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Abstract: Green Infrastructure measures such as seepage troughs are an integral part of sustainable
urban rainwater management. In Austria, seepage troughs are currently almost exclusively produced
with a 30 ecm thick active soil filter passage made of topsoil. A standard seed mix is used as vegetation,
which usually consists of only three different turfgrass species. During a three-year trial, engineered
soils with improved properties (increased water storage capacity, infiltration rate and pore volume)
were tested for their suitability as seepage troughs compared to topsoil. In addition to the standard
turf seed mix, a flowering turf seed mix (34 species) and flowering meadow seed mix (53 species) were
applied. The engineered and reference soils were analyzed for infiltration rate, vitality, cover ratio and
inflorescence. The results were further assessed with the evaluation chart showing quantitatively the
suitability of the tested soils for rainwater management. The investigations showed that engineered
soils in combination with flowering meadow seed mix lead to the best results. Therefore, this type of
vegetation for seepage troughs is recommended for future applications. The reference alternatives
cannot be recommended.

Keywords: green infrastructure; urban rainwater management; engineered soil; infiltration; cover ratio

1. Introduction

Green Infrastructure (GI) measures such as seepage troughs or rain gardens are an
integral part of sustainable urban rainwater management. Their importance is rapidly
increasing as the climate crisis will lead to more frequent extreme weather events such
as heavy rainfalls, heatwaves and sustained dry periods [1-3]. Green-Blue Infrastructure
measures contribute to flood protection and urban heat island reduction [4,5]. Their
performance depends on their technical construction, layer composition and vegetation
selection [6,7]. The interplay of soil and vegetation is essential for their infiltration capacity
during stormwater events as well as their evaporation capacity to contribute to a livable
urban climate [8,9].

1.1. The Use of Engineered Soils

Usually, rain gardens are constructed using topsoil on-site [10]. Topsoil is the natural
surface soil layer, which might be slightly improved with soil amendments. Already estab-
lished systems for seepage troughs such as rain gardens work with (improved) topsoil or
engineered soils [10,11]. ‘Engineered soils’ are constructed soil layers made up of artificially
produced plant substrates, which can be produced by (re)using excavated materials, such
as sand, gravel or soil, combined with technical soil amendments to enhance essential soil
functions such as water retention [12]. In this article, ‘plant substrates” were defined as soil
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substitutes used as a plant medium that is mixed from predominantly mineral materials
according to predefined requirements [13].

Internationally, the application of rain gardens is fairly common [14], but it is rare that
any data on specifications for engineered soil development is published. In most cases,
however, the topsoil found on site is reused and, if necessary, the desired properties are
achieved by adding sand, gravel or compost, for example, to create a mix of two-thirds
sandy loam topsoil and one-third compost to improve conditions for plant growth [10].
However, different ratios are applied of the composition by gravel, sand, loam, topsoil and
compost of a suitable rain garden [10,15]. The currently used engineered soils still have the
potential to optimize the geotechnical properties of water storage capacity and long-term
water permeability while allowing for optimal plant growth in seepage troughs.

1.2. Seepage Troughs

Seepage troughs are swales in the open ground, where surface water or runoff is
infiltrated into the existing subsoil [16]. Seepage troughs are vegetated channels to provide
linear conveyance, retention and water treatment of stormwater. Especially the first flush
contains high levels of contaminants, which causes high demands on filtering media
and vegetation [17]. The design of seepage troughs is of importance in reducing erosion
and ensuring long-term infiltration. In Austria, the area and depth of a seepage trough
are calculated according to the guidelines of the Austrian Water and Waste Management
Association (OWAV) [18] and should consist of a 30 cm thick active soil filter passage located
above the subsoil [16]. The bottom of the seepage trough is enclosed by adjacent slopes,
which should be designed with a 2:3 ratio to ensure erosion stability and maintenance [19].

Depending on the type of soil filter (natural or technical), the main indicators to
be fulfilled for suitability as a soil filter are infiltration, soil composition and retention
capacity [20]. The standard version of a seepage trough built in Austria is not suited
to tackle these challenges. The permeability coefficient, also called kf-value (given in
meters per second), describes the infiltration rate of a soil layer. The higher the value,
the higher the water permeability of the soil [21]. In the case of a one-year rainfall event,
a damming time of 24 h should not be exceeded, and the kf-value should not be below
1 x 1072, which is why the selection of suitable plant substrates is essential for long-term
functionality [21]. Frequent flooding of the seepage troughs leads to a limited infiltration
rate due to the accumulation of fine particles and compaction [22-24]. Due to the external
input of contaminants and fine sediments, the highest reduction of the infiltration rate
could be observed within the first year after installation [22]. Structure stability and grain
size are essential indicators that influence the long-term infiltration rate of soils [25,26].

1.3. Vegetation in Seepage Troughs

In cities, sufficient water storage capacity has a major influence on the vitality and
development of woody plants and turfgrass communities, especially because of the hostile
environment for vegetation [27-29]. The reduced air-soil interconnectivity also results in
reduced plant vitality [30]. However, established and vital vegetation is essential to stabilize
the soil with the root system and the surface coverage of the soil by leaf mass [31-33]. Water
is released into the surrounding air masses through transpiration during photosynthesis,
which is why sufficient water in the soil is essential for high vitality [34,35]. Plants require
different amounts of water depending on the type of photosynthesis (C3, C4 or CAM) [35].
Therefore, it is important to use suitable seed mixes for urban areas. Not only engineered
soils need to adapt to the new extreme conditions, but the vegetation does as well to
assure the long-term success of the GI measures. Vital vegetation provides a habitat and
food source for numerous insects. Through the increasing urbanization, there is less plant
diversity and supply that may serve as a food source for insects [36-38]. In the last 27 years,
there has been a 75% decline in the total insect biomass [36]. In 2019, over 40% of insects
were threatened with extinction [38]. It seems to be of significant importance to provide
habitats for them in urban environments. However, a standard turf seed mix currently
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used usually consists of only a few different turfgrass species [39], which do not contribute
to maintaining and increasing biodiversity. This can be assured by replacing species-poor
standard turf mixes with species-rich flowering turf or flowering meadow mixes.

1.4. Research Aim and Questions

These shortcomings lead to the need for newly engineered soils with long-lasting,
robust performances and high biodiversity. In this article, the closely interlinked aspects of
biodiversity, geotechnical and hydrological properties of the engineered soils are presented
together to allow a comprehensive understanding of the complex plant-soil-water system.

Engineered soils with improved properties (increased water storage capacity, infil-
tration rate and pore volume) were tested for their suitability in seepage troughs during
a three-year research project. A pilot system was installed in Vienna, Austria, to observe
its effectiveness and functionality. The emphasis was on drainage and planting systems
that were allowed to persist along streets and roads over the long term. The project aimed
to retain as much rainwater as possible on-site to simplify the irrigation of the vegetation.
Thus, improving the vitality, the microclimate and unburdening the sewer system in case
of heavy rainfall events.

In this article, the following research questions shall be answered:

e  How is the geotechnical performance of the newly engineered soils compared to the
standard solution using topsoil?

e  How is the vegetational performance of the tested seed mixes on new engineered soils
compared to the reference soils?

e  Which combination(s) of tested soil alternative and seed mix can be recommended for
future applications?

2. Materials and Methods
2.1. Site Description and Set-Up

The test series was conducted in Kuchelauer HafenstrafSe in the North-West of Vienna,
Austria (48°17'15.6” N 16°20'42.9” E), between July 2018 and December 2020. The test
site was installed in June 2018 and is positioned in the suburbs of the 19th district of
Vienna, next to the city boundary. Annual precipitation is 650 mm [40] and the average
temperature is 10.5 °C [41]. According to the Koppen-Geiger climate classification, Vienna
has a warm-moderate climate with summer and winter precipitation (Cfb), which is still
valid despite climate change [42,43]. Kuchelauer Hafenstrafse was chosen as the test site
because flood damage was already caused here by a heavy rain event in June 2013, and the
research work was done in cooperation with the City of Vienna.

The test site was a linear seepage trough of about 120 m in length, 3 m in width, and
0.3 m in depth, and 0.1 m freeboard beside a bicycle route in an area largely devoid of
automobiles. The slope sides that border the bottom of the seepage trough were designed
in a ratio of 2:3. The built-up depth depended on the tested engineered soil alternatives and
was either 0.3 m (single-layered) or 0.8 m (multi-layered). Accordingly, both single- and
double-layers were tested. The alternatives contained a sandy gravel layer as a naturally
occurring subsoil with a kf-value between 10~3 and 10~ [21]. The soil was backfilled by
dump truck into the excavated trough directly onto the existing in-situ sandy gravel layer
and placed by hand without compaction.

In total, the seepage trough consisted of eight different engineered soil alternatives
(E1-E8) and two reference soils (R1 and R2, topsoil and tree engineered soil). The engi-
neered soils (E1-E8) were constructed with mineral plant substrates based on one (E1, E2,
E3, E4) or a combination of calcareous, zeolite or perlite materials (multi-layered engineered
soils consisting of a base layer (Chalk, Perlite, Zeolite) and a sublayer of retention substrate).
These components allow the characteristics of high infiltration rate, high water absorption
capacity and high pore volume [26,44].

The following Table 1 gives an overview of the tested soil alternatives.
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Table 1. Overview of the tested soil alternatives.

Tested Soil Alternative Acronym
Topsoil (single-layered) R1
Tree engineered soil (coarse/fine-grained, multi-layered) R2
Perlite (single-layered) El
Zeolite (single-layered) E2
Combi Perlite + Zeolite (single-layered) E3
Chalk (single-layered) E4
Retention substrate/Perlite (multi-layered) E5
Retention substrate/Zeolite (multi-layered) E6
Retention substrate/Combi Perlite + Zeolite (multi-layered) E7
Retention substrate/Chalk (multi-layered) E8

The topsoil alternative (R1) was built in a single layer construction, typical for stan-
dardized seepage troughs in the City of Vienna with a built-up height of 30 cm according
to ONORM B2506-1 [21]. Engineered soils E1-E4 were also single-layered, with a built-up
height of 30 cm. A tree engineered soil (R2) was a multi-layered (30 cm vegetation base
layer, 50 cm sub-layer) engineered soil usually used in Vienna for planting street trees.
The tree engineered soil is currently used for tree pits in the seepage troughs and was
not designed for an application of greenery with grasses and herbs. However, this study
evaluated the possibility of a surface application of the engineered soils in seepage troughs
around the tree pits as an alternative to the currently used topsoil.

Engineered soils E5-E8 were multi-layered, with a built-up height of 80 cm. Addi-
tionally, these alternatives were equipped with a water retention soil layer of 50 cm up
to the 30 cm high base layer. The retention layer consists of a mixture with a grain-size
distribution of 0/64 (i.e., the size of the smallest stones are very fine-grained close to 0 mm,
the largest stones are up to 64 mm), based on the structural soil concept of the Stockholm
system [11].

The tested soil alternatives were placed randomly next to each other in ten differ-
ent test plots along the seepage trough. These fields were subdivided into three parts
with different alternatives of seed mixes. Figure 1 shows the different engineered soils
and the three different seed mix alternatives (ST = standardized turf, FT = flowering
turf, FM = flowering meadow). The detailed species list is attached in the Appendix A
(Table A1). As specified in the regulations, 15 g/m? were applied for the standard seed
mix, 10 g/m? for the flowering turf seed mix and 8 g/m? for the flowering meadow seed
mix [45].

FT ST FM /ST FM FT FM FT ST FT ST FM ST FM FT>

E8 ES R2 E7 E6 ‘%

Retention Retention Tree engineered Retention Retention
substrate / Chalk substrate / Perlite soil substrate / Combi substrate / Zeolite

> FM FT ST FT ST FM [ ST FM FT FM FT ST FT ST FM

E1 E4 E3 E2 R1
Perlite Chalk Combi Zeolite Topsail

Figure 1. Overview of the tested soil alternatives (R1, R2, E1-E8) in the linear seepage trough
in Vienna, constructed in a randomized order and planted with the three different seed mixes
(ST = standardized turf, FT = flowering turf, FL = flowering meadow).

The maintenance intensity varied between the seed mixes. No initial maintenance
treatment in the form of irrigation was carried out. During the vegetation period, the
standardized turf was cut regularly once a month (about eight times a year during the
vegetation period), flowering turf every second month and flowering meadow twice a year.



Land 2021, 10, 1152

50f21

The clippings were removed without residue during mowing. Besides cutting, we applied
no further actions in maintenance.

2.2. Analyzed Indicators

In the course of the geotechnical and vegetation monitoring, the following indicators
were investigated in the period from August 2018 to November 2020: infiltration rate,
precipitation, cover ratio, vitality and inflorescence. The geotechnical indicator infiltration
rate was measured at the beginning and the end of each vegetation period starting after
the finished installation in June 2018. Precipitation was measured continuously by sensors
over the entire period (technical specifications in Appendix A Table A2). The vegetation
monitoring was carried out once a month during the vegetation period (08.2018-11.2018;
03.2019-11.2019; 03.2020-11.2020), starting one month after the installation of the study site
after the establishment of the applied seed mixes could be observed.

2.2.1. Infiltration Rate

According to Austrian Standards [46,47] and the Austrian Research Association for
Road, Railways and Transport [48] different methods are described to assess the infiltration
rates of the soil alternatives. Two methods have been identified as suitable for coarse
engineered soils and tested prior to the field monitoring.

As a result, the infiltration rate, indicating the permeability of the soil, is measured
in meters per second (m/s) and is decisive for the determination of the seepage capac-
ity [21]. The infiltration rate was tested with a double ring infiltrometer according to the
Austrian Standards [47], using method C for sports soils with surfaces made of unbound
mineral materials.

The water infiltration rate (Ic) is calculated according to Austrian Standards [47]:

Ic = Fwc/tc 1)

Ic water infiltration rate
Fwc sinking of the water level (mm)
tc the time for the water level to sink (h)

The measurements were carried out once in spring and once in autumn, to represent
the beginning and the end of the vegetation period. Each measurement was carried out
centrally at the bottom of the seepage trough for each engineered soil alternative and each
seed mix. The measurement was carried out in three replicates and the kf-value calculated
from the mean value.

The descriptive statistical analysis of the infiltration rate included the bar and line
chart and box plot to graphically identify any differences in the infiltration performance of
the tested engineered soils.

2.2.2. Vegetation Monitoring

The vegetation monitoring was designed to answer the research question on vegetation
performance. In the application of vegetation in seepage troughs, the focus is on cover
ratio and vitality to prevent surface erosion. In addition, the aspect of biodiversity and
nutrient supply to pollinators should be monitored. Based on previous research [49-51],
the two indicators, vitality and inflorescence, were rated with the visual assessment index
(shown in Table 2) to allow efficient and tailored monitoring. For each soil alternative
and seed mix, one of five vitality classes was assigned. Vitality and inflorescence were
rated according to their vitality class from (partially) dead (vitality stage 5, 1 point) to lush
(vitality stage 1, 9 points). All test plots were assessed in terms of vigor, coloration and the
general condition of the vegetation. Visually recorded data was collected by two people to
account for potential biases [49].
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Table 2. Visual assessment index of the vitality and inflorescence classes [49].

Vitality Stage

Points

Vitality Inflorescence

healthy, vital, cover ratio well above specified
target, vigorous growth, no effects of pest
infestation, disease, deficiency or mechanical
damage evident

Healthy, vital, cover ratio above specified target,
hardly any dead or impacted plants, hardly any
impact from pest infestation, disease, deficiency
or mechanical damage evident

Weakened, stagnant in growth, sufficient cover
ratio, dead or impaired plants, effects of pest
infestation, disease, deficiency or mechanical
damage if any visible

Heavily weakened, puny growth, insufficient
cover ratio, many dead or impaired plants, visible
pest infestation and/or disease and/or deficiency
and/or mechanical damage

(partially) dead dying, very low cover, predominantly dead 0 blossoms

lush >20 blossoms

vigorous 11-12 blossoms

4-10 blossoms

average

puny 1-3 blossoms

Inflorescence was addressed by the species-specific blossoms produced, which is the
species’ ability to reproduce.

Furthermore, the vegetation monitoring included the cover ratio, which was assessed
for each soil alternative and seed mix. The cover ratio represents the percentage of surface
covered by vegetation in its projection on the ground relative to the area of the surveyed
area. Estimates are given by two people in 5% increments, with 0% representing absent
or very puny vegetation, and 100% representing complete cover ratio of the experimental
area [52].

For a statistical analysis of the vegetation indicators, the descriptive statistical proce-
dures of the line and bar chart were also applied in order to identify possible graphical
differences with regard to the individual indicators of the tested soil alternatives. In addi-
tion, existing correlations between the indicators vitality and cover ratio, as well as vitality
and precipitation, were tested.

2.2.3. Evaluation Chart

Based on the geotechnical (infiltration rate) and vegetation indicators (vitality, cover
ratio, inflorescence) collected, the evaluation chart provides an overview of the suitability
of the various engineered soil and seed mix alternatives investigated in the seepage trough
to recommend the best combination for its intended purpose. The results are separated
into three categories with a different score (‘Good” = 3 points, ‘Sufficient’ = 2 points,
‘Insufficient’ = 1 point) [45,53].

An infiltration rate between 4.9 x 104 and 1.1 x 10~° m/s was ‘Good’ (3 points).
‘Sufficient’ values (2 points) were between <5.0 x 1073 t0 5.0 x 10~* m/s and ‘Inadequate”
infiltration results were 1.0 x 10~° and >5.0 x 10~® m/s. The values were derived from
the standard regulations [13,21]. The first guideline recommends a permeability coefficient
of 1.0 x 107% to 1.0 x 107> m/s for the uppermost 30 cm of the installed engineered
soil in seepage troughs [21]. The second guideline recommends an infiltration rate of
at least 5.0 x 107® m/s and a permeability coefficient of 5.0 x 10> m/s should not be
exceeded [13].

A high plant vitality is necessary for a long-term existence of the greening. Only
vital plants can provide satisfactory ecosystem services, such as cooling by evapotranspi-
ration [54] or reduction by erosion through stabilization by roots and above-ground leaf
mass [31-33]. Accordingly, vitality is of high importance. The classification of the vitality
was ‘Good’ 6.1-9.0, ‘Adequate’ 4.1-6.0, and ‘Inadequate” 1.0-4.0 [49].
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The cover ratio was based on the Austrian standards for landscaping and landscape
construction [55], which stipulates a projective cover ratio of 60%, and the Austrian stan-
dards for natural turf and sports fields [56], which stipulates a projective cover ratio of
95% after the inspection and approval of the follow-on care period [55,56]. Accordingly,
a cover ratio of 95% or more is described as ‘Good’, 60-95% as ‘Sufficient’, and <60%
as ‘Insufficient’.

A high number of blossoms (with average inflorescence values between 7.1 and 9.0)
were rated as ‘Good’. Moderate inflorescence between 4.1 and 7.0 was ‘Sufficient’, and low
inflorescence (between 1.0 and 4.0) was rated ‘Insufficient” [49].

To account for the varying relevance of the indicators for the seepage troughs, they
were given different weightings. Indicators with high relevance were weighted with a
multiplier of ‘3", those with moderate relevance with a multiplier of 2’ and indicators with
lower relevance with a multiplier of ‘1’ [53]. In Table 3, the prioritization of the indicators
is ranked according to their importance.

Table 3. Description of the rating system with and the weightings of the used indicators (based on
Olesko 2021).

Indicator Weighting
Infiltration rate 3
Cover ratio 3
Vitality 2
Inflorescence 1

The infiltration rate and the cover ratio were assigned the highest weight of ‘3’, due
to their essential function to achieve a permeable seepage trough with lower erosion
risk [31-33]. Vitality was of less importance but still essential for the long-term existence of
the vegetation [27,28,57] and was weighted with '2’. Another factor was inflorescence, as
biodiversity and food availability for insects were important aspects for green infrastructure
in cities and therefore weighted with ‘1" [36-38].

The maximum achievable score per engineered soil and seed mix alternative was
27 points per year and a total score of 81 points (100%) over the entire trial period 2018-2020.

3. Results

Results were separated into (1) the geotechnical assessment of the engineered soil
alternatives, and (2) the visual rating of the vegetation. Section 3.1 describes the geotech-
nical assessment of the engineered soil alternatives (precipitation, infiltration rate, soil
moisture). Section 3.2 shows the results of the vegetation monitoring (cover ratio, vitality,
inflorescence).

3.1. Geotechnical Assessment of the Engineered Soil Alternatives
3.1.1. Precipitation and Infiltration Rate

In 2019, the annual sum of precipitation was 682 mm. Compared to the year 2020, the
year 2019 was wetter (661 mm). However, during the vegetation period (April-November),
the average sum of precipitation was lower in 2019 (515 mm) than in 2020 (547 mm).

The following Figure 2 shows the coefficient of permeability as a unit for the infiltration
rate over the three monitored vegetation periods in 2018-2020. Infiltration was measured
(as described in Section 2.2.1) twice a year.

It can be shown that there were no significant differences regarding infiltration rate
between the three years (2018-2020) within each tested soil. However, there were high
differences in infiltration between the tested soil alternatives. By far, the lowest infiltration
rate had R1, followed by R2. The highest infiltration rates were evident for E2 and E4. In
contrast to the different infiltration values of the tested soil alternatives, no differences in
infiltration were documented for the seed mixes.
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Figure 2. Boxplots of infiltration rate for the tested soil alternatives for 2018-2020.

The soil moisture of selected alternatives (R1, R2, E1-E5 and E8) was measured using
a soil moisture sensor (TEROS 12, technical specifications see Appendix A Table A2). Based
on a heavy rainfall event (intensity of a triennial rainfall event for the site of the seepage
trough) on 7 June 2019, Figure 3 shows the different developments of soil moisture. In this
figure, the soil moisture values of the engineered soils (E1, E2, E3, E4, E5 and E8) were
combined in one average line as the performance was similar and the readability of the
graph enhanced.

Soil moisture after a heavy rain event (7 June 2019)

Precipitation [mm]

O O O O O O O Q©Q O O O O QO O O O O O O O O O QO O O O O O O O O
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Figure 3. Trend of soil moisture after a heavy rain event on 7 June 2019 (22.2 mm within 30 min) for R1, R2 and engineered
soils E1, E2, E3, E4, E5 and ES.

During the rain event, 22.2 mm of precipitation occurred within 30 min, which roughly
corresponded to a triennial heavy rain event for the site (design precipitation at grid point
2657 of the Austrian Hydrographic Service) [58].

The engineered soils (E1-E5 and E8) showed a similar trend independent of their
layering, but a difference in maximum water storage of more than 10% volumetric water
content (VWC) was observed (see Figure 3). After the recorded heavy rain event, the soil
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moisture increased rapidly and decreased slowly afterwards. In comparison, R2 showed a
rapid decrease in soil moisture after the event. Twelve hours after the heavy rain event, soil
moisture of only 10% volumetric water content (VWC) had been assessed for R2, while the
soil moisture of the engineered soil alternatives remained higher with values ranging from
13 to 21% volumetric water content (VWC). In contrast to all other alternatives, R1 showed
a very slow increase in soil moisture with a maximum of 16% volumetric water content
(VWC) after 12 h, which can be explained by the low infiltration rate shown in Figure 2.

3.2. Vegetation Monitoring of the Seed Mix
3.2.1. Vitality

The vitality of the tested soil alternatives and seed mixes varied depending on the
soil and seed mix alternative. The average vitality values are shown in the following
Table 4 for the years 2018, 2019 and 2020 and the total over all three years. The results for
the individual three years are the average values of the monthly monitoring during the
vegetation period. The location of the tested alternative was not decisive for the assessed
vitality, e.g., R2 is surrounded by alternatives E5 and E7 with better vitalities of all seed mix
alternatives. E1 and E5 had the highest vitality, whereas R2 had the lowest. The flowering
meadow had the highest vitality rate, followed by flowering turf and standardized turf. R2
showed a below-average vitality rate.

Table 4. Overview of different vitality for the different seed mixes (standardized turf, flowering
turf and flowering meadow) on tested soil alternatives in 2018-2020 (green = high vitality from 7-9,
yellow = moderate vitality from 4-6, red = low vitality from 1-3).

Vitality

Al tesl';)lgtive Seed Mix 2018 2019 2020 A;(e;::lge
R1 ST 6.0 5.0 6.0 6.0
FT 6.0 6.0 6.0 6.0
M . . 6.0

R2 ST

FT

M

El ST

FT

M

E2 ST

FT

M

E3 ST

FT

M

E4 ST

FT

M

E5 ST

FT

M

E6 ST

FT

M

E7 ST

FT

M

ES ST

FT

M




Land 2021, 10, 1152 10 of 21

3.2.2. Cover Ratio

The flowering meadow had the highest cover ratio, with an average of 73% over the
entire investigation period. The second-best cover ratio had been assessed for the flowering
turf with an average within three years of 66%. The lowest cover ratio had been observed
for standardized turf (see the following three Figures 4-6) with an average of 63%. An
increase in the cover ratio was evident from 2018-2020 for all tested soil alternatives and
seed mixes. The highest cover ratio had E7 and the lowest R2. In 2020, the highest cover
ratio was on average 97% for E1 and E7. Furthermore, there was a significant correlation
between vitality and cover ratio (n = 200, x = 0.05; p < 0.001, r = 0.424).

Cover ratio standardized turf 2018-2020
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Figure 4. Comparison of the different average cover ratios [%] of standardized turf for the tested soil
alternatives in 2018-2020.
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Figure 5. Comparison of the different average cover ratios [%)] of flowering turf for the tested soil
alternatives in 2018-2020.
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Figure 6. Comparison of the different average cover ratios [%] of flowering meadow for the tested
soil alternatives in 2018-2020.

The average cover ratio values are presented in Figures 4-6 for 2018, 2019 and 2020,
indicated by the red line. The average values for the individual three years were based on
the monthly monitoring during the growing season.

Figure 7 shows the vitality in comparison to the monthly sum of precipitation. Es-
pecially in 2020, the vitality increased with increasing precipitation delayed by a month.
Although a graphical correlation was recognizable, there were no significant correlations
(n =48, 0 = 0.05; p = 0.182, r = 0.196) between vitality and precipitation. Especially in
2020, low precipitation led to an increase and thus improvement of vitality in the following
month. Over both vegetation periods, R2 was performing far worse than the engineered
soils. No effects of layering have been observed.
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Figure 7. Vitality trend of the tested soil alternatives in comparison to precipitation over the vegeta-
tion period 2019 and 2020 (grey bars = precipitation, lines = vitality trend).
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3.2.3. Inflorescence

Table 5 shows the inflorescence for the different engineered soil alternatives. The
tested seed mixes and their individual cutting management had a considerable influence
on the inflorescence. In the flowering meadow mix, cutting only twice a year resulted in
the highest average blossom abundance. The flowering meadow (cutting interval every
two months) showed the second-highest inflorescence. The lowest number of flowers
was found in the monthly cut standardized turf. R2 had the lowest number of blossoms,
whereas E1-E7 had the highest number of blossoms. There were no differences between
single- and multi-layered engineered soils.

Table 5. Overview of different inflorescence for the different seed mixes (standardized turf, flowering
turf and flowering meadow) on tested soil alternatives in 2018-2020 (green = high vitality from 7-9,
yellow = moderate vitality from 4-6, red = low vitality from 1-3).

Inflorescence

Al tes;f‘gﬁve Seed Mix 2018 2019 2020 A;Zi:fe
R1 ST
FT

M

R2 ST
FT

M

El ST
FT

M

E2 ST
FT

M

E3 ST
FT

M

E4 ST
FT

M

E5 ST
FT

M

E6 ST
FT

M

E7 ST
FT

M

ES8 ST
FT

M

3.3. Evaluation Chart

The prioritization and weighting of the key indicators resulted in the following eval-
uation chart (see Table 6), which shows the ‘Good’ (65.1-81 points, 81-100%), ‘Sufficient’
(49.1-65 points, 61-80%) and ‘Insufficient’ (0—49 points, <60%) engineered soil alternatives
and seed mixes. Table 6 shows the results for 2018-2020 and the total of the individual
engineered soils and seed mixes. An annual maximum score of 27 points could have been
achieved in the evaluation chart, and the total maximum score was 81 points (100%).
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Table 6. Overview of evaluation chart for the different seed mixes (standardized turf, flowering turf
and flowering meadow) on tested soil alternatives in 2018-2020.

Evaluation Chart

Soil Al- Seed Total Average
ternative Mix 2018 2019 2020 Points Total to-Total
R1 ST 13.0 13.0 18.0

FT 17.0 17.0 17.0 51.0
FM 17.0 17.0 17.0 51.0
R2 ST 16.0 16.0 15.0
FT 16.0 16.0 16.0 50.7 63
FM 18.0 18.0 21.0
El ST 23.0 23.0 21.0
FT 20.0 20.0 21.0
FM 23.0 23.0 26.0
E2 ST 23.0 23.0 21.0
FT 20.0 20.0 21.0
FM 24.0 24.0 23.0
E3 ST 23.0 23.0 21.0
FT 23.0 23.0 23.0
FM 23.0 23.0 23.0
E4 ST 23.0 23.0 23.0
FT 24.0 24.0 21.0
FM 24.0 24.0 23.0
E5 ST 21.0 21.0 21.0
FT 24.0 24.0 23.0
FM 24.0 24.0 23.0
E6 ST 23.0 23.0 21.0
FT 18.0 18.0 21.0
FM 24.0 24.0 23.0
E7 ST 23.0 23.0 21.0
FT 23.0 23.0 26.0
FM 24.0 24.0 26.0
E8 ST 21.0 21.0 21.0
FT 23.0 23.0 23.0
FM 24.0 24.0 23.0

The highest value was determined for the engineered soils E3, E5, E7 and E8. The
worst results were determined for R1 and R2. They reached just over half of the maximum
achievable points. R1 delivered the worst results in geotechnical indicators, and R2 in
vegetation indicators.

4. Discussion

First, the performance of the tested soil alternatives was assessed regarding the dif-
ferent indicators (infiltration, plant cover, vitality, inflorescence; see Section 4.1). Second,
the analysis led to recommendations for engineered soil alternatives and seed mixes in
Section 4.2.

4.1. Evaluation and Assessment of the Tested Soil Alternatives
4.1.1. Infiltration Performance

Based on the results obtained, it can be shown that there were significant differences
in the infiltration performance of the individual engineered soil alternatives (see Figure 2).
While all engineered soil alternatives met the requirements of the established technical
standards [13,21], the reference soil R1 (topsoil) showed significantly lower infiltration rates.
In 2019, kf-values of 1 x 10~° m/s were achieved here, although the limit values according
to the technical standards were 1 x 107> m/s and 5 x 107° m/s [13,21]. Compaction is the
main reason why soils can no longer allow water to infiltrate due to the increased silting
of sediments [22-24]. Especially during the first years after installation, this results in a
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significantly slower infiltration rate [22,26]. As stated in the literature [25], a high proportion
of fine grains, as well as organic material, results in low resistance to compaction. As seen
in additional carrying capacity measurements (see Appendix A Table A3), R1 had the
lowest average carrying capacity of 4.0 MN/m? in 2018-2020. This leads to the conclusion
that the infiltration rate would diminish even further in case of any compaction caused by
e.g., cars or pedestrians. Therefore, the standard alternative R1 cannot be recommended.

However, there were also significant differences between the individual engineered
soil alternatives. The engineered soil alternatives E2, E4 and E8 can be particularly rec-
ommended in regard their infiltration performance when compared to the technical stan-
dards [13,21] under consideration of the progressing decreasing infiltration rate [26].

Significant findings of infiltration rates were supported by the soil moisture mea-
surements. Thus, the engineered soils E1-E5 and E8 experienced a rapid increase in soil
moisture due to the high infiltration already described (see Section 3.1.1, Figure 3). The
soil moisture slowly decreased over time. This is an indication that precipitation can be
retained in the engineered soils for a long time. In comparison, the tree engineered soil (R2)
absorbed water just as quickly as the engineered soils but also dried out again very quickly.
Thus, R2 had a significantly lower water retention capacity than the engineered soil.

The infiltration performance also affects the cooling capacity through evaporation,
which is essential for the urban climate [8]. Green Infrastructures, such as seepage systems,
green roofs, and green facades, provide an important contribution to urban cooling [9].
If there is too little plant-available water in the soil, the cooling capacity essential for the
urban climate can also be inadequately provided by greatly reduced transpiration. During
photosynthesis, water is released into the surrounding air masses through transpiration,
which is why the presence of sufficient water in the soil is essential for the process and high
vitality [34,35]. In urban areas, sufficient water storage capacity is essential [26], especially
because of the hostile environment for vegetation [29].

4.1.2. Impact of Plant Cover

In general, the highest reduction of the infiltration rate can be observed within the
first year due to the external input of fine sediments [22]. Consequently, the design of
the seepage trough system is specifically important. To reduce erosion, not only plants
play a decisive role. Animal processes in the soil can reduce the risk of erosion [59]. As
an example, earthworm burrows can increase infiltration in the soil. To a much greater
extent, established and vital vegetation can significantly reduce erosion. Because of this, in
addition to stabilizing the soil by plant roots, it is primarily the surface coverage of the soil
by leaf mass that is protecting the soil surface [31-33]. Therefore, the cover ratio results are
of great importance.

Considering all tested alternatives over the three-year trial period, the highest average
cover ratio could be documented for the seed mix alternative of the flowering meadow
(73%), followed by the flowering turf (66%). The standardized turf mix had the lowest
cover ratio with 63% and is, therefore, most susceptible to erosion [60].

The soil alternatives were assessed for their differentiated suitability for the different
seed mixes. The engineered soils reached an average cover ratio of 71%, ranging from
66% for standard turf to 78% for flowering meadow. The topsoil (R1) showed the highest
average cover ratio with 74%, ranging from 73% for standardized turf to 76% for flowering
turf. The, by far, lowest values had been calculated for R2 with only 28% cover ratio on
average, ranging from 26% for standardized turf to 31% for flowering meadow. Although
R2 was not designed to function as a turf soil, the very low result was still surprising.
The low result could be caused by the rapidly sinking soil moisture and the associated
low water storage capacity of the base layer. Especially during the germination process,
sufficient soil moisture of the substrate layer is important [61]. As the cover ratio was less
than 60 % (as requested as the minimum ratio in the Austrian guidelines [55]), R2 cannot
be recommended for use in seepage trough systems.
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In comparison, some of the engineered soils (E1, E7, E8) and topsoil (R1) reached a
cover ratio of more than 95% in the third monitoring year and even met the requirements
of turf in sports field construction [56].

4.1.3. Impact of Vitality

Accordingly, vitality is strongly influenced by the water storage capacity of the soil.
As shown in Figure 7, R2 had the lowest water holding capacity and by far the lowest
average vitality, which is in line with the findings of the previously cited researchers as the
performance of woody plants and turfgrass communities depends very much on the soil
water availability [27,28,57]. With an average vitality of just over 3 and an average vitality
for the standardized turf seed mix of 2, R2 had the lowest vitality of all investigated test
alternatives. The highest vitality could be documented for two of the engineered soils (E1
and E5). R1 was in the (lower) middle range with a vitality of 6.0 for all seed mixes. The
tree engineered soil R2 could also not be described as suitable for use in terms of vitality.

4.1.4. Impact on Inflorescence

Due to the high rate of insect decline in rural environments [36], it is important to
provide urban habitats for the decreasing fauna. Since flowers serve as a food source
for numerous insects [36-38], the inflorescence is considered an important indicator for
decision selection and is included in the evaluation chart. However, since inflorescence
has no direct effect on the performance of a seepage trough, it is included with a moderate
weighting of “1’. No significant differences in inflorescence could be identified between
the individual engineered soils. The tree engineered soil (R2) showed a significantly lower
number of blossoms due to its low cover ratio and vitality. Similarly, topsoil (R1) used
for seepage troughs also exhibited reduced inflorescence. Therefore, again, these two
alternatives cannot be recommended for use in biodiverse seepage troughs.

4.2. Recommendations for Engineered Soil Alternatives and Seed Mixes

Looking at the evaluation chart in Table 6 (Section 3.3), the alternatives E3, E4, E5, E7
and E8 can be recommended for the tested indicators collected during the study period
(infiltration, vitality, cover ratio and inflorescence). E3 and E4 are single-layer alternatives,
while E5, E7 and E8 have multi-layer structures. This leads to the conclusion that both
single-layer and multi-layer alternatives can deliver equally convincing results. Depending
on the characteristics of the existing subsoil, single- or multi-layer alternatives can be
chosen [62].

For each of these five engineered soil types, the flowering meadow mixture was able
to achieve the best results, followed by the flowering turf mixture. This result can also
be observed in the two reference materials R1 and R2. Therefore, based on the indicators
collected, the use of flowering turf mixes is recommended.

Flower turf and flower meadow seed mixes offer the advantage of self-renewal in
addition to the increase in biodiversity. An intelligent cutting concept waits for sufficient
seed maturity and carries out the cut then, thus guaranteeing self-seeding and self-renewal
of the flower turf or flower meadow while maintaining the highest possible species diver-
sity [63—65]. In addition, higher species diversity causes less erosion than in areas with
only a few plant species present [60].

Further research will need to focus on the use of novel engineered soils specifically
for seepage systems with tree plantings. Furthermore, the species-specific root density
and depth of trees as well as grasses and herbs might play a role in the water retention
capacity. In further studies, chemical analyses of the filtering performance of the engineered
soils should take place to quantify the contribution to groundwater protection and the
absorption of pollutants from road runoff.
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5. Conclusions

Previous designs of seepage systems with standardized topsoil and a structure height
of 30 cm meet the regulatory framework conditions for a seepage system right after
installation. However, due to silting and compaction, seepage systems already show
a significantly slowed infiltration rate after a short period. In the trial, the standard
alternative (R1) was already unable to achieve sufficient infiltration values after the first
year of operation. In Austria, the area and depth of a seepage trough are calculated
according to the guidelines of the Austrian Water and Waste Management Association
(OWAV) [18]. The infiltration rate is a crucial factor in the calculation formula. Therefore, a
significant change of infiltration rate changes the design parameters (regarding necessary
area and depth) and may lead to malfunction of built seepage systems and increased risk of
pluvial flooding. The tree engineered soil (R2) can only be recommended to a very limited
extent for use in seepage systems with greening by seed mix. The infiltration rate remained
within the limits during the entire monitoring period, but the results of the analysis, as
well as the low water storage capacity, did not allow a recommendation for use in this
combination.

The vegetation development in terms of cover ratio, vitality, inflorescence and the
greatly reduced maintenance effort due to extended cutting intervals allowed a clear
recommendation for flowering turf and flowering meadows in seepage systems. Thus, it
could be clearly shown that engineered soils are a promising alternative to existing ones. In
combination with a flowering turf or flowering meadow seed mix, these engineered soils
can lead to optimal results with significantly reduced maintenance requirements and, at
the same time, contribute to increasing biodiversity in urban areas.

The focus of the research was on the performance of plant development and infiltration
rate rather than cost aspects. Considering the results presented in Table 6, the tested
engineered soil alternatives proved to be more suitable for the long-term implementation
and compensate for potentially higher costs for the initial soil material. The following cost
ranges were based on quotes from local producers. The reference alternatives topsoil R1
and tree engineered soil R2 cost around 30 EUR per cubic meter. The tested engineered
soils had a cost range from 40 EUR per cubic meter for E1 without zeolite to 80 EUR per
cubic meter for E2 with the highest proportion of zeolite. The difference in costs was related
to the type and amount of soil additives used for the mixtures of the tested engineered soils.
The E3 and E4 had a cost of around 50 EUR per cubic meter, which is significantly cheaper
than the less performing tested alternative E2. E7 and E8 included a retention layer costing
in total of 70 EUR per cubic meter. Within the engineered soils, the combination of perlite
and zeolite reached the best evaluation. In a decision-making process and considering
public budgets and economic aspects, the engineered soils E3 and E4 seemed favorable.

In total, the following five key findings can be summarized for this work:

e  The tested standard topsoil cannot be recommended due to rapid silting and the
associated low infiltration performance.

o  The tree engineered soil (R2) cannot be recommended for use in seepage systems with
seed mix. Despite its high infiltration rate, it held a low water storage capacity and
showed a poorly developing vegetation.

e No differences in geotechnical and vegetation results could be detected between the
single- and multi-layer engineered soil structures of the engineered soils investigated.

e Flowering turf and flowering meadow seed mix provided an excellent alternative
to species-poor standardized turf mix, increased urban biodiversity, and reduced
maintenance requirements.

e  The use of the tested engineered soil in combination with a flowering turf or flowering
meadow seed mix can be recommended as a promising option for future use in
seepage systems.
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Appendix A

Table A1. Species list for the three seed mixes standardized turf, flowering turf and flowering meadow.

Standardized Turf = Flowering Turf [%  Flowering Meadow

Seed Mix [% by Mass] by Mass] [% by Mass]
Grasses 100 80 76
Agrostis capillaris 5 5
Anthoxanthum odoratum 5
Bromus erectus 7
Cynodon dactylon 5
Cynosurus cristatus 5 5
Dactylis glomerata
Festuca arundinacea 5 7
Festuca guestfalica 10 5
Festuca nigrescens 10 5
Festuca ovina duriuscula 10
Festuca pratensis 7
Festuca rubra (rubra) 5 5 5
Festuca rubra trichophylla 5 5
Lolium perenne 50 5 5
Poa compressa 5
Poa pratensis 45 10 10
Legumes 0 5 6
Anthyllis vulneraria
Lotus corniculatus 15 1
Medicago lupulina 3 1.5
Trifolium prepens 0.5
Onobrychis viciifolia 1
Trifolium pratense 0.5
Vicia villosa 1
Herbs 0 15 18
Achillea millefolium 2 1
Agrostemma githago 0.5
Ajuga reptans 0.5 0.5
Anthemis nobilis 1 0.5
Anthemis tinctoria 0.5
Bellis perennis 0.5 0.5
Calendula officinalis 0.5
Campanula patula 0.5
Carum carvi 0.5
Centaurea cyanus 0.5
Centaurea jacea 0.75 0.5
Cichorium intybus 0.5

Daucus carota 0.5
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Table A1. Cont.

Seed Mix Standardized Turf Flowering Turf [% Flowering Meadow
[% by Mass] by Mass] [% by Mass]
Dianthus deltoides 0.5
Galium album 0.5 0.5
Knautia arvensis 0.5
Leontodon autumnalis 0.5 0.5
Leontodon hispidus 0.5 0.5
Leucanthemum vulgare 1 0.5
Lychnis flos cuculi 0.5
Lychnis viscaria 0.5
Matricaria chamomilla 0.5
Papaver rhoeas 0.5
Petrorhagia saxifraga 0.5 0.5
Phacelia tanacetifolia 0.5
Pimpinella saxifraga 1 0.5
Plantago lanceolata 0.5
Plantago media 0.5
Potentilla verna 0.5 0.5
Prunella vulgaris 0.75 0.5
Salvia nemoralis 1 0.5
Sanguisorba minor 15 1
Silene vulgaris 0.5 0.5
Thymus pulegioides 1 0.5
Veronica chamaedrys 0.5 0.5

Table A2. Specifications of the used soil moisture sensor TEROS 12 and precipitation sensor ECRN-10

by METER (Miinchen, Germany) [66,67].

Type of Sensor ECRN-100 [66] TEROS 12 [67]
length: 9.4 cm
Dimensions height: 16.0 cm width: 2.4 cm
height: 2.0 cm
Measuring volume 1010 mL
Range of measurement 0-57% VWC
Operating environment —40-60 °C
Resolution Rainfall per tip: 0.2 mm 0.001 m3/m?
Using a generic calibration:
+3% VWC
Precision Volume per tip: 4.02 mL/tip Using a soil specific
calibration:
+1-2% VWC
Table A3. Carrying capacity of R1, R2, E1-E8.
Carrying Capacity [MN/m?]
Soil Alternative Dynamic Evd [MN/m?]
2018 2019 2020
R1 3.8 41 4.0
R2 9.3 14.8 12.0
El 4.0 5.2 4.6
E2 6.4 6.2 6.3
E3 4.8 4.7 4.7
E4 5.2 7.1 6.1
E5 44 47 4.5
E6 5.9 6.7 6.3
E7 5.2 5.6 54
E8 6.1 7.1 6.6
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