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A B S T R A C T

Tyre wear particles (TP) enter soils through various pathways, accumulate over time and can affect plant-soil 
systems. However, the effects of TP, particularly on the microbiota, are not well understood and the potential 
risks to soil ecosystems remain uncertain. We added TP at concentrations ranging from 0 % to 3 % (w/w) to a 
sandy loam soil and conducted an experiment with lettuce and leek. We assessed how TP affect plants, the 
colonisation of their roots with arbuscular mycorrhizal fungi (AMF), soil enzymatic activities and microbial 
catabolic profiles. Exposure to 3 % TP reduced root and shoot biomass by 35 % and 23 %, respectively, relative to 
the control, while lower TP levels showed some stimulating effects. Also, a TP addition of 3 % increased plant 
copper and zinc concentrations but decreased plant nitrogen. We did not find effects on AMF colonisation, yet, 
these findings are based on the staining method only and should be studied in more depth using additional 
methods. Some soil enzymes showed a high sensitivity to even the lowest TP concentrations. Furthermore, in 
soils containing 3 % TP, we measured a reduction in the microbial biomass carbon (up to − 20 %), an increase in 
the microbial metabolic quotient (up to +62 %), and significant changes in the catabolic capacity of soil mi
crobes. Our data show that TP can affect the microbial basis of the soil food web and specific processes related to 
soil nutrient and energy flow, with ultimate effects on plants. Although the mechanisms cannot be fully displayed 
with the data at hand, our study stresses the urgent need to implement measures that reduce TP pollution to 
safeguard soil quality and allow the production of healthy food crops.

1. Introduction

Plastic and its decay products, microplastics (MP), enter soil e.g. as 
plastic residues in urban composts, digestate application, leftovers from 
plastic mulch film or through littering (Riveros et al., 2021). Yet, tyre 
particles (TP), created through the abrasion of rubber material while 
driving, are nowadays considered to be one of the most significant 
contributors to terrestrial MP pollution (Baensch-Baltruschat et al., 
2020). The annual TP emission rates into the environment were sum
marised across 13 countries and predicted to exceed 3.3 Mt, translating 
into a global per capita TP emission of 0.23–4.7 kg year− 1 with an 
average of 0.81 kg year− 1 (Kole et al., 2017). Airborne transport, sub
sequent deposition, and runoff from roads with no connection to a 
wastewater system result in the contamination of water bodies, air and 
soils (Sieber et al., 2020). Tyre particle concentrations in roadside soils 
are difficult to quantify, yet likely in the range between 0.1 and 117 g 
kg− 1 soil (Baensch-Baltruschat et al., 2020; Müller et al., 2022; Sieber 

et al., 2020; Wik and Dave, 2009). Published data on TP directly 
extracted from soils are, however, still extremely scarce (Mennekes and 
Nowack, 2022) leaving us with a significant level of uncertainty when 
predicting the effects of this global change driver on soil ecosystems.

Tyres are composed of a complex mixture of natural and synthetic 
carbon polymers. Although not completely made of artificial polymers, 
they are usually classified as MP (Ding et al., 2023; Hartmann et al., 
2019; Lassen et al., 2015). Tyres also contain fillers such as soot and 
carbon black, silica and chalk, softeners including oil and resin, vulca
nisation agents, (e.g. sulphur and zinc oxides), and various additives (e. 
g. N-phenyl-N′-(1,3-dimethylbutyl)-p-phenylenediamine (6PPD), ben
zothiazole or 2-Mercaptobenzothiazole) to enhance tyre durability 
(Wagner et al., 2018). Moreover, TP produced through abrasion, 
frequently accumulate environmental pollutants on their surfaces, 
including antibiotics (Fan et al., 2023) and heavy metals (Glaubitz et al., 
2023), which transfers each particle into a unique combination of 
inherent chemicals and external contaminants and results in a complex 
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cocktail of chemicals introduced into the environment.
Despite the assumed massive emissions of TP into soils and the 

presence of substances in tyres that raise concerns about their environ
mental impacts, we lack investigations in soil systems to assess the risk 
of TP contamination for the manifold ecosystem services. The few 
available studies exploring the impact of TP on the plant-soil system, 
showed, e.g. plant available Zn concentrations in TP-contaminated soils 
to increase to levels that may be detrimental to plant health (Leifheit 
et al., 2022). Zinc toxicity was earlier suggested as one of the main 
reasons for morphological alterations and reduced plant growth 
(Bowman et al., 1994; Schulz, 1987). Zeb et al. (2024a) identified 
sixteen different polycyclic aromatic hydrocarbons (PAHs) leaching 
from TP and Castan et al. (2022) showed that certain tyre wear-derived 
compounds transformed into stable metabolites in lettuce leaves. Given 
the largely unknown toxicity of these substances, the findings raise great 
concern regarding the impacts of TP on soil and plant quality and human 
health. Indeed, Leifheit et al. (2022) reported alterations in various 
biogeochemical soil parameters upon the addition of TP. These changes 
included an increase in soil pH and soil microbial respiration and 
reduced plant biomass upon exposure of plants to 10 mg TP g− 1. 
Smolders and Degryse (2002) observed elevated levels of soil nitrifica
tion in response to TP, an effect they attribute to the release of Zn and an 
increase in pH; yet also the discharge of additives is considered impor
tant in this context (Rogge et al., 1993). Just recently, Wei et al. (2025)
showed the impacts of TP on carbon and nitrogen cycling, the deni
trifying community, greenhouse gas emissions and fertilizer N loss. 
While these studies have provided novel and important insights 
regarding the effects of TP, investigations focussing on microorganisms 
remain limited (Ding et al., 2023), there are still too few studies 
assessing soil microbial responses in soils (Leifheit et al., 2022; Wei 
et al., 2025; Xu et al., 2024; Zeb et al., 2024a, 2024b) to comprehen
sively outline the risks for soil quality.

Even less research is available on how TP affect specific groups of 
microorganisms such as arbuscular mycorrhizal fungi (AMF), which are 
root-associated symbionts with an essential role in nutrient uptake and 
enhancing plant stress resistance. Wang et al. (2020) found dose- 
dependent negative effects of biodegradable polylactic acid particles 
on AMF diversity and community composition, but limited effects of 
non-biodegradable MPs such as polyethylene. De Souza Machado et al. 
(2019) found an eight-fold increase in root colonisation upon exposure 
to polyester fibres at 0.2 % (w/w), while 2 % (w/w) polyester tere
phthalate fragments reduced colonisation by about 50 %. These findings 
highlight that the impact on AMF is shaped by the chemical composition 
and structure of MP, suggesting that results from these studies may not 
necessarily apply to tyre-derived particles. To date, however, no data is 
available on how TP act on AMF. Changes in AMF communities, how
ever, may affect the functioning of an ecosystem at different levels 
(Powell and Rillig, 2018).

To explore the impacts of TP on the plant-soil system, we conducted 
an experiment under controlled conditions exposing leek over 12 and 
lettuce over 7 weeks to TP concentrations ranging from 0 % to 3 % w/w. 
We used a sandy loam soil and examined how TP affect root and shoot 
biomass, and shoot nutrient and trace metal concentrations as crucial 
endpoint measurements with insights into yield quantity and quality. 
Moreover, we quantified the impact of TP addition on AMF root colo
nisation, which, to our knowledge, has not been explored in this context 
before. We measured the activity of seven extracellular soil enzymes, 
given their significance for nutrient cycling and potential as early in
dicators of soil fertility changes. Finally, using the MicroResp™ method, 
we assessed the size and stress indices of microbial communities and 
investigated impacts on microbial catabolic profiles to reveal potential 
shifts in soil microbial community functions in response to TP exposure. 
The assay assumes that microbial communities characterised by a high 
diversity can also utilise a wider range of structurally different carbon 
substrates when compared to less diverse communities (Creamer et al., 
2009).

We hypothesised that soil contamination with TP would (i) nega
tively affect plant performance, reflected by a decrease in overall 
biomass and a significant rise in trace metal concentrations, particularly 
Zn, and (ii) exert an influence on the soil biota by negatively affecting 
AMF, causing changes in enzymatic activity, and triggering shifts in 
microbial catabolic profiles.

2. Material and methods

2.1. Experimental design and setup

Our experiment contained two crops (lettuce, leek) and five TP 
concentration levels (0 %, 0.1 %, 0.5 %, 1 % and 3 % TP weight/weight 
calculated based on dry soil) with eight replicates, resulting in 80 pots. 
The TP concentrations were chosen based on TP concentrations reported 
in the literature (Baensch-Baltruschat et al., 2020; Müller et al., 2022; 
Sieber et al., 2020; Wagner et al., 2018; Wik and Dave, 2009). We 
produced TP from a mixture of randomly chosen, old passenger car tyres 
(Table S1): Using an electric planer, fine tyre flakes were created, 
transferred into a mortar, crushed in liquid nitrogen and then pulverised 
in an ultra-centrifugal mill (ZM 200 Retsch, Haan, Germany) over a 350 
μm sieve (Fig. S1). The particle size distribution was analysed based on 
1009 particles, yielding a mean Feret diameter of 201 μm with a stan
dard deviation of 180 μm. The particle size of the artificially produced 
TP thus falls within the range of 40 nm to 400 μm, which is the size 
spectrum reported for TP (Gustafsson et al., 2008; Kreider et al., 2010). 
Organic carbon content of the TP material was 66 %. High resolution 
surface images of the produced TP material assessed by Scanning Elec
tron Microscopy are presented in Fig. S2. To assess the trace element 
content of the TP material, triplicates of 200 mg TP were digested in 10 
ml of nitric acid at 200 ◦C using a MARS 6 Microwave Digestion System 
(CEM Corporation, Matthews, NC). The data is provided as Table S2.

The test soil for the experiment was a sandy loam collected from the 
top 20 cm of an organically managed grassland at Full-Reuenthal 
(Aargau, Switzerland). The soil was sieved to 2 mm and stored at 4 ◦C 
in the dark until further use. Basic soil characteristics and element 
concentrations are provided in Table S3. At the set-up of the experiment, 
the required soil dry weight (DW) equivalent was thoroughly mixed 
with the respective amount of freshly produced TP and brought to 50 % 
of the maximum water holding capacity (mWHC) by adding tap water. 
The soil was filled into 1 l plastic pots (Hortima Baumschulbedarf AG, 
Hausen, Switzerland) and slightly compacted to reach the same bulk 
density in all pots. Seeds of leek (Allium porrum var. Fantic) and lettuce 
(Lactuca sativa var. Till) were pre-grown in commercial potting soil. We 
selected 1-month-old seedlings of comparable sizes from the seedling 
trays and cleaned roots off the potting substrate. One lettuce seedling 
and three leek seedlings were planted into each pot. All pots received 30 
ml of tap water and the soil surface was covered with a thin layer of 
quartz sand (KK 0,6/1.2, grain size 0.6–1.2 mm, Trafor AG, Basel, 
Switzerland) to reduce water loss and to create a physical barrier pre
venting soil-dwelling pests from entering the soil. All pots were placed in 
a greenhouse on plastic saucers and distributed randomly on two tables.

2.2. Maintenance of the experiment

Pots were randomised within and across the greenhouse tables twice 
a week. Water loss from the pots was assessed gravimetrically twice a 
week and pots were brought back to 50 % mWHC by adding tap water. 
We utilised an ammonium nitrate (NH4NO3) fertilizer solution, sup
plying 10 mg N per pot weekly for leek and 5 mg nitrogen (N) per pot for 
lettuce, respectively, during the initial four weeks. Later, we used a 
commercial synthetic fertilizer with additional micronutrients (7 % N, 5 
% P2O5, 6 % K2O, trace elements: 0.01 % B, 0.002 % Cu, 0.02 % Fe, 
0.010 % Mn, 0.001 % Mo, 0.002 % Zn) providing 14 mg N per pot and 
week to leek over 6 weeks and 6 mg N per pot and week to lettuce over 2 
weeks. We treated the plants twice against fungus gnat larvae (Bradysia 

D. Kundel et al.                                                                                                                                                                                                                                 Applied Soil Ecology 214 (2025) 106340 

2 



impatiens) using Substral® Celaflor TrauermückenEx (Evergreen Garden 
Care GmbH, Mainz, Germany) with the active ingredient Azadirachtin A 
(registration number 024436-86) dissolved in water. The plants were 
grown at a minimum temperature of 20 ◦C with a 16-hour photoperiod. 
Natural light was complemented by artificial light if needed.

2.3. Harvest of the experiment

After seven weeks for lettuce and 12 weeks for leek, the plants 
reached a growth stage where the pot size became limiting and the 
experiment was ended. At harvest, we measured the plant height and 
stem diameter of leek and assessed lettuce head diameter and SPAD 
values using a chlorophyll meter (SPAD-502Plus, Konica Minolta). The 
aboveground plant parts were cut at the soil surface. The sand layer was 
carefully removed from the soil surface and discarded. After washing, 
we determined the fresh weight (FW) and the DW of the shoots, the 
latter after drying at 60 ◦C to constant weight. The roots were collected 
from the soil and washed over a 1 mm sieve. A subsample of roots was 
stored in 50 % ethanol to assess root colonisation rates with AMF, the 
rest was dried at 60 ◦C to constant weight to assess the root biomass. The 
root-free soil was thoroughly mixed by hand and sieved to 2 mm. 
Samples were stored at 4 ◦C for the MicroResp™ test assay, at − 20 ◦C for 
extracellular enzyme activity assays, and air-dried to determine the soil 
pH in a soil: water ratio of 1:2.5.

2.4. Plant analyses

The dried shoot biomass was ground in a Mixer Mill MM 400 (Retsch 
GmbH, Haan, Germany). The total carbon (C), sulphur (S) and N con
tents in the ground biomass samples were determined using a CNS 
elemental analyser (HEKAtech, Wegberg, Germany) at the Institute of 
Geography and Geoecology at the Karlsruhe Institute of Technology 
(KIT). The standard deviation based on the replicate analysis (n = 9) of 
Hay powder (CRM code BCR-129 HAY POWDER) was 0.2 % for C, 0.05 
% for N, and 0.01 % for S, respectively. Approximately 100 mg of 
powdered sample was weighed into perfluoroalkoxy polymer (PFA) 
vials (Savillex, Eden Prairie, United States) and digested in HNO3-H2O2- 
HF (4:1:0.1) by stepwise heating to 140 ◦C. Samples were evaporated 
and re-dissolved in 0.5 M HNO3 for further analysis. Aliquots of the 
digested plant samples were diluted and analysed for the major cations 
calcium (Ca), potassium (K), and sodium (Na) as well as for total 
phosphorus (P) using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES 5100 VDV, Agilent, Santa Clara, United States) at 
the KIT. Trace elements (copper (Cu), manganese (Mn) and zinc (Zn)) 
were analysed using a PlasmaQuant MS Elite ICP-MS (Analytik Jena, 
Jena, Germany) at the Institute of Applied Geosciences at the Technical 
University of Darmstadt. The recovery rates of Mn, Cu and Zn in the 
European Reference Material (ERM) CD281 rye grass standard (Euro
pean Commission, Joint Research Centre, Institute for Reference Mate
rials and Measurements, Geel, Belgium), digested together with the 
biomass samples, ranged from 90 % to 99 %. The standard deviation 
based on the replicate analysis of ERM CD281 (n = 6) was <3.5 %.

2.5. Soil biota

2.5.1. Root colonisation rates with arbuscular mycorrhizal fungi
The percentage of root colonisation with AMF was assessed after 

staining roots in a vinegar-ink solution (Vierheilig et al., 1998). Briefly, 
roots were rinsed with water, cut into pieces of approximately 1.5 cm, 
bleached in 10 % potassium hydroxide at 80 ◦C for 25 min, acidified in 1 
% hydrochloric acid at room temperature for 2 h, stained in a 5 % ink- 
vinegar solution (Black Parker Quink ink) at 80 ◦C during 20 min and 
stored in 50 % glycerine for at least four weeks before the presence of 
AMF structures (vesicles, hyphae or arbuscules) were evaluated by mi
croscopy. For each sample, we aligned approximately 25 root fragments 
in parallel on microscope slides in a few drops of a 50 % glycerine 

solution and sealed the mounted samples with coverslips. We then 
determined the length of roots colonised by fungal structures using the 
magnified intersections method (McGonigle et al., 1990) at 25×
magnification.

2.5.2. Fluorometric enzyme assay
The extracellular enzyme activity (EEA) was measured in triplicates 

and by following the principles of Marx et al. (2001) and Bell et al. 
(2013). In brief, EEA was assessed upon the addition of seven substrates 
involved in N-, C- and P-cycling (Table S4), which were either coupled to 
4-methylumbelliferone (MUB) or 7-amino-4-methyl-coumarin (AMC), 
both being synthetic fluorescent dyes (Sigma-Aldrich/Merck, Darm
stadt, Germany). For the EEA test assay, 100 ml sterile water was added 
to 1 g of sieved (<2 mm) and frozen soil, shaken on a universal shaker 
(100 rpm, 30 min), ultrasonicated for 30 s at 60 % amplitude (Sonopuls 
HD 2200.2, Bandelin, Berlin, Germany) and stirred. Then, 50 μl of the 
soil slurry was added to a 96-well microplate containing either 50 μl of 
0.1 M MES buffer for MUB-linked substrates or 0.05 M TRIZMA buffer 
for the AMC-linked substrate. Finally, 100 μl substrate solution was 
added, resulting in a substrate concentration of 50–150 μM depending 
on the substrate. Immediately after substrate addition, samples were 
shaken for 120 s in a microplate reader (Infinite M Nano+, Tecan Group 
Ltd., Männedorf, Switzerland) and the background fluorescence was 
measured (355 nm excitation, 460 nm emission). The actual enzymatic 
activity was assessed after incubating the plates in the dark for 3 h at 
room temperature. In addition, standard plates were prepared for each 
soil sample and the MUB or AMC standard in their respective buffers and 
the fluorescence measured as described above.

2.5.3. Community-level physiological profiling (MicroResp™)
The catabolic profiles of the microbial communities were assessed 

using the MicroResp™ test assay (Bongiorno et al., 2020; Campbell 
et al., 2003; Creamer et al., 2016). In brief, 96-well detection plates were 
prepared as described in the MicroResp™ protocol (Cameron, 2007). 
Soils were added to 96-deep-well plates and incubated for six days at 
20 ◦C. We included a standard soil in each deep-well plate along with 
each soil sample to quantify the variation between plates. After the in
cubation, we measured the initial colourimetric values (Tecan plate 
reader Infinite M Nano+, monochromator absorbance/fluorescence; 
Tecan Group, Männedorf, Switzerland) of the detection plates at 570 nm 
(T0 reading). For the test, we used seven structurally different carbon 
substrates (Table S5). A volume of 25 μl of each substrate solution was 
added to the deep-well plates containing the test soil in eight technical 
replicates per substrate. The deep-well plates were left to stand at room 
temperature for 30 min to release CO2 derived from calcite dissolution, 
closed with the detection plates from the MicroResp™ system and 
incubated at 20 ◦C for 5 h before the colourimetric values of the 
detection plates were assessed again at 570 nm (T1 reading). Due to our 
focus on comparing treatment effects rather than determining maximum 
respiratory potential through optimised glucose amendment, the re
ported microbial biomass carbon (MBC) data from MicroResp™ test 
should be interpreted as relative proxies.

2.6. Data handling, statistical analyses and data visualisation

In the EEA test assay, we used the MUB and MUC standard curves to 
transfer raw fluorescence data of samples and substrates into potential 
EEA expressed as nmol*(g soil DW*h)− 1 (Bell et al., 2013). For each 
sample, we removed obvious outliers and calculated averages from the 
technical triplicates. To observe more general trends in the potential soil 
C-, N-, and P-cycling, C acquisition was represented by the summed 
activities of β-1,4-glucosidase (BG), β-D-cellobiosidase (CB), β-xylosi
dase (XYL) and α-glucosidase (AG), N acquisition was represented by the 
sum of β-acetylglucosaminidase (NAG) and leucine aminopeptidase 
(LAP), and P acquisition was represented by alkaline phosphatase 
(PHOS) activity (Bell et al., 2013). Since the potential EEA was on 
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different scales, we standardized the data using z-scores.
We normalised the T1 readings of the MicroResp™ test using the T0 

absorbance before calculating the CO2 concentration in the headspace 
(Brolsma et al., 2015), and then converting them into absolute respira
tion rates (μg CO2–C g− 1 dry potting substrate h− 1) as indicated in the 
MicroResp™ manual (Cameron, 2007). For each sample, we removed 
obvious outliers before calculating averages from the technical repli
cates. For leek, the standard soil indicated the first run to deviate 
strongly, so we removed this data, leaving us with 6 instead of 8 bio
logical replicates per TP concentration. We then calculated (i) the soil 
basal respiration from the soil samples supplemented with deionised 
water, (ii) the microbial biomass carbon (MBC) according to Anderson 
and Domsch (1978) as MBC = 40.04 × Glucose-induced respira
tion+0.37, (iii) the microbial metabolic quotient qCO2 (expressed as mg 
CO2-C g− 1 MBC− 1) (Anderson, 2003; Anderson and Domsch, 1993) as 
qCO2 = basal respiration × 1000 × MBC− 1, (iv) the multiple substrate- 
induced respiration as the total CO2 flux from all substrates, and (v) the 
Shannon functional diversity index (H′) as described earlier (Bongiorno 
et al., 2020).

All data were analysed using R (R Core Team, 2023) through RStudio 
version 2023.3.0.386 (Posit team, 2023). Graphs were produced using 
the ggplot2 package (Wickham, 2016). The effects of TP addition on the 
response variables were analysed separately for the two crops using 
Bootstrap-Coupled ESTimation statistics and graphs implemented in the 
dabestr package (Ho et al., 2019). Five thousand bootstrap samples were 
taken, and the confidence intervals were bias-corrected and accelerated 
(BCa bootstrap) to accurately handle skewed distributions. Any reported 
p-value represents the probability of observing the effect size or greater 
under the null hypothesis of zero difference between treatment and 
control. The raw data are presented alongside Cumming estimation 
plots, which depict mean differences plotted as bootstrap sampling 
distributions for each of the TP groups against the control. AMF root 
colonisation rates, plant nutrients and trace metal concentrations were 
measured in the control treatments and the 3 % TP group only.

Effects of TP addition on the joint microbial catabolic profiles from 
the MicroResp™ were assessed with a permutational analysis of vari
ance (PERMANOVA) using the vegan::adonis2 function (Anderson, 
2008) with 999 permutations and Hellinger distances (Euclidean dis
tance on Hellinger transformed data). Missing values in the respiration 
matrix were replaced with the group mean to avoid whole rows being 
lost in the downstream data analysis. We confirmed that the multivar
iate dispersion in the five TP levels was comparable using the vegan:: 
betadisp function, followed by pairwise comparisons of group mean 
dispersions to avoid confounding dispersion and location effects. In case 
of significant effects, we performed multilevel pairwise comparisons 
using the pairwise.adonis function (Martinez Arbizu, 2020) with FDR 
correction of p-values for multiple testing. For a graphical representation 
of our data, we performed a redundancy analysis (RDA) using the 
vegan::rda function and assessed the significance of the constrained 
ordination by applying Monte Carlo permutation tests. The data of this 
study is available under https://doi.org/10.5281/zenodo.14893022.

3. Results

3.1. Effects of TP on plants

After 7 weeks of growth, we harvested the lettuce plants and 
measured SPAD values as a quick, non-destructive estimate of chloro
phyll content that can provide insights into photosynthetic activity and 
assessed the diameter of lettuce heads as an important market param
eter. Exposure of plants to 3 % TP significantly reduced the SPAD values 
of lettuce (− 17 %) relative to the control, while no differences were 
recorded at lower TP concentrations (Fig. S3 A, Table S6). Lettuce head 
diameter tended to decrease at 0.1 % and 0.5 % TP exposure compared 
to the control; however, a statistically significant reduction was only 
observed at 1 % TP exposure (− 3.4 %), with no significant differences to 

the control at 3 % TP exposure (Fig. S3 B, Table S6). Leek plants were 
harvested after 12 weeks, and we measured the height of the plants and 
the stem diameter as general indicators of plant growth performance. 
The height of leek plants did not change upon TP exposure (Fig. S3 C, 
Table S6). The effects of TP on the stem diameter of leek were biphasic: 
relative to the control, stems showed a trend of thickening at 0.1 % TP 
exposure, which intensified to significant differences (+19 %) at 0.5 % 
TP exposure. However, this trend reversed at higher TP levels, with no 
significant differences at 1 % TP and even a tendency for thinner stems 
at 3 % TP exposure (Fig. S3 D, Table S6).

Lettuce root DW did not change when exposed to concentrations up 
to 1 % TP; however, a significant reduction (− 10 %) relative to the 
control was observed when exposed to 3 % TP (Fig. 1, Table S7). Shoot 
DW of lettuce was not affected by 0.5 % TP exposure, but both lower and 
higher TP concentrations decreased shoot DW (Fig. 1, Table S7), with 
the largest decrease (− 23 %) relative to the control found upon exposure 
to 3 % TP. Leek root DW increased significantly at 0.1 % TP exposure 
(+47 %) when compared to the control. At 0.5 % TP exposure, although 
there was still a trend towards higher root DW, the effects were smaller 
(+23 %) and did not reach statistical significance (Table S7). Exposure 
to 1 % TP tended to negatively impact root DW relative to the control, 
with a further significant decrease (− 35 %) observed at 3 % TP (Fig. 1, 
Table S7). The shoot DW of leek significantly increased when plants 
were grown at 0.1 % TP (+9 %), 0.5 % TP (+13 %), and 1 % TP (+12 %). 
However, values decreased at 3 % TP exposure to levels comparable to 
the control (Fig. 1, Table S7).

We assessed the effect of TP addition on macro- and micronutrients 
in plant material, focusing on the comparison between 3 % TP and the 
control. The exposure to TP changed the macro- and micronutrient 
concentrations in the shoots (Table S8). From the ten elemental con
centrations we assessed, N, Cu, and Zn showed statistically significant 
and consistent changes across the two crops: In both crops, the con
centrations of N declined in the 3 % TP group relative to the control 
(lettuce: − 4 %, leek: − 6 %). The exposure to 3 % TP further significantly 
increased Cu concentrations (lettuce: +5 %, leek: +21 %), as well as Zn 
concentrations (lettuce: +58 %, leek: +27 %). The Mg concentrations 
did not change in either crop upon TP exposure. Furthermore, the S, Ca, 
and P concentrations did not change upon TP exposure in leek but 
increased relative to the control in lettuce. The Na concentrations 
decreased in the 3 % TP group relative to the control in lettuce but 
increased in leek. Tissue C and K concentrations did not change upon TP 
exposure in lettuce, while in leek the C concentrations increased and the 
K concentrations decreased.

3.2. Effects of TP addition on soil and soil biota

We measured the soil pH because it influences the availability of soil 
nutrients, focusing on the control and the 3 % TP group. There was one 
particularly influential observation in the data of lettuce, which we 
identified based on Cook's Distance as the outlier detection method. 
When replacing this observation with the group-specific mean, the 
impact of 3 % TP on soil pH changed from +0.093 [95 % CI 0.028, 
0.189] to +0.063 [95 % CI: 0.02, 0.139] relative to the control. No ef
fects of TP on pH were measured in soil cultivated with leek (+0.008 
[95 % CI − 0.039, 0.055]).

We stained intraradical AMF structures in the control treatments and 
the 3 % TP treatment group. The overall root colonisation rate was 
moderate (median 40 %) and we could not measure changes in root 
colonisation rates upon 3 % TP exposure, neither in lettuce (+4 % points 
[95 % CI − 2.7, 12.5]) nor leek (+3 % points [95 % CI − 3.7, 13.3]).

We conducted fluorometric enzyme assays to assess extracellular soil 
enzymatic activity because it is a sensitive indicator for changes in soil 
fertility. We show the effects of TP on the summed activities of enzymes 
involved in C-, N- and P-cycling, but give details on the activity of each 
enzyme in the supplementary material (Table S9 and Figs. S4 and S5). 
The activity patterns of C-, N-, and P-cycling enzymes upon TP exposure 
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reacted similarly under the cultivation of both crops but showed crop- 
specific differences in effect magnitude (Table S11). Under the cultiva
tion of lettuce, C-cycling activities did not change upon exposure to 0.1 
% or 0.5 % TP, however, C-cycling activity decreased in the 1 % TP 
(− 11 %) and 3 % TP (− 12 %) groups relative to the control (Fig. 2A). 
Under leek, C-cycling activity showed a slight increase at TP levels of 
0.1 %, 0.5 %, and 1 % compared to the control (+12 %, +5.5 %, and 
+9.8 %), yet activity in the 3 % TP group was lower (− 11 %) than in the 
control (Fig. 2D).

The activity of the N-cycling enzymes increased under the cultivation 
of both crops when exposed to TP. In lettuce, differences were 
measurable only upon exposure to 3 % TP with about 12.5 % higher 
values in the 3 % TP relative to the control group (Fig. 2B). The potential 
N-cycling activity under leek increased by 10 %, 13 %, 15 %, and 17 % 
relative to the control and upon exposure to 0.1 %, 0.5 %, 1 % and 3 % 
TP (Fig. 2E). In both crops, the activity of the P-cycling enzyme 
remained comparable to the control upon TP exposure of 0.1 % and 0.5 
%. However, the potential P-cycling activities dropped relative to the 
control at 1 % (lettuce: − 16 %, leek: − 10 %) and 3 % TP exposure 
(lettuce: − 10 %, leek: − 12 %) (Fig. 2C and F).

The soil microbial catabolic profiles were analysed using the 
MicroResp™ test. From the respiration profiles, we derived a range of 
parameters to describe microbial communities as detailed in the method 
section. Soil basal respiration increased relative to the control under 
lettuce and upon exposure to 3 % TP (+37 %), whereas for leek, the only 
statistically significant change was a decrease upon 0.5 % exposure 
(− 19 %) (Table S10). The microbial biomass carbon decreased under the 
cultivation of both crops when exposed to TP. Under lettuce, values 
decreased relative to the control when soils were exposed to concen
trations of 1 % TP (− 10 %) and 3 % TP (− 14 %). Under cultivation of 
leek, microbial biomass carbon dropped in all TP groups, with signifi
cant reductions of − 11 %, − 18 %, − 17 %, and − 20 % in response to 0.1 

%, 0.5 %, 1 % and 3 % TP relative to the control. The microbial meta
bolic quotient increased in soils from both crops: under lettuce values 
increased upon exposure to 1 % TP (+23 %) and 3 % TP (+62 %) relative 
to the control, while for leek it changed only upon 3 % TP exposure 
(+23 %) (Fig. 3C and G; Table S10). The MSIR under lettuce remained 
stable across the TP concentration range (Fig. 3D, Table S10). In 
contrast, it decreased under cultivation of leek and upon exposure to all 
TP concentrations with reductions of − 16 %, − 17 %, − 15 %, and − 7 % 
for 0.1 %, 0.5 %, 1 %, and 3 % TP exposure relative to the control 
(Fig. 3H, Table S10). The Shannon function diversity index did not 
change upon TP exposure under either crop (Table S10).

The response of the assimilation of each carbon substrate upon TP 
exposure is provided (Table S10, Figs. S6 and S7). When analysing the 
catabolic profiles jointly using the PERMANOVA test, we found stronger 
effects of TP addition on the microbial catabolic profiles under culti
vation of lettuce (R2 = 0.40, F = 5.87, Pr(>F) = 0.001) than leek (R2 =

0.228, F = 1.844, Pr(>F) = 0.056). The Redundancy Analysis (RDA) 
confirmed a significant relationship between TP addition and the cata
bolic profiles with 39 % and 22 % of the variance being accounted for by 
TP addition under lettuce and leek (Fig. 4A and B). For lettuce, multi
level pairwise comparison indicated significant differences in the joint 
catabolic profiles between the 3 % TP group and all other TP concen
trations (0 %, 0.1 %, 0.5 %, and 1 %), while for leek, catabolic profiles 
differed only between the control and 3 % TP exposure group 
(Table S12). The main substrates accounting for at least 10 % of the 
variability in the data profiles on axis 1 were identified as D-glucose, 
alpha-ketoglutaric acid, and oxalic acid and in the case of lettuce, also 
plain water (Fig. 4A and B).

Fig. 1. Effects of tyre particles (TP) on dry weight (DW) of lettuce shoots (A), lettuce roots (B), leek shoots (C), and leek roots (D). For each response, the raw data is 
displayed on upper panels, lower panels are Cumming estimation plots depicting effect sizes as mean differences plotted as bootstrap sampling distributions for each 
of the 4 TP groups (0.1 %, 0.5 %, 1 %, 3 %) against the control (0 %). Vertical error bars are 95 % confidence intervals. Effect sizes excluding zero are associated with 
significant differences in the classical frequentist sense (p ≤ 0.05).
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4. Discussion

4.1. TP affect plant biomass biphasically

Our data partly support hypothesis 1, showing that plants grown in 
the presence of TP can exhibit declines in shoot and root biomass 
(Table S7, Fig. 1). TP concentrations of 3 % reduced lettuce shoot 
biomass by almost a quarter and root biomass by around 10 %. Leek root 
biomass was drastically boosted at low TP exposure levels (up to +47 
%), but stimulating effects diminished at 1 % TP. At 3 % TP exposure, 
shoot biomass was reduced by as much as − 35 % relative to the control.

Earlier studies reported contrasting effects of TP exposure on plant 
biomass: Zeb et al. (2024a) found no biomass decline in mung bean 
(Vigna radiata) exposed to up to 1.5 % TP for 32 days, but Kim et al. 
(2022a) observed enhanced shoot and leaf growth in V. radiata after a 
28-day exposure to 0.1 % and 1 % TP. In line with our results, Leifheit 
et al. (2022) found decreased shoot biomass in leek at 1 % TP after a six- 
week growth period; yet, there were no stimulating effects at lower TP 
exposure in contrast to our results. However, Lv et al. (2024) showed 
that low TP concentrations (0.6–3 mg L− 1) stimulated the growth of a 
marine microalgae, while high TP concentrations (15 and 75 mg L− 1) 
reduced it. The phenomenon of biphasic dose-response curves is referred 
to as hormesis. It describes a situation when low doses of an effector 
enhance the response variable, whereas higher doses diminish the effect 
or even reduce it below control levels (Lushchak, 2014). Mechanisti
cally, TP are known to leach trace metals including Zn and Cu (Smolders 
and Degryse, 2002; Sommer et al., 2018), which play a role as crucial 

micronutrients for plants and microbes (Broadley et al., 2012) and may 
thus have stimulating effects on plants at low TP concentrations. Leifheit 
et al. (2022) showed that TP addition increased soil Zn levels. However, 
only TP concentrations exceeding 3 % (combined with the soil back
ground Zn levels) increased soil Zn concentrations beyond typical soil 
levels, which, according to a recent analysis of the LUCAS topsoil 
database, are usually below 167 mg kg− 1 (Van Eynde et al., 2023). Kim 
et al. (2022b) assessed the effects of TP originating from passenger cars 
and found a positive correlation between soil Zn (and sulphur) con
centrations and root growth. Similarly, earlier studies reported higher 
Zn concentrations in plant tissue upon contact with tyre material 
(Handreck, 1996), with Zn tissue concentrations generally reflecting 
concentrations in the soil solution (Poschenrieder et al., 1995). Like
wise, the plants in our study had enhanced Zn (up to +58 %) and Cu 
concentrations (up to +21 %) in shoot tissue upon exposure to 3 % TP 
(Table S8), suggesting uptake of these elements from TP. With foliar 
concentrations below 30 mg Zn kg− 1 and 8.5 mg Cu kg− 1, the measured 
values did not reach phytotoxic levels, which typically commence at 
100 mg Zn kg− 1 for sensitive crops (Marschner, 2011) and 20–30 mg Cu 
kg− 1 (Hodenberg and Finck, 1975; Marschner, 2011; Reuter et al., 
1981), suggesting that the plants in our experiment did not cross the 
thresholds for these trace elements. The sandy loam used in our study 
has a relatively low clay content, providing few binding sites for Cu and 
Zn. This could increase their concentration in the soil solution compared 
to soils with a higher proportion of clay. In contrast, the neutral soil pH 
could have contributed to Zn and Cu adsorption and the formation of 
less soluble compounds, thus limiting further plant uptake and 

Fig. 2. Effect of tyre particle (TP) addition on the standardized (z-scaled) extracellular enzymatic C-cycling (A, D), N-cycling (B, E) and P-cycling (C, F) in soils under 
cultivation of lettuce (A–C) and leek (D–F). The raw data is displayed on upper panels, lower panels are Cumming estimation plots depicting effect sizes as mean 
differences plotted as bootstrap sampling distributions for each of the 4 TP groups (0.1 %, 0.5 %, 1 %, 3 %) against the control (0 %). Vertical error bars are 95 % 
confidence intervals. Effect sizes excluding zero are associated with significant differences in the classical frequentist sense (p ≤ 0.05). C-cycling: scaled and summed 
activities of β-1,4-glucosidase, β-D-cellobiosidase, β-xylosidase and α-glucosidase, N-cycling: scaled and summed activities of β-acetylglucosaminidase and leucine 
aminopeptidase, P-cycling: scaled activity of alkaline phosphatase activity.
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Fig. 3. Effect of tyre particle (TP) concentration in soils under cultivation of lettuce (A–C) and leek (D–F) on microbial biomass carbon (MBC; 3A and 3D), microbial 
metabolic quotient (qCO2) expressed as mg CO2-C g-1 MBC-1 (3B and 3E), and the multiple substrate-induced respiration (MSIR; 3C and 3F). For each response, the 
raw data is displayed on upper panels, lower panels are Cumming estimation plots depicting effect sizes as mean differences plotted as bootstrap sampling distri
butions for each of the 4 TP groups (0.1 %, 0.5 %, 1 %, 3 %) against the control (0 %). Vertical error bars are 95 % confidence intervals. Effect sizes excluding zero are 
associated with significant differences in the classical frequentist sense (p ≤ 0.05).

Fig. 4. Redundancy analysis (RDA) of catabolic expression profiles (MicroResp-Test) in soil with different concentrations of tyre particle (TP) under cultivation of 
lettuce (A) and leek (B) and upon the addition of 8 substrates (water (H2O); D-glucose (GLU); L-alanine (ALA); gamma-aminobutyric acid (ABA); n-acetyl-glucosamine 
(NAG); oxalic acid (OA); alpha-ketoglutaric acid (KGA); xylan (XYL)). Ordination plots are based on Hellinger distances and constrained using TP concentration as 
the explanatory variable. Small black dots: location of the individual community profiles (samples); larger dots: group centroids; lines connect centroids to their 
respective data points, illustrating dispersion. Black squares: contributions of substrates accounting for >10 % of the variability in respiration profiles along axis 1; 
ellipses indicate uncertainty (95 % confidence intervals).
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preventing phytotoxic effects. An inverse stable isotope spiking 
approach (Yan et al., 2021) could further elucidate the fate and distri
bution of Zn in the soil by analysing its isotopes and conducting source 
tracing calculations (Künzli et al., 2024).

Importantly, other trace metals, such as chromium, cadmium or lead, 
could have leached from TP. These trace metals have no nutritional 
value and impair, e.g. the root and shoot development at low concen
trations (DalCorso, 2012). Once they accumulate, they can further 
disturb various physiological functions, including photosynthesis, and 
cause shifts in plant nutritional composition (DalCorso, 2012), yet we 
did not measure these and thus, can only speculate about their impact. 
Interestingly, however, we measured reduced SPAD values (− 17 %) in 
lettuce (Fig. S3), a proxy for chlorophyll content, next to significant 
changes in plant nutritional composition (Table S8). Notably, we 
observed but did not quantitatively assess alterations in root structure 
following TP exposure, particularly in leek, where the prevalence of 
finer roots at harvest could have affected plant nutrient acquisition. In 
line with this, Liu et al. (2023a, 2023b) showed that elevated MP con
centrations had adverse effects on the growth of peanut plants and plant 
N uptake. More specifically, MP damaged the plasma membranes of root 
cells and resulted in oxidative plant stress. Similar findings have been 
reported by others, showing that MPs can physically block root surfaces 
when particles attach, ultimately reducing plant performance (Gao 
et al., 2021; Huo et al., 2022).

Apart from trace metals, TP contain various organic compounds: Zeb 
et al. (2024a) identified sixteen different PAHs from TP and Castan et al. 
(2022) showed that different TP-derived compounds and a wide range of 
subsequent transformation products with largely unidentified toxicities 
are taken up by plants and can accumulate in plant tissue. While we used 
worn-out tyres for the current experiment, Castan et al. (2022) further 
demonstrated that TP derived from used tyres continue to leach a sub
stantial number of compounds. Although we did not analyse the 
chemical composition of the pore water in our experiment and therefore 
cannot identify the specific chemicals responsible for promoting or 
inhibiting plant growth, we assume that TP-derived compounds—such 
as organic contaminants, potentially toxic trace elements, or so far un
identified substances—ultimately impaired plant performance at higher 
exposure levels while at lower exposure levels, trace metals with 
nutritional values may have had a fertilisation effect.

Negative effects on plants may also come from TP-induced alter
ations in microbial community composition, which can affect the 
functional attributes of microbial communities, thereby ultimately 
influencing plant growth and health. This was shown by O'Brien et al. 
(2022) who found TP leachate to disrupt plant-microbe interactions and 
change plant properties. Effects of TP on plants can also be mediated by 
changes in physical soil properties: the addition of MP can induce 
changes in soil structure, increase soil bulk density, and decrease water- 
stable aggregates, and these changes ultimately also influence living 
organisms, including plants (De Souza Machado et al., 2019). However, 
Kim et al. (2022b) found that the origin of TP — whether from cars, 
bicycles, or e-scooters — was important for the effects on soil physical 
and chemical properties: TP from bicycles and e-scooters influenced 
some parameters but car-derived TP at concentrations of 0.1 % and 1 % 
caused no changes in bulk density, electrical conductivity, pH, soil 
organic matter, or water-holding capacity. Since our analyses focused on 
the living soil, we lack the data to assess the role of TP in explaining the 
observed patterns through changes in soil physical properties.

4.2. TP has effects on the microbial basis of the soil food web

Our findings partly support hypothesis 2, indicating that TP exposure 
impacts soil microorganisms: in both plants, TP did not significantly 
affect AMF root colonisation. However, it increased extracellular soil N- 
cycling, reduced C- and P-cycling sensitively, influenced microbial 
community metrics and shaped distinct microbial catabolic profiles.

AMF can be negatively affected by soil pollutants, thereby 

influencing soil ecosystem functioning at many levels (Powell and Rillig, 
2018). As postulated by Leifheit et al. (2021), AMF may be susceptible to 
MP: while the fungus can dwell under certain levels of trace metals or 
hydrocarbons and may even help plants deal with such soil contami
nants, higher concentrations of soil pollutants can negatively affect the 
establishment of the symbiosis (Cabello, 1997; Joner and Leyval, 2003; 
Wang et al., 2020). This can be observed and measured as reduced root 
colonisation, reduced spore formation, a decline in intraradical fungal 
structures and a smaller soil hyphal network. We did not find measur
able effects on root colonisation rates with native AMF when plants were 
grown in the presence of 3 % TP. This may indicate AMF tolerance to TP 
pollution, however, the staining method may have failed to detect small 
changes in root colonisation over the short TP exposure and growth 
period. We suggest using a variety of additional methods to detect AMF 
such as qPCR (Bodenhausen et al., 2021; Thonar et al., 2012) or 
amplicon sequencing (Delavaux et al., 2021; Schlaeppi et al., 2016; 
Tedersoo et al., 2018) to explore the potential impacts of TP on this 
important symbiotic interaction in more depth. Studying AMF in the 
context of soil pollution with TP is also crucial to understand their role in 
transporting chemicals from TP or MP into the bulk soil, similar to how 
they expand the rhizosphere by transporting substances through their 
hyphal network (Rillig et al., 2024).

Soil enzymes mediate key steps in the carbon, nitrogen, and phos
phorus cycles, enabling nutrient uptake by soil organisms. However, 
enzyme synthesis requires resources that could otherwise support mi
crobial growth. According to the optimality hypothesis, microbes bal
ance this trade-off by adjusting enzyme production: investing less when 
substrates are abundant and more when they are limited to maintain 
growth (Calabrese et al., 2022). Our observation of rising N-cycling 
activities could thus suggest an increased microbial demand for N to 
maintain microbial growth rates. Despite key differences in experi
mental design, Zhu et al. (2024) reported that exposure to 0.9 % TP 
significantly increased β-1,4-N-acetylglucosaminidase activity five 
weeks after addition in an incubation experiment at 100 % soil mWHC. 
In contrast, Zeb et al. (2024a) reported a reduction in soil urease activity 
in a controlled pot experiment with mung bean plants, even at the lowest 
TP exposure level of 0.1 % after 32 days of treatment. Similarly, urease 
activity in soils planted with Ipomoea aquatica also declined relative to 
the control following exposure to 0.1 % and 1 % TP (Zeb et al., 2024b). 
Moreover, our findings contrast with previous studies on phosphorus 
cycling. In our study, phosphorus cycling declined in both crops at TP 
exposures of 1 % and 3 % (Fig. 2c, f). In contrast, Zeb et al. (2024a)
reported increased soil alkaline phosphatase activity at 1.5 % TP, and 
Zeb et al. (2024b) observed enhanced phytase activity at 0.1 % and 1 % 
TP. When investigating carbon cycling, we observed decreased cellulase 
activity at high TP exposure in both crops (Fig. 2a, d), consistent with 
the decline in dehydrogenase activity reported by Zeb et al. (2024a). 
However, in contrast, Zeb et al. (2024b) found that dehydrogenase ac
tivity in soils planted with Ipomoea aquatica remained comparable to the 
control following exposure to TP. Recent studies have shown that TP can 
leach dissolved organic carbon into the soil, increasing the labile carbon 
content by releasing lipids, proteins, amino sugars, and carbohydrate- 
like compounds (Wei et al., 2025). Such changes may eventually 
trigger a “priming” effect, stimulating microbial metabolic activity 
(Rillig et al., 2021). However, in our study it remains uncertain whether 
TP degradation significantly influenced substrate levels in the soil so
lution within such a short time frame: TPs are notoriously hard to 
degrade and there is no evidence of positive priming in the data 
collected on microbes; instead, the data suggest a general decline in 
microbial biomass and activity, accompanied by increased microbial 
stress (qCO2), even at low TP concentrations. In general, it is known that 
EEA reacts sensitively to soil pollutants including trace metals and PAHs 
(Gianfreda et al., 2005; Smreczak et al., 1999), and as shown in a global 
meta-analysis, pollutants have enzyme-specific effects (Aponte et al., 
2020). Soil pollutants can directly act on the enzyme, e.g. by covalent 
bindings to active sites of an enzyme (Gianfreda et al., 2005). 

D. Kundel et al.                                                                                                                                                                                                                                 Applied Soil Ecology 214 (2025) 106340 

8 



Additionally, MP or TP-induced alterations in physical soil properties 
—such as water-holding capacity, soil density (de Souza Machado et al., 
2018), and soil structure (Wan et al., 2019) —can influence enzymatic 
activity, e.g. by disrupting water film-connected soil pores and conse
quently shifting enzyme-substrate interactions. Additionally, adsorption 
and desorption processes to TP have been described (Hüffer et al., 2019) 
and will likely influence substrate availability. Shifts in soil enzymatic 
activity may also be associated with changes in soil microbial commu
nity composition (Gianfreda et al., 2005; Kandeler et al., 1996; Xu et al., 
2024) as microbial species possess distinct genetic and metabolic ca
pabilities, which determine the types and quantities of enzymes pro
duced. The ultimate effects of MP and TP on extracellular enzymatic 
activity remain highly context-dependent: A recent meta-analysis 
incorporating 1812 observations across 9 MP types, highlights that 
factors such as soil pH, identity of the plant presence, exposure duration, 
MP type and size collectively shape the response of soil enzymes to MP 
exposure (Liu et al., 2023a, 2023b). Furthermore, as with other types of 
MP, numerous factors add complexity to understanding the impact of TP 
on soil enzymatic activity. These include, e.g. soil storage conditions 
before experiments (Kim et al., 2022b) and whether TP is introduced 
abruptly or gradually (Zhu et al., 2024).

In both crops, the microbial biomass carbon as assessed from the 
MicroResp™ test declined upon TP exposure, with measurable effects 
(− 11 %) in leek appearing already at TP concentrations as low as 0.1 % 
(Table S10). Alongside, the microbial metabolic quotient, which 
measured the efficiency of microbial respiration relative to the size of its 
biomass, increased by up to 62 % when exposed to 3 % TP (Fig. 3). This 
effect can be attributed to a greater allocation of carbon towards cell 
defence and repair mechanisms, at the expense of cell growth, indicating 
a microbial stress response. Finally, the decrease in total CO2 flux from 
all substrates (MSIR rate; Fig. 3) signifies a decrease in the overall mi
crobial activity. These effects likely stem from the multiple pathways 
through which TP influences soil systems, such as TP-derived leachates 
and indirect effects mediated by physical and chemical shifts in soil 
properties.

Microbial community functioning in the soils changed upon TP 
exposure as reflected in the distinct microbial catabolic profiles that 
separated the different TP concentrations (Fig. 4). Under lettuce culti
vation, shifts in functional community composition were observed be
tween the 3 % TP group and all other TP exposure groups and for leek 
between the 3 % TP group and the control (Table S12). Notable shifts in 
microbial communities upon TP-exposures were noted in earlier studies 
(Ding et al., 2022; Wei et al., 2025; Xu et al., 2024; Zeb et al., 2024a). As 
a potential driver of these shifts, Zn has been mentioned as the main 
toxicity-causing agent (Liu et al., 2022). Zn levels in our study are un
likely to have crossed toxic thresholds for plants, however, soil micro
organisms are significantly more susceptible to trace metal exposure 
(Giller et al., 1998, 2009). Although trace metals can induce shifts in 
microbial community assemblies, there are no distinct thresholds for 
microbial metal tolerance (Giller et al., 2009, 1998) or depend on site 
characteristics (Bünemann et al., 2006). A recent study further high
lights the role of leachable additives in explaining TP toxicity: Ding et al. 
(2022) identified five trace metals in TP and TP leachate, along with six 
organic compounds (acetophenone, 4-methylaniline, benzothiazole, 
octadecylacetate, N-cyclohexylfomamide, and dicyclohexylamine), that 
are toxic to microbes, thereby providing the first causal link between 
chemical additives and tyre toxicity in soil or sediment.

Shifts in microbial community composition may also be influenced 
by the particle itself, which functions as a novel ecological niche. Similar 
to the “plastisphere” (Rillig et al., 2024; Wang et al., 2022; Zettler et al., 
2013), the terms “TWPsphere” (Ding et al., 2023) and “Tyre plasti
sphere” (Zhang et al., 2025) have been coined: the tyre plastisphere 
describes the distinct physical and chemical properties of the particle, 
with conditions that contrast with the surrounding habitat. These con
ditions select a unique microbial community, likely including microbes 
that can degrade TP. Shifts in soil microbial communities have 

previously been reported in the context of TP pollution. For example, 
Zeb et al. (2024b) observed reduced Shannon diversity and increased 
Simpson evenness in the rhizosphere following the addition of 1 % TP, 
suggesting that TP may suppress bacterial diversity by promoting 
dominant taxa while inhibiting others. They also reported compositional 
changes in microbial community structure. Similarly, Zeb et al. (2024a)
found that TP exposure significantly altered soil microbiota, affecting 
the relative abundance of several bacterial and fungal genera in both 
bulk and rhizospheric soils.

4.3. Limitations and significance of results

Our TP were artificially produced from worn-out tyres. In the envi
ronment, pure rubber particles like the ones utilised in our current study 
are rarely encountered. Normally, particles formed during vehicular 
travel become coated with inorganic materials derived from road sur
faces and brake wear, which constitute 10–50 % of the particle volume 
(Sommer et al., 2018). Thus, artificially produced and real-world tyre 
particles have widely different shapes and chemical properties 
(Baensch-Baltruschat et al., 2020). Due to the distinct physical and 
chemical properties of particles produced by different methods, their 
impact on the plant-soil system can vary significantly, thus, experi
mental results obtained from artificially produced tyres are not directly 
applicable to environmental scenarios. Furthermore, in real-world sce
narios, TP accumulate gradually in soil, eventually reaching the con
centrations reported in the literature. This implies that a part of the TP 
has been present in the soil for years, potentially having already lost 
most of its leachable compounds and undergone surface ageing. The 
importance of considering the delivery rate—specifically, whether par
ticles are introduced gradually or all at once—was also emphasised by 
Zhu et al. (2024). Our experimental design, constrained by time limi
tations, differed from this natural process by introducing the entire TP 
amount at once. To partially mitigate this discrepancy and simulate 
long-term leaching effects, we utilised particles from old, worn tyres. 
However, it is important to acknowledge that despite this measure, the 
experimental conditions still deviate from those found in nature. The 
one-time addition of all particles likely amplified the soil system's 
response in terms of microbial adaptation, transport, and the availability 
of TP-derived leachates. Ideally, this study should be repeated using soils 
that have been stored for a longer period after TP contamination to 
reflect more realistic scenarios and better mirror longer-term effects.

Our data also showed that for some response variables, the effects of 
TP addition differed for soils under lettuce and leek cultivation, indi
cating that the type of crop grown may influence how TP affects the 
plant-soil system. This is supported by earlier studies showing species- 
specific effects of MP exposure on germination, oxidative stress, and 
root growth in lettuce, maize, radish, and wheat (Gong et al., 2021; Huo 
et al., 2022). However, a direct comparison of the susceptibility of let
tuce and leek in our study is limited by the different experimental du
rations of 7 and 12 weeks: Zeb et al. (2024b) observed that polycyclic 
aromatic hydrocarbons (PAHs) in soil and TP decreased over time, 
suggesting that the toxicity of TP change with their incubation time. 
Moreover, when marine microalgae were exposed to TP, the particulate- 
and leachate-toxicity decreased with increasing age of the TP (Lv et al., 
2024). In this light, it is not possible to discern species-specific suscep
tibility from the different exposure times and age-dependent effects in 
the current experimental set-up.

4.4. Summary and conclusions

We assessed the effects of artificially produced TP on the plant-soil 
system under controlled conditions using lettuce and leek as model 
plants. Our data indicate clear negative effects on plants when exposed 
to high TP levels, regardless of the plant species. The impacts of lower TP 
levels appeared more variable, likely influenced by differences in 
exposure time (7 vs 12 weeks) and species identity. While we assume the 
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negative effects primarily to be linked to toxic compounds leaching from 
TP, alterations in soil physical properties or effects mediated via mi
croorganisms may have been equally important. The observed effects of 
TP on extracellular enzymatic activities and functional attributes of soil 
microbial communities may suggest that TP could trigger a cascade of 
effects in the soil food web. Given the pivotal role of soil microbes in 
nutrient cycling and energy flow, these alterations could potentially 
impact higher trophic levels, influencing overall ecosystem functioning. 
Our study clearly emphasises the pressing importance of implementing 
measures to mitigate TP pollution of soils to preserve soil quality, plant 
development and guarantee safe production of food crops.
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Pflanzenernährung und Bodenkunde 150, 37–41. https://doi.org/10.1002/ 
JPLN.19871500108.

Sieber, R., Kawecki, D., Nowack, B., 2020. Dynamic probabilistic material flow analysis 
of rubber release from tires into the environment. Environ. Pollut. 258, 113573. 
https://doi.org/10.1016/J.ENVPOL.2019.113573.

Smolders, E., Degryse, F., 2002. Fate and effect of zinc from tire debris in soil. Environ. 
Sci. Technol. 36, 3706–3710. https://doi.org/10.1021/ES025567P.

Smreczak, B., Maliszewska-Kordybach, B., Martyniuk, S., 1999. Effect of PAHs and heavy 
metals on activity of soil microflora. In: Bioavailability of Organic Xenobiotics in the 
Environment, pp. 377–380. https://doi.org/10.1007/978-94-015-9235-2_19.

Sommer, F., Dietze, V., Baum, A., Sauer, J., Gilge, S., Maschowski, C., Gieré, R., 2018. 
Tire abrasion as a major source of microplastics in the environment. Aerosol Air 
Qual. Res. 18, 2014–2028. https://doi.org/10.4209/AAQR.2018.03.0099.

Tedersoo, L., Tooming-klunderud, A., Anslan, S., 2018. PacBio metabarcoding of Fungi 
and other eukaryotes: errors, biases and perspectives. New Phytol. 217, 1370–1385. 
https://doi.org/10.1111/nph.14776.

Thonar, C., Erb, A., Jansa, J., 2012. Real-time PCR to quantify composition of arbuscular 
mycorrhizal fungal communities—marker design, verification, calibration and field 
validation. Mol. Ecol. Resour. 12, 219–232. https://doi.org/10.1111/j.1755- 
0998.2011.03086.x.

Van Eynde, E., Fendrich, A.N., Ballabio, C., Panagos, P., 2023. Spatial assessment of 
topsoil zinc concentrations in Europe. Sci. Total Environ. 892, 164512. https://doi. 
org/10.1016/J.SCITOTENV.2023.164512.

Vierheilig, H., Coughlan, A.P., Wyss, U., Piche, Y., 1998. Ink and vinegar, a simple 
staining technique for arbuscular-mycorrhizal fungi. Appl. Envir. Microbiol. 64, 
5004–5007. https://doi.org/10.1128/aem.64.12.5004-5007.1998.
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