium)

◂
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ranged from 0.02 to 0.18. For BC2, there was a decrease in 
values from M7 to M12, similar to BC1, but the decrease 
was less significant. Macroporosity trends (Fig. 6a) were 
similar to total porosity trends (Fig. 5a) in both cases BCs. 
Figure 6b shows the connection probability, which reflects 
the degree of pore connection in the sample. The values 
in the individual boxes show a wide range for both BCs. 
For BC1, the values for months M18, M22, and M31 cover 

the entire range from 0 to 1. A significant decrease in 
mean values was observed between M7 and M18 and then 
between M18 and M31. As for the mean value, it increased 
in M12, then increased again in M31 and stabilized at this 
level. The connection probability values in BC2 were also 
highly variable, similar to those in BC1, ranging from 0 
to 1 and covering almost the entire possible range. There 
was a significant decrease between M7 and M12, similar 

Fig. 5  Biofilter characteristics: 
a total porosity b field capacity 
and c bulk density measured 
on the samples taken from BC1 
(left) and BC2 (right) at the 5 
sampling campaigns. The upper 
and lower edges of the boxplot 
bodies correspond the upper and 
lower quartile of the observed 
values, the extreme values to the 
respective maximum and mini-
mum values. The line marks the 
median value. The letter labels 
in the box plots indicate the 
level of significance (p < 0.05) 
for each characteristic between 
individual batches of samples
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to BC1, and afterwards the values stabilized at a level 
similar to the initial M7 sampling. The nor. Euler number 
in Fig. 6c provides information about pore connectivity. 
For BC1, positive values of the normalized Euler number 
predominate and occur in a similar range for the first four 
sampling campaigns. In the last M31, the mean values 
increase significantly, and only positive values occur in 
BC1, and positive values predominate in BC2.

3.5  Critical pore diameter, specific surface area 
and pore thickness

Figure 7a illustrates the evolution of the critical pore diam-
eter. For BC1 (Fig. 7a), the values remained relatively con-
stant throughout the study period with minimal variance. 
There was no significant difference found between the sam-
plings. In BC2, a significant increase in values was observed 

Fig. 6  Biofilter characteristics 
derived from μCT images: 
a macroporosity b connection 
probability Γ and c normalized 
Euler’s number determined 
from binary images of samples 
taken from BC1 (on the left) 
and BC2 (on the right) at the 5 
sampling campaigns. The upper 
and lower edges of the boxplot 
bodies represent the upper and 
lower quartiles of the observed 
values, while the extreme 
values indicate the maximum 
and minimum values. The line 
indicates the median value. The 
letter labels in the box plots 
indicate the level of significance 
(p < 0.05) for each characteristic 
between individual batches of 
samples
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between M7 and M18, while in the other samples the values 
did not differ significantly from the previous ones. Com-
pared to BC1, BC2 showed a significantly wider range of 
values, except for the first measurement at M7, where the 
values are comparable to BC1. Figure 7b illustrates the evo-
lution of the specific surface area. A slight upward trend is 
discernible in BC1, with a pronounced increase between the 
initial value of M7 and the final value of M31. BC2 exhibits 
a comparable significant increase, both between the first and 
last value and between M7 and M18.

For the pore thickness analysis, five categories were 
created to which pores were assigned a range of values 
(80–310; 310–540; 540–770; 770–1000; > 1000 µm). The 
percentage representation of thickness sizes was deter-
mined for each sampling. The majority of pores in both 
BC1 and BC2 fall within the 80–310 μm range, with a 
lower percentage of pores larger than 310 μm. In M31, 
there were no pores larger than 1000 μm in bioretention 
cell BC1 and no pores larger than 770 μm in bioretention 
cell BC2. The first four samplings for both BCs include 
pores in all size categories.

Figure 8 displays the correlation matrix for the eight 
biofilter characteristics quantified in this study. Positive 
significant correlations were found between the connection 
probability and macroporosity according to percolation 
theory (Messing and Jarvis 1990). Also between porosity 
and bulk density for both bioretention cells BC1 and BC2. 
Additionally, a negative and statistically significant cor-
relation was observed between specific surface area and 
connection probability in both BCs. Furthermore, a signifi-
cant correlation was observed between macroporosity and 
critical pore diameter, with greater significance noted for 
BC1. Insignificant correlations were also found at position 
BC1, including those between FC and nor. Euler number or 
between the connection probability and the critical diameter. 
However, significant correlations were found between field 
water capacity, bulk density and porosity in the case of BC2, 
with values almost equal to one. Additionally, BC2 exhib-
ited a more significant correlation between macroporosity 
and nor. Euler number compared to BC1. BC2 contained a 
greater number of insignificant correlation values, as com-
pared to BC1.

Fig. 7  Biofilter characteristics 
derived from µCT images: a 
Critical pore diameter and b 
specific macropore surface area 
determined from binary images 
of samples taken from BC1 (on 
the left) and BC2 (on the right) 
at the 5 sampling campaigns. 
The upper and lower edges of 
the boxplot bodies represent 
the upper and lower quartiles 
of the observed values, while 
the extreme values indicate the 
maximum and minimum values. 
The line indicates the median 
value. The letter labels in the 
box plots indicate the level of 
significance (p < 0.05) for each 
characteristic between indi-
vidual batches of samples
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3.6  Evaluation of the statistical analysis

The study found that both macroporosity and porosity were 
influenced by the water regime during the entire period 
under examination. The null hypothesis was rejected with 
statistical significance observed for both porosity (p = 0.009) 
and macroporosity (p = 0.027). However, when only examin-
ing values from the first year of operation (M7 and M12), 
the water regime did not show a similar influence, confirm-
ing the null hypothesis. The null hypothesis was also sup-
ported in the third year (M31), where only one sampling was 
conducted and no emergence experiments were performed. 
A significant effect of the water regime was observed when 
evaluating the second year of development (M18 and M23), 
where both macroporosity and porosity were affected with 
p-values of 0.023 and 0.00093, respectively. Furthermore, 
the period when ponding experiments took place, i.e. the 
first two years (M7, M12, M18 and M23), was tested. In this 
period, null hypothesis was rejected with statistical signifi-
cance observed for both porosity (p = 0.033) and macroporo-
sity (p = 0.011). A multiple range test was conducted to com-
pare the characteristics. Significance groups are indicated 
by the letters next to each boxplot in Figs. 5, 6, and 7. Most 
characteristics exhibited statistically significant differences 
among the various sampling. Only macroporosity and nor-
malized Euler's numbers in BC2 did not show any statistical 
significance, indicating that all samples were characterized 
at the same level of significance.

4  Discussion

4.1  Uncertainty of image analysis

The μCT imaging was conducted using two instruments 
under the same x-ray beam parameters, but different image 
resolutions. To minimize the influence of different pixel sizes 
on the segmentation the images were resampled to the same 
resolution prior to further processing. Therefore, we do not 
expect significant influences of different imaging conditions 
on experimental results. The segmentation of soil images 
obtained through μCT carries a degree of uncertainty due 
to the diversity of soil components, including solid matter, 
organic material, and air pores (Rippner et al. 2022). The 
main challenge is to differentiate between organic matter 
and air spaces, as organic matter includes these pores. 
Additionally, defining clear boundaries between each 
component is difficult, making the segmentation process 
complex (Baveye et  al. 2010). The segmentation of soil 
images obtained through μCT is a complex task, especially 
when plant roots are present (as shown in Fig. 9a). Plant roots, 
highlighted in blue in Fig. 9b, can be mistaken for pores due 
to the presence of air cavities in their internal structure, which 
can vary depending on growth stage, plant species, and soil 
conditions. The Soto Gómez et al. (2018) concluded that 
organic residues frequently serve as transport channels in the 
soil. In their current state, they exert a significant influence 
on the hydrological properties of soils and colloid transport.

Fig. 8  Pearson correlation coefficients a BC1 and b BC2 between characteristics of the pore system determined by μCT image analysis and char-
acteristics determined by measurement. Significant correlations are shown in bold font



 Journal of Soils and Sediments

4.2  Soil characteristics

Consolidation of the biofilter soil resulted in a reduction 
of total porosity and macroporosity during the first year of 
operation. This consolidation occurred in both bioretention 
cells. The limited plant development during the first year 
did not contribute to an increase in macroporosity due to 
root growth. The subsequent development of macroporosity 
likely depended on the growth of the root system and physi-
cal processes in the soil (Bodner et al. 2014). For BC1, the 
largest increase in plant growth occurred during the second 
year, particularly at M18 and M23. This may have resulted 
in a greater variation of values during these last two sam-
pling periods, as the root system was already relatively well 
developed (although not directly measured, it was assumed 
from above ground plant appearance). For BC2, the largest 
increase in vegetation was observed during the M12, which 
also had a higher variation of macroporosity values. The 
FC values in both BCs were similar in the first sampling 
before vegetation was planted and were within a narrow 
range. These samples were taken in M7, before planting any 
plants. Therefore, it can be assumed that the soil initially had 
a similar ability to retain water in both cases and was not 
affected in any way. The bulk density shows values are typi-
cal for sandy loam soils, as reported by Schaap et al. (2001). 

As expected, macroporosity values were lower than total 
porosity values. The analysis of macroporosity was limited 
to the central part of the sample with a diameter of 20,48 
mm, excluding the smallest pores. In contrast, the evalua-
tion of total porosity included the entire cylinder volume, 
accounting for partially disturbed soil close to the cylinder 
walls. Macroporosity ranges from 0.02 to 0.18 for both BCs, 
which is similar to the values reported for natural soils by 
Aydemir et al. (2004) and Pagliai et al. (2004). In the case 
of BC2, the trends in macroporosity are correlated with the 
trends of total porosity. However, in BC1, a slightly increas-
ing trend in macroporosity is observed from M18 onwards. 
In both bioretention cells (BCs), there was a positive correla-
tion between the probability of pore connection and macr-
oporosity. This relationship aligns with percolation theory, 
as illustrated by Jarvis et al. (2017), where visible porosity 
demonstrates a positive correlation with connectivity also in 
undisturbed soil. The course of the pore connection prob-
ability shows a positive correlation with macroporosity in 
both bioretention cells (BCs). This relationship suggests that 
higher macroporosity in the soil leads to a higher connec-
tion probability. However, there is a significant scatter of 
pore connection probability values is also observed through-
out sampling period. This variation may be due to various 
factors, including the diverse development of plant root 

Fig. 9  a μCT image with marked segmented parts, focusing on the area containing b a root and c organic material. The inlay shows the cali-
brated 16-bit X-ray gray-scale (5000 corresponds to the density of air, 20000 to the density of aluminium)
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systems. Each plant can have a different root system, which 
affects the soil's ability to pass water. The location of the 
plants in the bioretention cell overhang may also play a role. 
Pores located closer to the inlet may be more susceptible to 
clogging by small particles from rainwater and roof cover, 
which can affect soil permeability and the likelihood of pore 
connection probability (Liu et al. 2022).

According to the study by Deeb et  al. (2016), the 
constructed Technosol in the biofilter is suitable for 
effective water retention in the bioretention systems. 
The biofilter contains an optimal amount of mineral 
waste compost (20–40%) that retains water effectively 
and exhibits properties similar to natural soil. To verify 
the validity of this claim, a comparison was made with 
Pagliai et al. (2004) where the macroporosity values of 
natural soil were similar to in bioretention cells. The 
water retention properties of the biofilter are confirmed 
by analyzing the pattern of maximum and minimum 
volumetric water contents, as shown in Fig. S2. The range 
from 0.2 to 0.4  cm3  cm−3, with the biofilter maintaining 
a constant optimum volumetric water content. Figure 2 
demonstrates this capability, showing ideal conditions 
for plant growth are evident. Zanin et al. (2018) achieved 
similar results in their study using a very similar soil mix  
of constructed Technosol in a bioretention cell, with 
measured volumetric water content values in the same 
range. Figure S2 illustrates that different plant species 
produce distinct volumetric water content conditions 
(Gerke and Kuchenbuch 2007). Because water distribution 
along the bioretention cell length is enhanced by the 
concrete gutter the relatively even distribution of inflow 
water is assumed with possibly slightly more infiltration 
close to inlet due to leaks between the gutter tiles. From 
the volumetric water content distribution in Fig. S2, it 
however can be observed that the driest conditions in 
BC1 are created by the plant Hemerocallis I, despite its 
proximity to the inflow. A comparison of the volumetric 
water content of the remaining three plants reveals that 
they exhibit very similar values. Upon examination of the 
FC values of the individual plants marked with crosses in 
Fig. 5b, it becomes evident that these values form fairly 
regular clusters, corresponding to the different conditions 
created by the different plant species. This fact is also 
observed in BC2. A study by Zhou et al. (2020) suggests 
that plant root systems influence soil macroporosity. 
Figure  6a illustrates that the samples collected from 
the Aster plant in BC1 form relatively distinct clusters, 
which is consistent with both macroporosity and total 
porosity. In contrast, a considerable degree of variability 
is observed for the Hemerocallis plant. This variability 
may be attributed to various factors, including the 
sampling procedure and the activity of the organisms 
(Chen 2018). For instance, the study suggests that the 

presence of a single larger pore may result in an increase 
in macroporosity throughout the sample. This prompts 
the question of whether these values should be considered 
outliers. The objective of this sampling was to assess the 
evolution of soil characteristics for the entire bioretention 
cell, and thus all values were retained for analysis. The 
study Heckova et al. (2022) conducted by demonstrates 
that the biofilter effectively serves the purpose of water 
retention and peak flow reduction. The soil's pore size 
distribution indicates favorable conditions for plant growth 
and excellent structure for water retention.

4.3  Soil structure changes

A higher number of isolated pores may lead to a decrease 
in saturated hydraulic conductivity, which could also affect 
the hydraulic performance of the bioretention cell. The nor-
malized Euler number in BC1 indicates an increase in the 
number of isolated pores, which in turn may reduce saturated 
hydraulic conductivity. This corresponds to a decrease in 
macroporosity in BC1. On the other hand, the FC in BC1 
increased in M18, and FC values returned to their initial val-
ues in M31. In relation to BC2, a reduction in the number of 
isolated pores and burrows was observed. The Euler number 
indicates positive values, which suggests a decrease in the 
likelihood of pore connectivity.

The initial sampling in M7 suggests that the pores in 
BC1 were relatively well connected. The Euler number 
was represented by both positive and negative values. In 
the subsequent year, the Euler number values shifted into 
positive values, indicating less interconnected pores. This 
finding was supported by a study conducted by Heckova 
et al. (2022), which reported a decrease in saturated hydrau-
lic conductivity in the same biofilter during the first year 
after the vegetation season. In the following year, the prob-
ability of pore connection decreased while the number of 
isolated pores increased. Therefore, it can be assumed that 
the saturated hydraulic conductivity will also decrease in the 
following periods (Schaap et al. 2001). In M31, there was an 
increase in pore connection probability. However, the Euler 
number, which predicted a higher number of isolated pores, 
also increased, contradicting the previous statement. The 
macroporosity remained comparable to that of the preceding 
year, 2019. The analysis of pore thickness showed that the 
highest concentration of small pores was found in the last 
sampling M31, which may have contributed to the elevated 
Euler number. This can be attributed to the substantial pres-
ence of so-called transmissive pores, a term established by 
Pagliai et al. (2004) to describe pores ranging in size from 50 
to 500 μm. The significant representation of these pores in 
the biofilter was evident in Fig. 8. The positive attributes of 
the biofilter were further supported by (Heckova et al. 2022), 
who observed a significant peak flow reduction in BC1.
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The limitation of the current study is that it cannot distin-
guish between different causes of observed phenomena. For 
example, the effect of pores clogging by particulate matter 
from atmospheric deposition was not studied.

4.4  Impact of conditions in biofilter on soil structure

Soil water content is a crucial factor in soil structure devel-
opment. Zhang et al. (2019) study shows that drought can 
significantly reduce hydraulic conductivity and porosity and 
increase bulk density in the upper 0 to 10 cm of soil. In this 
study, BC2 had lower overall water contents and irregular 
water inflow compared to BC1. In 2018 and 2019, infil-
tration experiments were conducted to fully saturate the 
biofilter with water. Starting in 2020, the water content of 
the biofilter in BC2 began to decrease, potentially causing 
drought stress in the plants. The macroporosity graph indi-
cates a clear decrease in the first year, which is attributed 
to soil consolidation. However, there is a further decrease 
in macroporosity in M23 and M31, along with a slight 
increase in bulk density as observed also by Zhang et al. 
(2019). Soil temperature, particularly freezing, is a factor 
that affects soil structure (Klöffel et al. 2024). For exam-
ple, Abramyan et al. (2021) reported a decrease in poros-
ity after freezing-thawing cycles. These cycles can reduce 
porosity, resulting in denser urban topsoil and mixed soil. 
Also Leuther and Schlüter (2021) claim that freezing-thaw-
ing cycles reduce pore size and pore connectivity, but only 
slightly affect macropore systems. Between M18 and M31, 
both BCs showed a slight decrease in total porosity when 
the biofilter froze. Macroporosity was minimally affected, 
with a slight decrease observed in BC1 and a slight increase 
in BC2 between M18 and M31, which is consistent with 
the findings of the previous study. Mohanty et al. (2014) 
proposed that ice freezing may create additional preferential 
paths flow. Based on Fig. 6, a decrease in connection prob-
ability was only observed in BC1 between M18 and M23. 
Mohanty et al. (2014) hypothesized that ice freezing could 
create additional preferential flow. These statements refer to 
the topsoil layer up to a depth of 10 cm. The biofilter in BCs 
was frozen only once during the observation period, at the 
beginning of 2019. At a depth of 12–13 cm, the temperature 
remained below 0 °C.

5  Conclusions

Early development of biofilter soil structure was evaluated 
on samples collected within 31 months after the establish-
ment of two experimental bioretention cells with different 
water regimes that caused also differences in plants growth, 
especially in 2020, when BC2 was not anymore flooded by 

the ponding experiments. X-ray computed microtomography 
proved to be a suitable tool to analyze the characteristics 
of the soil pore space important to long-term functionality 
of the biofilter layer. In both bioretention cells studied, the 
expected soil consolidation occurred during first 12 months 
after BC establishment, characterized by a reduction in total 
porosity and macroporosity. Subsequently, consolidation 
continued in the BC with wetter water regime for another six 
months before macroporosity started to recover, while total 
porosity had already stabilized. The development of both, 
total porosity and macroporosity in the drier BC showed 
higher variability in between samples. Other parameters, 
namely the critical pore diameter and the normalized Euler 
number had also higher variability in drier BC than in wetter 
BC. The field capacity of wetter biofilter initially increased 
to eventually return to the original level after 31 months 
of BC operation. Overall, a decrease in field capacity was 
detected in the drier BC. A stronger correlation between 
macroporosity and the connection probability was observed 
in the case of the biofilter under the wetter water regime. It 
was stronger for the wetter water regime. The results suggest 
that the soil structure development was more uniform in the 
BC with wetter water regime than in the drier biofilter. Fur-
ther studies should focus on tracing of origins of observed 
structural changes, namely the role of particles trapping in 
porosity reduction and role of soil fauna in total porosity and 
macroporosity recovery.
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