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Abstract
From construction and demolition of buildings, brick wastes accumulate in large quantities and are difficult to recycle. Re-using 
bricks as planting substrate could partly substitute gravel or other raw materials, and would reduce deposition of bricks in land-
fills. High water-holding capacity and a high specific surface of such substrates are beneficial for plant growth, while high pH 
could be a disadvantage. This study focuses on potential effects of brick-based substrates on survival, growth and functional traits 
of two urban trees (Acer platanoides, Tilia cordata). We compared the effects of brick quantity (5 vs. 30%), pre-treatment with 
phosphoric acid, nutrient-poor vs. -rich soil, and mycorrhiza inoculation upon saplings in two greenhouse experiments. There 
were no effects on survival, while a high brick ratio slightly reduced growth of A. platanoides and its branching in nutrient-rich 
soil, and tend to increase the root-to-shoot ratio in both species. The acid pre-treatment caused negative effects on relative growth 
rate of A. platanoides. Mycorrhiza inoculation had a tendency for a positive effect on growth in T. cordata, but only with 5% 
brick ratio. Overall, the brick-based substrates have no clear effect on the study species. Thus, bricks can be recommended as 
a neutral component within constructed Technosols, and can be used to modify grain size distribution without negative effects 
on survival, growth and performance, while further studies are needed on bricks with cement and gypsum contaminations.

Highlights

• Brick rubble is a promising component of urban plant 
substrates.

• Tree saplings of Acer platanoides and Tilia cordata have 
good survival and grow well on brick-based substrates.

• Mycorrhiza inoculation has no effect on survival and 
growth or A. platanoides and T. cordata.

• Acid pre-treatment of bricks has no effect on survival and 
growth of the tree saplings.
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Introduction

Re-using demolition or production waste as component of 
novel plant substrates was advocated by several studies, that 
focused on brick and concrete rubble, coal dust, paper ash 
or sewage sludge (Du et al. 2020; Liu et al. 2019; Molineux 
et al. 2015; Naeth and Wilkinson 2014). Three billion tons of 
demolition waste was produced in 2012 across 40 countries, 
and these materials are frequently dumped in landfills with 
limited capacities (Akhtar and Sarmah 2018). For example, 
in Europe, landfill restrictions should be further strengthened 
to foster a circular economy (European Union 2018). Thus, 
re-using waste materials as a component of novel plant sub-
strates has a high potential to spare landfills, to use less soil 
and save costs (Deeb et al. 2020; Walsh et al. 2018). Such 
‘constructed Technosols’ are specific mixtures of wastes 
containing organic and/or mineral components, to achieve 
particular functions (Séré et al. 2008). They are cost-efficient 
(Walsh et al. 2018), though the main challenge is a suitable 
balance of contrasting components (Rokia et al. 2014).

Brick rubble is a promising material for constructed Tech-
nosols. It makes up a large proportion of construction waste 
(Akhtar and Sarmah 2018), and it would make more sense 
to re-use bricks for novel substrates than to use them as bulk 
material for backfill, as is currently the case. Bricks can store 
plant-available nutrients at their surfaces like P, K and Mg, 
and their water-holding capacity is high (Nehls et al. 2013). 
Fine roots can enter up to 7% of the brick pores, enabling the 
root hairs to exploit most of the brick water (Nehls et al. 2013). 
This is due to the small pores that can effectively conduct the 
suction exerted by the root throughout the brick (Nehls et al. 
2013). However, the high pH (9–10) of bricks must be taken 
into account during substrate development (Molineux et al. 
2009; Rokia et al. 2014), while a combination with organic 
material can (but not necessarily need to) reduce the pH to 
7–8 (cf. Hitchmough et al. 2001; Molineux et al. 2009). Simi-
larly, a treatment of bricks with phosphoric acid might reduce 
the pH and improve survival and soil fertility, but this still 
needs to be tested. Bricks are stable but easy to crush with 
machines and can therefore be used to reach a certain grain 
size distribution. However, because of their friability mainly 
due to frost, they should not be considered as a ‘structural 
material’ against soil compaction (Rokia et al. 2014), but 
rather as ‘growing material’ when mixed with organic matter 
(Yilmaz et al. 2018). Growing material is put directly around 
root balls and must have a higher water infiltration and water-
holding capacity compared to structural material, which in 
turn should prevent soil compaction (Yilmaz et al. 2018).

Urban tree planting is a potential application for brick-
augmented Technosols. Such substrates play a crucial role in 

urban green infrastructure, since they are relevant for plant 
growth and runoff infiltration (Deeb et al. 2020). Urban trees 
usually suffer high mortality due to soil compaction (Bartens 
et al. 2009), adverse water availability (Rhoades and Stipes 
1999), nutrient deficiency and pollutants (Jim 1998). On the 
one hand, good maintenance programs should be planned 
in the first years after planting (Koeser et al. 2014), and on 
the other hand, constructed Technosols must be designed to 
prevent soil compaction and to increase water storage (Deeb 
et al. 2020). Brick-augmented substrates could satisfy these 
needs because they combine a relatively high bearing capac-
ity (Bretzel et al. 2020) with a high water-holding capac-
ity (Rokia et al. 2014). Even though the bearing capacity is 
high, Rokia et al. (2014) raise concerns to the sustainability 
because of the friability of bricks mainly due to frost. We 
suppose that bricks can reduce for a while compaction effects 
of trampling but not of heavy vehicles. Another possibility 
to reduce urban tree mortality is mycorrhiza inoculation. 
Mycorrhiza changes the rhizosphere's root morphology and 
functioning (Kothari et al. 1990), thus potentially mitigating 
the natural and anthropogenic stressors that cause nutrient 
shortage of plants (Entry et al. 2002).

Bricks were already used for tree experiments with Acer 
platanoides and Tilia cordata with brick proportions of 
58 wt%, and 85 or 100 vol% (Bretzel et al. 2020; Cannavo 
et al. 2018). Bretzel et al. (2020) showed that bricks increase 
shoot and root length. However, these studies did not test the 
effects of brick-augmented substrates combined with myc-
orrhiza inoculation and acid pre-treatment. Furthermore, 
previous research focused on soil characteristics and less on 
functional plant traits.

Our study aims to test the effects of the brick-augmented 
substrate on survival, growth and functional traits of tree sap-
lings. The study species were A. platanoides and T. cordata, 
i.e., typical urban trees with high drought and frost tolerance 
(Roloff et al. 2009). A. platanoides is a mid-successional, 
whereas T. cordata is a late-successional species, and they 
differ in two crucial traits, i.e., adults’ minimum light demand 
and the leaf area index (LAI) (Leuschner and Meier 2018). 
For T. cordata, the adults’ minimum light demand is lower 
and the LAI is higher than for A. platanoides (Leuschner and 
Meier 2018). Furthermore, they differ in their mycorrhiza 
type: A. platanoides has mainly an arbuscular mycorrhiza, 
while T. cordata has both arbuscular mycorrhiza and ecto-
mycorrhiza (Wang and Qiu 2006).

We used relative growth rate (RGR), above- and below-
ground functional traits to investigate the effect of brick-aug-
mented substrates on the growth of urban trees. The selected 
traits are affected by different site conditions like water avail-
ability or soil fertility (Chave et al. 2009; Weemstra et al. 
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2016; Wright et al. 2004). The root economic spectrum for 
trees is not yet consolidated (Weemstra et al. 2016), but both 
root architectural traits like branching intensity or alloca-
tion, such as root mass fraction, correlate with the widely 
accepted plant economic spectrum (Kramer-Walter et al. 
2016; Kramer-Walter and Laughlin 2017; Liese et al. 2017). 
Though, specific root length (SRL) explains a substantial part 
of the variation in the multiple trait space of tree species, 
but is independent of specific leaf area (SLA) and the plant 
economic spectrum (Kramer-Walter et al. 2016).

To answer the following questions, we set up two factorial 
experiments with substrates of different brick quantities and 
soil types, a mycorrhiza treatment and an acid pre-treatment.

1. How strong do substrates with an increased brick ratio 
affect mortality, growth and functional plant traits of 
trees?

2. How much reduces a pre-treatment of bricks with phos-
phoric acid the brick addition effects on plants?

3. Has mycorrhiza inoculation of brick-augmented substrate 
a positive effect on plant growth?

Materials and methods

Species, substrates, and treatments

Two experiments with two tree species were done planting 
them in substrates with different ratios of crushed bricks 
and mycorrhiza addition. The two selected species were 
deciduous broad-leaved trees, i.e., Acer platanoides (Sap-
indaceae; wfo-0000514884) and Tilia cordata (Malvaceae; 
wfo-0000457451, World Flora Online 2022). They were 
chosen because they are common urban trees and are con-
sidered suitable for future climate conditions with increas-
ing droughts and frost events, and for high pH values of 
brick-based substrates (Eaton et al. 2021; Pasta et al. 2021; 
Roloff et al. 2009). A commercial nursery [WGS84 (lat/
lon): 48.40003, 11.39534] supplied bare-rooted saplings 
(50–80 cm height, 2y transplanted), that were planted into 
containers with a volume of 12 l (diameter 33 cm; height 
24 cm).

The used brick rubble was the crushed production waste of 
the brickyard Leipfinger-Bader with a grain size of 4–16 mm. 
Smaller grain size fractions are re-used within the produc-
tion process, and larger fractions should be avoided due to 
the size of our experimental unit (container of 12 l). We used 
a maximum brick ratio of 30 vol%, since German regula-
tions do not allow the coarse fraction (>4 mm) to exceed 
49 wt% (Forschungsgesellschaft Landschaftsentwicklung 
Landschaftsbau 2010). The brick rubble was not contami-
nated by cement or gypsum; it had a pH 8.1 and a total pore 
volume 38%.

The brick rubble was added to two base substrates with 
a proportion of 5 or 30 vol% which were produced for the 
experiments by the Umwelt Wurzer company: the nutrient-
rich substrate had 3 vol% of compost (0–15 mm) from their 
own composting facility which processes organic waste 
and green cutting, 27 vol% topsoil, 10 vol% sand, and 30 
or 55 vol% gravel, while the nutrient-poor substrate had 
10 vol% topsoils, 10 vol% sand, and 50 or 75vol% gravel. The 
nutrient-rich substrate fulfills the requirements of the grain 
size distribution for urban trees in Germany (See Appendix 
Figs. 5, 6; Forschungsgesellschaft Landschaftsentwicklung 
Landschaftsbau 2010).

The substrates with 5 vol% bricks had a pH 7.6–7.7, and 
the ones with 30 vol%, 7.7–8.1; the nutrient-rich substrate, 
which contained compost, had lower pH values than the 
poor substrate (Table 1). The organic matter proportion in 
the nutrient-rich substrate was 2.3–2.7 wt%, and 0.7 wt% in 
the nutrient-poor substrate. A pre-treatment of bricks with 
phosphoric acid was tested. For that, 0.3 mol  kg−1  H3PO4 
was used and added with the bricks to a concrete mixer which 
run for 4 min. Acid-treated bricks increased phosphate [plus 
13–37 mg 100  g−1 (min–max)].

For the mycorrhiza treatment, we used A. platanoides 
ectomycorrhizal fungi with 0.03 l of ectomycorrhizal inocu-
lant per container of the fungi species Cortinarius traganus 
and Scleroderma citrinum. The dosage for fungal inoculation 
in T. cordata was 0.015 l of ectomycorrhizal inoculant per 
container and 0.015 l endomycorrhizal inoculant of the spe-
cies Glomus spec. (GEFA Produkte Fabritz GmbH, Krefeld).

Experimental design

Both experiments were conducted in a greenhouse at the 
Greenhouse Laboratory Centre Dürnast of the Technical Uni-
versity of Munich (WGS 84 (lat/lon): 48.40526, 11.68909). 
The investigation started at the end of March 2019 and ran 
for 67 weeks, over two seasons, until the beginning of July 
2020. We stopped the experiment when the pots were com-
pletely rooted. In winter, the greenhouse was heated to avoid 
temperatures <5 ℃, and in summer, the ventilation operated 
at >10 ℃. No artificial light was used, all trees were watered 
equally but irregularly on demand (irrigation water pH 7.8) 
and never fertilized. We divided the experiment into two fac-
torial experiments with a fully randomized block design and 
five replicates per experiment. Therefore, five blocks were 
formed, and each block was within one row (Fig. 1). Each 
row had an own pipe system which watered the pots. We re-
randomized the trees within each row in June and December 
2019 to avoid edge effects.

Both experiments consisted of both species, two substrates 
(nutrient-rich, nutrient-poor), and two brick ratios (5 vol%, 
30 vol%). The specific treatment of the first experiment was 
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the mycorrhiza fungi inoculation or not (with or without), 
with all bricks treated with phosphoric acid. For the second 
experiment, all trees were inoculated with mycorrhiza, but 
tested acid pre-treated bricks for the brick ratio of 30 vol%. 
In total, the first experiment had 80 trees and the second 
experiment 60 trees (Table 2). We controlled spider mites 
(Tetranychidae) with insecticide sprays, beneficial insects 
(Phytoseiulus persimilis, Amblyseius californicus) and adhe-
sive strips.

Measurements and data analysis

We analyzed the substrates for grain size distribution, pH, 
nutrients and organic ratio (Table 1, See Appendix Table 4, 
Appendix Figs. 5, 6). Soil texture was classified according 
to the “Bodenkundliche Kartieranleitung” (Bundesanstalt 
für Geowissenschaften und Rohstoffe 2005). The pH was 
measured in  CaCl2 (Verband deutscher landwirtschaftlicher Ta
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Untersuchungs- und Forschungsanstalten 1991). Organic 
matter was derived from the ignition loss (550  ℃) 
(DIN 2002). Plant available phosphorus and potassium were 
measured in a calcium acetate–lactate extract and magnesium 
in  CaCl2 extract (fraction <2 mm).

After planting, survival was recorded, and the initial 
height and stem diameter were measured. The height was 
taken from the soil’s surface to the highest apical bud and 
the diameter 2 cm above the soil with an electronic digital 
caliper. The final height and stem diameter were measured 
before harvesting. We calculated the relative growth rate 
( RGR

d2h
 ) as:

where, d
f
 and d

i
 are the final and initial diameter, h

f
 and 

h
i
 the final and initial height, and t  denotes time (in days) 

between the initial and final growth measurements (Baltzer 
and Thomas 2007). We harvested above- and belowground 
biomass and dried it at 65 ℃ for three days and afterward 
we weighed it immediately. Before drying and weighing the 
roots, the roots were thoroughly cleaned from soil particles. 
Afterwards, leaf, stem, and root mass fractions were calcu-
lated by dividing one organ by its total biomass. The root-to-
shoot ratio was calculated by dividing root mass by summed 
leaf and stem mass.

Leaves’ and roots’ functional traits were measured accord-
ing to standard protocols (Pérez-Harguindeguy et al. 2013). 
We collected three leaf samples, including petioles, per tree, 
and stored them in a fridge for <7 days. Leaf area was meas-
ured with a flat-bed scanner and ImageJ (Version 1.53c; Sch-
neider et al. 2012). Subsequently, leaves were dried at 65 ℃ 
for 3 days and then weighed. Specific leaf area (SLA) was 
calculated as leaf area divided by dry leaf mass.

Each tree's fine root samples had a diameter of <2 mm 
and were stored in a freezer. We washed and separated the 
samples into absorptive fine roots (1st–3rd order) and trans-
port fine roots (>4th order) (McCormack et al. 2015). The 
absorptive fine roots’ length and volume were measured 
with a flat-bed scanner and the software WinRHIZO 2019 
(Régent Instruments Inc., Quebec City, Canada; resolution: 
800 dpi). All fine root samples were dried at 65 ℃ for three 
days and then weighed. We calculated specific root length 
(SRL) and root tissue density for absorptive fine roots by 
dividing root length by dry root mass and dividing dry root 
mass by root volume, respectively. The absorptive–transport 
fine root ratio was calculated by dividing the 1st–3rd order 
root mass by the 4th and higher-order root mass. The root 
branching intensity was calculated as the number of root tips 
divided by absorptive fine root length.

RGR
d2h

=
ln(d

f

2 × h
f
) − ln(d

i

2 × h
i
)

t

Statistical analyses

We log-transformed the data values if they were right-
skewed distributed. For the first experiment, linear mixed-
effects models were calculated with the random effect 
‘block’ (= row) and the maximum likelihood method. For 
the second experiment, linear models were used if the ran-
dom effect caused ‘singularity’ and explained no variance. 
If p < 0.05, we call it 'statistically clear' (Dushoff et al. 2019), 
and calculated post hoc tests with the Tukey-HSD method 
of each species separately. The uncertainties of the effects 
were expressed as standard error (SE). All analyses were 
performed in R (Version 4.0.2; R Core Team 2020), with 
the packages ‘lme4’ for linear mixed-effects models (Bates 
et al. 2015), ‘MuMIn’ for Pseudo-R2 values (Barton 2019), 
‘DHARMa’ for model evaluation (Hartig 2020), ‘emmeans’ 
for calculating post hoc tests (Lenth 2020) and ‘ggeffects’ 
(function ‘ggemmeans’) to extract the graphs' coefficients 
(Breheny and Burchett 2017; Lüdecke 2018).

Results

The effect of increased brick addition

All plants survived well, irrespective of soil treatments. The 
biggest effects on plant traits due to increased brick ratio 
were for Acer platanoides in rich soils but the effects were 
not statistically clear. The relative growth rate ( RGR

d2h
 ) was 

27 ± 14% (mean ± SE) lower with 30% bricks than with 5% 
(t1,89.3 = 2.0, padj = 0.21), the stem mass fraction was 15 ± 7% 
lower (t1,88.6 =  − 2.1, padj = 0.17), the root-to-shoot ratio was 
18 ± 12% higher (t1,88.6 = 1.7, padj = 0.35) and the branch-
ing intensity was 17 ± 10% lower (t1,88.5 =  − 1.5, padj = 0.44) 
(Fig. 2). For Tilia cordata, only in nutrient-poor soil, the 
root-to-shoot ratio had a bigger difference of + 17 ± 11% with 
brick addition (t1,88.3 = 1.6, padj = 0.38; Fig. 2).

The effects of acid pre‑treatment of bricks 
and mycorrhiza inoculation

The differences due to acid pre-treatment of bricks were also gen-
erally low or not statistically clear (Table 3). For A. platanoides, 
the RGR decreased with the acid pre-treatment (− 21 ± 8%; 
t1,64.4 =  − 2.0, padj = 0.11; Fig. 3, Appendix Fig. 7). For T. cor-
data, the ratio of absorptive to transport fine roots increased by 
94 ± 44% (t1,64.8 = 2.9, padj = 1.3e − 02). For SLA, the acid pre-
treatment of bricks had only a small effect (max. + 12 ± 5%; 
t1,68.8 = 1.9, padj = 0.39). There was no statistically clear interac-
tion of mycorrhiza with any plant trait (Table 2). Since there 
was not the expected effect by an increased brick ratio, mycor-
rhiza inoculation could not mitigate such an effect. There was 
a tendency for a positive effect on RGR but only for T. cordata 
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Fig. 2  Effects of brick ratio (5 vs. 30 vol%) and soil fertility on ten 
functional traits of Acer platanoides and Tilia cordata saplings. Data 
of experiment 1: all bricks treated with phosphoric acid. Shown are 

the estimated marginal means and the corresponding confidence 
intervals of 95%; n.s. = not statistically significant (p > 0.05). Open 
and filled circles represent brick ratios of 5 and 30 vol%, respectively
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on substrates with a brick ratio of 5% (+ 36 ± 15%, t1,89.3 = 2.4, 
padj = 8.7e − 02; Fig. 4, Appendix Fig. 8).

Discussion

The greenhouse experiment with brick-augmented substrates 
showed no effects on sapling survival and growth, and only 
small effects on the functional traits of the species Acer 
platanoides and Tilia cordata. For instance, slight effects 
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Fig. 3  Effect of brick ratio (5 vs. 30 vol%) on the Acer platanoides 
and Tilia cordata saplings’ relative growth rate ( RGR

d2h
 ) with acid-

treated bricks (filled symbols). The RGR for A. platanoides decreased 
for the acid treatment by 21 ± 8% (mean ± SE). Data of experiment 2: 
all substrates were inoculated with mycorrhiza; n.s. = not statistically 
significant (p > 0.05). The estimated marginal means and the corre-
sponding confidence intervals of 95% are shown

Fig. 4  Effect of brick ratio (5 vs 30  vol%) and mycorrhiza inocula-
tion on the Acer platanoides and Tilia cordata saplings’ relative 
growth rate ( RGR

d2h
 ). The RGR of T. cordata increased by 36 ± 15% 

(mean ± SE). The estimated marginal means and the correspond-
ing confidence intervals of 95% are shown. Data of experiment 1: 
all bricks treated with phosphoric acid; Control = no inoculation, 
n.s. = not statistically significant (p > 0.05)
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were observed for A. platanoides: brick addition reduced 
the relative growth rate ( RGR

d2h
 ) in nutrient-rich soils and 

increased the root-to-shoot ratio. All in all, there seems to be 
no ecologically significant effect on both species’ functional 
traits, neither by bricks nor by acid pre-treatment of bricks. 
Besides, the mycorrhiza inoculation did not significantly 
affect the functional traits of trees after almost two growth 
periods.

Nehls et al. (2013) stated that bricks could be a valu-
able source of certain nutrients (K, Mg, Ca, S), but only in 
poor soils. In our experiment, an increased brick proportion 
increased K and Mg concentrations in both nutrient-poor 
and -rich substrates. Nevertheless, we could not detect an 
effect by an increased brick proportion on tree growth in any 
of the tested soil types. Similar to our study, Bretzel et al. 
(2020) analyzed brick-augmented substrates with T. cordata 
for 2 years and neither found a brick effect on trunk diam-
eter increment nor on the shoot length when using 85 vol% 
bricks (6–30 mm fraction) mixed with 15 vol% compost. 
Though, in their study, root dry weight and total root length 
increased, which is consistent with the tendency of increased 
root-to-shoot ratio found in our study. The higher alloca-
tion to roots suggests a lower nutrient availability in brick-
augmented substrates (Poorter et al. 2012).

Root tissue density and branching intensity were meas-
ured, which should change depending on the growing con-
ditions, as they are considered part of the plant’s economic 
spectrum (Kramer-Walter et al. 2016; Liese et al. 2017). 
Only for A. platanoides in rich soils, the branching inten-
sity tended to decrease with the addition of higher amounts 
of bricks to the substrate. Lower branching intensity sug-
gests better growing conditions and fostering an acquisitive 
resource economic strategy. This effect is not reflected for 
the SLA, an essential trait of the leaf economic spectrum 
(Wright et al. 2004). Similarly, Kramer-Walter and Laughlin 
(2017) found for their four investigated species only a ten-
dency for a decrease of branching intensity with soil fertility 
and no effect to the SLA. Moreover, the SRL, which is con-
sidered a vital root trait (Kramer-Walter et al. 2016), showed 
no significant tendency due to the bricks’ effects. Especially 
for pre-treatment with phosphoric acid, we expected a higher 
RGR since bricks alone do not affect plants’ phosphorus 
availability (Nehls et al. 2013). Although the substrates with 
acid-treated bricks had a higher P availability than substrates 
without acid-treated bricks (+ 108% for nutrient-poor sub-
strates, and + 185% for nutrient-rich substrates), they did not 
affect RGR or functional plant traits. Furthermore, the acid 
treatment of the bricks was not recognizable in a change 

of the pH value of the whole substrate (0% nutrient-poor, 
and − 3% nutrient-rich).

Overall, the effect by an increased brick addition seems 
to be slight. This could be due to the used coarse fraction 
(4–16 mm), which has a lower specific surface than a smaller 
fraction (<2 mm), and a longer diffusion time, which leads 
to a lower impact on nutrient supply (Nehls et al. 2013). This 
suggestion is supported by Bretzel et al. (2020), who found 
a positive effect on mean shoot length by the brick fraction 
0–30 mm but not by the fraction 6–30 mm compared to 
standard soil. There seems to be no nutritional deficiency 
by brick-augmented substrates on trees, as we could show 
with the analysis of functional plant traits and Bretzel et al. 
(2020) with the chlorophyll index analysis, which was not 
affected by bricks. In our experiment, the higher amount of 
organic matter did not mitigate any tendencies for effects by 
increased brick proportion. In contrast, Bretzel et al. (2020) 
showed that the addition of compost improved growth when 
a brick substrate with the fraction of 6–30 mm was used. 
Though, they substituted the compost at the expense of 
bricks, which improved in combination the growing con-
ditions, but cannot disentangle the brick and the compost 
effect, as we did.

In our experiment, substrates with a higher brick propor-
tion had a reduced gravel proportion, while other substrate 
components like topsoil or compost remained unchanged. 
This should have fostered growing conditions by increasing 
water availability with bricks compared to gravel. Bricks, in 
fact, have favorable infiltration rates due to their high poros-
ity (Bretzel et al. 2020; Yilmaz et al. 2018), and the resulting 
high water-holding capacity should make bricks a promising 
addition for constructed Technosols (Rokia et al. 2014; Séré 
et al. 2008). This should be especially true when comparing 
bricks with crushed concrete, which has 43 wt% less water 
content (Rokia et al. 2014). Nevertheless, even though in 
our experiment the increased brick proportion should have 
increased water availability, the RGR and functional plant 
traits were not significantly affected. This means that the 
additional water which was stored in the 30% bricks was 
not sufficient to affect tree growth, although modern, highly 
porous bricks were used. Brick age has to be considered 
in substrate development, since bricks produced in former 
decades have a lower porosity.

Finally, in our experiment, the mycorrhiza inoculation did 
not modify the effect of increased brick addition. There was 
a tendency for a positive effect on T. cordata’s RGR when 
the substrate contained only 5% bricks, but the effect dimin-
ished with a higher brick ratio. Similarly, Fini et al. (2011) 
did not detect any significant mycorrhiza inoculation effect 
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on T. cordata biomass or root-to-shoot ratio. Wiseman and 
Wells (2009) neither find any mycorrhiza inoculation effect 
on Acer species’ aboveground growth but found an effect 
on root length. Nevertheless, Fini et al. (2011) found higher 
physiological activity in inoculated trees. The result does not 
necessarily mean that mycorrhiza did not improve growth, 
because it could be that the trees were not infected, since 
successful infection of plants by commercial mycorrhizal 
inoculate is unreliable (Salomon et al. 2022).

Conclusion

We conclude that T. cordata and A. platanoides, which are 
tolerant to high pH values, are not significantly affected by 
brick-augmented substrates with a brick ratio of ≤30 vol%. 
Furthermore, according to our results, it is neither neces-
sary nor helpful to conduct bricks pre-treatment with acid 
or inoculate mycorrhiza to the substrate to mitigate an effect 
by an increased brick proportion. Since bricks can be easily 
crushed, they are helpful to modify physical characteristics 
of substrates like the grain size distributions to meet legal 
requirements. Since there were almost no effects on func-
tional plant traits, our results confirm the substrate analy-
ses of other studies, which suggested no large effect of an 
increased brick proportion on substrates (Nehls et al. 2013; 
Rokia et al. 2014). Further studies should investigate brick-
based substrates over a longer period in combination with 
larger pots.

Nevertheless, our results suggest that the main advantage 
is not an enhancement in plant growth, but in re-using waste 
material and modifying the physical characteristics of sub-
strates. For this reason, higher amounts of bricks should be 
used in substrates. Deeb et al. (2020) stated that one of the 
most critical limits is the “social refusal” of re-used waste. 
Thus, future research should focus on non-clean waste bricks 
with mortar and plaster attachments and re-used brick rub-
ble from old buildings with a lower porosity than bricks 
produced nowadays.

Author contribution statement MB and JK made the experi-
mental design, and all authors designed the substrates. MB 
set up the experiment, conducted the data sampling, per-
formed the statistical analyses, and wrote a first draft of the 
manuscript. JK, MK and VH substantially contributed to 
later versions.

Appendix

See Table 4, Figs. 5, 6, 7, 8.
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Fig. 5  The grain size distribu-
tions of the substrates used for 
experiment 1. All substrates 
were with acid-treated bricks. 
Four substrates are shown with 
varying soil fertility (rich vs. 
poor) and brick proportion (5 
vs. 30%). Limits are shown for 
the substrates of urban tree sub-
strates in Germany (Forschun-
gsgesellschaft Landschaftsent-
wicklung Landschaftsbau 2010)

Fig. 6  The grain size distribu-
tions of the substrates used 
for experiment 2 on effects of 
mycorrhiza-inoculated bricks on 
Acer platanoides and Tilia cor-
data saplings. All six substrates 
are shown with varying soil 
fertility (rich vs. poor), brick 
proportion (5 vs. 30%), and acid 
treatment of bricks (control vs. 
acid). Limits are shown for the 
substrates of urban tree sub-
strates in Germany (Forschun-
gsgesellschaft Landschaftsent-
wicklung Landschaftsbau 2010)
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Fig. 7  Effect of brick ratio (5 vs 30  vol%) on relative growth rate 
( RGR

d2h
 ) of Acer platanoides and Tilia cordata saplings with 

acid-treated bricks (filled symbols). The RGR for A. platanoides 
decreased for the acid treatment by 21 ± 8% (mean ± SE). The ratio 
of absorptive:transport fine roots of T. cordata increased by 94 ± 44%. 

Data is taken of experiment 2: all substrates inoculated with mycor-
rhiza; n.s. = not statistically significant (p > 0.05). Shown are the esti-
mated marginal means and the corresponding confidence intervals 
95%
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Fig. 8  Effects of brick ratio (5 vs 30 vol%) and mycorrhiza inocula-
tion on ten functional traits of Acer platanoides and Tilia cordata 
saplings. Data from experiment 1: all bricks with phosporic acid. 

Shown are the estimated marginal means and the corresponding con-
fidence intervals 95%; n.s. = not statistically significant (p > 0.05)
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