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Abstract: Tire and road wear particles (TRWP), which contribute significantly to microplastic emis-
sion, are receiving more attention, but details about particle composition, translocation from source
to sink, and particularly the possible effects on ecosystems are largely unknown. We examined
the influence of native TRWP-containing sediments from two settling ponds on the mortality and
behavior of the aquatic larvae of Chironomus riparius. Both sediments, whether pure or mixed with
different proportions of quartz sand and suspended in water, led to increased mortalities with in-
creasing concentrations and were shown to be oxygen consuming. Artificial aeration significantly
reduced larval mortality in both sediments. Chironomid larvae show high tolerance to anoxic and
polluted environments due to physiological and behavioral adaptations, such as the construction of
vertical sediment tubes (chimneys), in which they create oxic compartments. A significant correlation
was found between the proportion of contaminated sediment and the number of chimneys: the
more contaminated sediment, the fewer chimneys were constructed. The number of chimneys per
surviving larva decreased with an increased proportion of contaminated sediment in parallel to
increased larval mortality. We hypothesize that contents of these sediments negatively impact the
larvae’s ability to survive at low oxygen concentrations due to impairments of essential behavioral
and physiological processes.

Keywords: tire and road wear particles; TRWP; microplastics; Chironomus riparius; chironomid larvae

1. Introduction

Ecotoxicological research is inseparably linked with the ongoing and ever-changing
challenges of environmental pollution [1]. When considering the human impact on aquatic
and terrestrial ecosystems, the topic of plastic pollution is inevitable. But its environmental
impact is not limited to macroplastics (>20 mm) alone since it degrades into smaller
pieces [2] of macro- or meso-plastics (5–20 mm), microplastics (MP; 0.001–5 mm; [2,3]), and
even nanoplastics (NP; 1–1000 nm; [4]). These smaller particles have a higher mobility, can
spread much further than their source material, and have a larger total surface area [2,3,5,6].

1.1. Microplastics (MP)

Since the presence of small synthetic fibers and plastic particles in the environment
was first noticed [7,8], and since the term ‘microplastics’ was coined [9], countless studies
have been published in this fast-growing field, and the extent of MP pollution and its
ubiquity quickly became clear. There is evidence of the environmental accumulation of MP
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all around the world, from densely populated urban areas to even some of the most remote
regions (e.g., [2,10–17]), and for the uptake and excretion of MP/NP via the intestinal tract
of vertebrates and invertebrates, as well as its transfer along food chains [18,19]. During
this process, the MP/NP particles can mechanically injure those epithelia that come into
contact with them and lead to inflammation [20] or can induce immunotoxicity and disturb
the gut microbiome [21].

1.2. Tire and Road Wear Particles (TRWP)

It has become clear that inappropriate waste disposal and littering were not the only
sources of the large quantities of MP found across many different ecosystems. The abrasion
from tires alone (e.g., cars, trucks, bikes) accounts for one-third of the yearly MP emission in
societies with high mobility such as, e.g., Germany (330.000 t/a; [22]). Tires are composed
of natural and synthetic rubber (elastomer), reinforcing agents (carbon black, silica, silanes),
mineral oils, metal and textile reinforcements, vulcanization agents (ZnO, S, Se, Te), and
additives such as preservatives (halogenated cyanoalkanes), antioxidants (amines, phenols),
desiccants (calcium oxides), plasticizers (aromatic and aliphatic esters), processing aids
(mineral oils, peptizers), and other organic compounds [23–26]. The formulations differ
between different tire brands and vehicle types [26,27].

Several terms for tire-associated MP can be found in the current literature. Tire wear
particles (TWP; e.g., [26]), road-associated microplastic particles (RAMP; e.g., [28]), and
tire and road wear particles (TRWP; e.g., [24]) are most commonly used. Here, TRWP will
be used (unless other literature is referenced) to refer to particles created by motorized
traffic on paved roads containing a variety of known and indeterminate substances. This
term names the two most important components and clarifies that they are created by the
process of abrasion or wear.

As the size and shape of TRWP vary, so does their mode of transportation (air,
rain, wind; [25–27,29]), and not much is known about their translocation from source
to sink [25,26]. Settling ponds are artificial basins often very close to busy roads that
catch road runoff and attempt to separate water and particles from each other by sedi-
mentation before redirecting the water into connected running waters while retaining the
sediment [30].

By now, existing data on TRWP strongly suggest that the particles and their leachates
(heavy metals, PAHs, benzothiazoles, or resin acids; [26]) can pose a risk to exposed
organisms. TRWP effects have been summarized by Wagner et al. [26]. Furthermore,
a recent study by Tian et al. [31] demonstrated unanticipated risks to wildlife despite
the testing, approval, and registration of chemicals in tires. The authors showed that
N-(1,3-dimethylbutyl)-N’-phenyl-1,4-benzenediamine (6PPD), a chemical that is used as an
antiozonant in rubber tires all over the world, transforms into 6PPD-quinone by ozonation,
which is highly toxic and causes acute mortality in coho salmon (Oncorhynchus kisutch)
when it reaches their habitat, usually by stormwater runoff. This study illustrates both the
importance of the appropriate management of road runoff as well as the need for even
more research to gather further information about the emission, composition, fate, and
toxicity of TRWP. In this context, Wagner et al. [26] highlighted a need for studies that use
‘real’ TRWP from environmental samples in environmentally relevant concentrations. This
requirement is taken into account in the present study.

1.3. Test Organism

The non-biting midge Chironomus riparius MEIGEN, 1804, is a well-established and
widely used test organism in ecotoxicology. This species belongs to the large, globally
distributed family of Chironomidae with an estimated 15,000 species [32], and their aquatic
larvae are among the most abundant biota across a large variety of freshwater ecosystems
(up to 50,000 individuals/m2; [32,33]). They construct U-shaped tunnels or J-shaped tubes
out of fine-grained sediments, stuck together by silk proteins [32,34]. The larvae of C.
riparius are collector-gatherers or deposit feeders, which means that they feed on fine
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particulate organic matter (FPOM) and bacteria that accumulate on and in sediments. Only
their head and anterior body extend outside the burrow, where they forage around its
entrance, which reduces the risk of predation [32]. Disturbed larvae stop feeding until they
find or construct a new tube [35].

1.3.1. Adaptations to Pollution and Anoxia

The movements of the unburied larvae were described by Brackenbury [36]. While
swimming, the larvae form a ‘figure-of-eight’ shape that is typical for chironomids. During
respiratory undulation, the whole body moves like a sinusoidal wave, usually inside or close
to the animals’ dwellings in order to irrigate them with fresh, oxygen-rich water and to flush
metabolites and CO2 out [32,36,37]. Both also facilitate and enable better oxygen uptake by
creating a flow of oxygen-rich(er) water over their body surface [32,36]. Studies have shown
a negative influence of selected pollutants on the locomotion and ventilation behavior of
larvae [38,39]. Another very common stressor in freshwater ecosystems besides chemical
pollution is the shortage of oxygen, especially in the fine sediments with high contents of
organic matter, the typical habitat of C. riparius [32]. In response to low oxygen content,
the larvae construct vertical ‘chimneys’ built up from sediment as an elongation of their
burrows [37]. By doing so, the larvae can create ‘oxic sediment compartments’ in hypoxic
or anoxic environments, which they irrigate with fresh, oxygen-rich surface water [37]. An
increase in body undulation in and around the chimneys can also be observed and serves
both oxygen uptake and chimney irrigation [37].

1.3.2. Hemoglobin

The larvae are also physiologically optimized for life at very low oxygen concen-
trations, which is mostly achieved through large quantities of hemoglobin (Hb), freely
dissolved in the hemolymph of the animals, with a very high affinity to oxygen [40,41]. It
is also suspected to play a role in removing toxic compounds from cells (pseudoperoxidase
activity; monooxygenase-like activity; [32,40]), contributing to the resilience of the larvae
against a wide array of pollutants.

1.4. Research Questions

With the present work, we meet the demand [26] to test native TRWP-containing
sediment samples from the environment under environmentally relevant conditions for
their toxicity to organisms that are behaviorally and physiologically adapted to sediment
life. Larvae of C. riparius were exposed to these sediments under different conditions, and
their effects on the mortality and behavior of the larvae were documented. In particular, we
focused on the interplay of TRWP-contaminated sediment exposure and oxygen deficiency.
The aim of this study was thus to get an exemplary impression of the extent to which real
sediments from the runoff of busy roads have ecotoxicological significance for a freshwater
species highly adapted to extreme conditions and to generally improve the data situation
in this scarcely studied subject area.

2. Materials and Methods
2.1. Sediment Collection and Preparation

Two fine-grained TRWP-containing sediments from and around two settling ponds
in Germany were collected and processed (dried, pulverized, and sieved). The settling
ponds are located (i) close to Lake Halensee (HS) in Berlin, next to some of the most
heavily traveled roads in Germany (52◦29′42.1′′ N 13◦16′45.7′′ E), and (ii) next to Highway
B27 (B27), also a heavily traveled road connecting Stuttgart and Tübingen (48◦32′02.2′′ N
9◦06′54.9′′ E). The sediment from the settling pond at HS was obtained and processed
by the Environmental Research Center (UFZ) Leipzig on 6 December 2018 [42]. Even
though a sieve with a mesh size of 0.5 mm was used in the processing of the sediment, the
majority of the sediment was finer than this. The average grain size was determined to be
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0.026 ± 0.016 mm using the Set Scale function of ImageJ/Fiji [43] and corresponded to fine
to medium silt on the Wentworth grain size chart ([44]; Figure 1A).
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Figure 1. The dried and pulverized test sediments, the test site B27, and the experimental setup
for the ventilation experiments. (A) The black sediment from HS, as provided by the UFZ Leipzig
(sample taken directly from the settling pond on 6 December 2018). (B) The dark grey sediment
from B27, collected from the runoff slope to the settling pond (28 April 2020, 7 August 2020, and
15 November 2020). (C) Sample collection from the runoff slope (B27). The accumulated TRWP-
containing sediment could be scraped off in layers. (D) Drone footage of the settling pond at the B27,
taken from above (19 January 2022) by LÊMRICH STUDIO. The road, the runoff slope, and the test
site are indicated. (E) Setup of the experiments (in a climate-controlled chamber; 20 ◦C, light–dark
cycle of 12:12 h), where 50% of the treatments and the control were artificially ventilated with an air
pump connected to rubber hoses and glass pipettes. In the left corner, the vacuum flask with low
oxygen control (negative pressure, NP) can be seen (100 mbar).

The sediment from the settling pond at B27 was collected directly from the runoff slope
from the highway to the settling pond (28 April 2020, 7 August 2020, and 15 November
2020; test site; Figure 1C,D). It was dried in a drying cabinet (Memmert GmbH + Co. KG,
Schwabach, Germany) at 40 ◦C for 24 h. Thereafter, it was pulverized using a Quad Blade
Chopper CH580 (Kenwood Limited, Havant, UK) and sieved (in accordance with the
methods used by the UFZ Leipzig on the HS sediment) using a 0.6 mm sieve. Even though
the grain size of the B27 sediment was not explicitly determined, it can be assumed by its
dry and wet appearance and the direct visual comparison to the HS sediment that it can
also be classified as silt according to the Wentworth grain size chart (Figure 1B).

Both sediments were dark, fine-grained, and powdery. The dry HS sediment was
black, while the B27 sediment was dark grey in color (Figure 1A,B).

2.2. Estimation of TRWP Content by Particulate Zn Method

The analysis of both sediments was performed by the UFZ Leipzig; the protocol can
be found in [24]. It consists of a gravity separation using sodium polytungstate (SPT),
following the determination of Zn content in the fraction from 1.2–1.9 g/cm3 by inductively
coupled plasma-mass spectrometry (ICP-MS), from which the amounts of TRWP were
estimated. The detected Zn content of the density fraction (1.2–1.9 g/cm3) was converted
by using the weight ratio of this density fraction to represent the non-mineral Zn content of
the whole sediment. Klöckner et al. determined pure TP to have a Zn content of 8.7 mg
Zn/g TP [24]. Thus, the concentration of TRWP in the whole sediment was calculated.
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Furthermore, the share of TP in TRWP was estimated at 50%, which was also taken
into account.

2.3. Maintenance of C. riparius

The larvae of C. riparius used in this study were obtained from five long-standing
cultures kept in a climate-controlled chamber (20 ◦C, light–dark cycle of 12:12 h) at the
University of Tübingen (Germany). The larvae were between 24 and 25 days old (third to
fourth instar) at the beginning of each experiment.

They were reared in basins (30 × 55 × 12 cm) filled with washed and annealed quartz
sand (3 cm thick layer; particle size 0.2–0.6 mm, corresponding to fine-coarse sand on
the Wentworth grain size chart [44]) and a 50%/50% mix of aerated, filtered tap water
(activated charcoal filter 0.3 µm; Reiser Blockfilter®, Reiser Filtertechnik GmbH, Hainburg,
Germany) and deionized water, which were covered by mesh cages (55 × 65 × 120 cm;
mesh size: 0.5 mm) to enable the adult animals to swarm and mate while also restraining
them. Half the volume of the water mix in each basin was changed once per week. The
larvae were fed dry flaked fish food (TetraMin®, Tetra GmbH, Melle, Germany) three times
a week.

2.4. Experimental Design

In advance, the glass vessels (diameter: 7.0 cm, height: 6.5 cm) used in the mortality
and behavior experiments were filled with nitric acid (5% HNO3; left for 24 h), rinsed with
deionized water, then autoclaved and dried at 80 ◦C. For the experiments, they were filled
with 10 g (dry wt.) of either quartz sand (control; grain size 0.2–0.6 mm, corresponding
to fine–coarse sand on the Wentworth grain size chart; [44]), raw test sediment (HSraw,
B27raw), or different proportions of test sediment and quartz sand, to achieve a gradient
of different TRWP concentrations (Table 1). As the fine-grained test sediments did not
disperse easily in water, the sediment and/or sediment and sand were mixed with filtered
tap water in Falcon tubes using a vortex mixer to aid with dispersion before transferring it
into the glass vessels. To all vessels, a total volume of 100 mL of water was added before
they were covered with perforated Parafilm® (Carl Roth GmbH, Karlsruhe, Germany).

Table 1. Overview of all treatments used in experiments. Experiment_1: HSraw: raw, unfractionated
sediment from the Halensee (HS) settling pond, dispersed in water. Experiment_2: B27raw: raw
sediment from the B27 settling pond (collected 28 April 2020), dispersed in water. Experiments_3
and 4: 10 g HSO2/10 g B27O2: the aerated, dispersed sediment from the HS/B27 settling pond (B27:
collected 28 April 2020, 7 August 2020 and 15 November 2020). Refers to the individual aeration of
each glass for the whole duration of the experiment. The vacuum flask setup (NP) is not included here
because it was only possible to run a single replicate with each experiment (n = 1). All: n refers to the
number of glasses (replicates) for each treatment. Each glass contained five larvae. The total number
of larvae per treatment is noted under the respective figures. (H2O/water: filtered water; sand:
annealed quartz sand; aer.: continuously aerating the water in the glasses; control: pure quartz sand).

Description Treatment Description Treatment

Experiment_1 (HS; n = 10)→ +100 mL H2O Experiment_2 (B27; n = 10)→ +100 mL H2O

Control 0 g HSraw/10 g sand Control 0 g B27raw/10 g sand
1 g HSraw 1 g HSraw/9 g sand 1 g B27raw 1 g B27raw/9 g sand
2 g HSraw 2 g HSraw/8 g sand 2 g B27raw 2 g B27raw/8 g sand
5 g HSraw 5 g HSraw/5 g sand 5 g B27raw 5 g B27raw/5 g sand
10 g HSraw 10 g HSraw/0 g sand 10 g B27raw 10 g B27raw/0 g sand

Experiment_3 (HS + O2; n = 10)→ +100 mL H2O Experiment_4 (B27 + O2; n = 10)→ +100 mL H2O

Control 10 g sand Control 10 g sand
10 g HSraw 10 g HSraw 10 g B27raw 10 g B27raw
ControlO2 10 g sand + continuous aer. ControlO2 10 g sand + continuous aer.
10 g HSO2 10 g HSraw + continuous aer. 10 g B27O2 10 g B27raw + continuous aer.
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In the experiments addressing the influence of oxygen depletion, half of the test
and control vessels were individually ventilated with glass pipettes connected to rubber
hoses and a HAILEA® air pump (ACO-9620, China) for the purpose of artificial aera-
tion (Figure 1E). During two experiments (n = 2), 20 additional larvae were kept in an
airtight vacuum flask at around 100 mbar (maintained by a Standard Duty Diaphragm
Pump MPC 090 E; Welch by Gardner Denver; Ilmenau, Germany; controlled by a time
switch; runtime: 15 min every other hour) with a 1 cm thick layer of quartz sand and
400 mL of filtered tap water as a low oxygen control with ~1% O2 (NP: negative pressure;
Figures S1 and 1E). After adding five larvae to each test vessel, they were kept in a climate-
controlled chamber (20 ◦C, light–dark cycle of 12:12 h) in a randomized setup for 96 h
without any additional feeding.

2.5. Determination of Mortality and Assessment of Behavior

Due to the opacity of the water originating from the dispersed, dark test sediments,
data on larval behavior (i.e., the number of constructed vertical chimneys per glass vessel)
and mortality (i.e., the number of deceased or untraceable individuals) could only be
recorded at the end of the experiments after 96 h. As a behavioral endpoint, the number of
chimneys constructed per glass vessel was recorded by counting the chimneys with the
aid of a flashlight. By illuminating the glass vessels from the side, the chimneys could be
counted from above. A larva was considered dead when it remained immobile for 30 s
after it was lightly touched with a blunt glass pipette. Data were collected with minimal
disturbance to the larvae or the sediments. Whenever the mortality in the control remained
≤ 10% after 96 h, the experiment was considered valid.

2.6. Water Analysis

By using an HQ40D digital two-channel multimeter (HQ40D.99.000000; HACH, Love-
land, CO, USA), the following parameters were determined in water samples taken 96 h
after the onset of the experiments: water temperature, O2 saturation (with an Intellical
LDO101 Field Luminescent/Optical Dissolved Oxygen (DO) Sensor (LDO10105)), pH-
value (with an Intellical PHC201 Laboratory General Purposes Gel-Filled pH Electrode
(PHC20103)) and the conductivity (with an Intellical CDC401 Laboratory 4-Poles Graphite
Conductivity Cell (CDC40101). Further analysis of the water samples was conducted to
determine the levels of nitrate, nitrite, ammonia, phosphate, and chloride using NANO-
COLOR tube tests for photometric analysis (Ref. 985064 (Nitrate 50), Ref. 985068 (Nitrite
2), Ref. 985003 (Ammonium 3), Ref. 985076 (ortho- and total-Phosphate 1), Ref. 985019
(Chloride 200) used according to instructions; measurements conducted with compact
photometer PF-12Plus (Ref. 919250); MACHEREY-NAGEL GmbH & Co. KG, Düren, Ger-
many). Water samples were also analyzed for metals (aluminum (ICP-OES), lead, chrome,
zinc (all: ICP-MS)) by a commercial provider (DVGW–TZG Wasser, Karlsruhe, Germany).
The limits of quantitation for the four elements were as follows: aluminum: 0.020 mg/L,
zinc: 0.02 mg/L, lead: 0.001 mg/L, and chromium: 0.0005 mg/L.

2.7. Data Analysis

The statistical analyses of the data for mortality and behavior (chimney construction)
were carried out with JMP 15.2.0 (SAS Institute Inc., Cary, NC, USA, 1989–2019). The
mortality rates and the frequencies of living and dead larvae at 96 h were compared using a
two-sided Fisher’s exact test with subsequent Bonferroni–Holm correction (α-level = 0.05).
The relationship between the amount of B27raw sediment and the number of chimneys per
glass at 96 h was analyzed by nonlinear regression and subsequent ANOVA.

3. Results
3.1. Description of Test Sediments

The differences in smell and appearance between the two test sediments (HSraw,
B27raw) were conspicuous. The sediment from HS was black in color, while the sediment
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from B27 was dark grey (Figure 1A,B). Once the sediments were dispersed in water, the
differences in coloration and smell became even more prominent. The sediment from
HS initially created a black and opaque eluate, which, after the suspended matter settled,
was colored yellow and smelled strongly of tar. This smell faded over the course of the
experiment, but the samples never smelled of decaying organic matter, which was the
case for the sediment from the B27. This sediment also produced an opaque eluate with
a blueish hue after it settled. After only 24 h, the smell of decomposed matter of the B27
sediment was much stronger than the smell from the HS sediment, and it steadily increased
over the course of the experiments (96 h).

3.2. Estimation of TRWP Content by Particulate Zn Method

The analysis of the HS sediment from 2017 showed a TRWP content of 130 ± 15 mg
TRWP per gram sediment [24]. The analysis of our samples of the sediment from the B27
(2022) revealed a content of 35 ± 3 mg TRWP per gram sediment. Following the common
assumption that tire particles (TP) contribute 50% of TRWP [24,27,45–47] suggests a content
of 65 mg TP/g (HS) and 17.5 mg TP/g (B27), respectively. The TRWP content of the HS
sediment was about four times higher than the TRWP content of the B27 sediment.

3.3. Water Analysis (Experiment 3 and 4)

The analysis of the physical and chemical properties of the composite samples revealed
several differences between the sediments, which are summarized in Table 2.

Table 2. Results of the water analysis of the eluates, recorded at 96 h in a climate-controlled chamber
(20 ◦C). Temperature [◦C], O2 [%] (Intellical LDO101 Field Luminescent/Optical Dissolved Oxy-
gen (DO) Sensor (LDO10105)), pH (Intellical PHC201 Laboratory General Purposes Gel-Filled pH
Electrode (PHC20103)) and conductivity [µS] (Intellical CDC401 Laboratory 4-Poles Graphite Con-
ductivity Cell (CDC40101)) recorded with HQ40D digital two-channel multimeter (HQ40D.99.000000;
multimeter and all sensors by HACH, Loveland, CO, USA). NANOCOLOR tube tests for photo-
metric analysis (Ref. 985064 (Nitrate 50), Ref. 985068 (Nitrite 2), Ref. 985003 (Ammonium 3), Ref.
985076 (ortho- and total-Phosphate 1), Ref. 985019 (Chloride 200) used according to instructions;
measurements conducted with compact photometer PF-12Plus (Ref. 919250); MACHEREY-NAGEL
GmbH & Co. KG, Dueren, Germany). Metal analysis (aluminum, lead, chrome, zinc) by DVGW–
Technologiezentrum Wasser (Karlsruher Straße 84, 76139 Karlsruhe).

Conductivity [µS] pH Temperature [◦C] Oxygen [%]

Experiment_3: Control 499.8 ± 6.3 7.2 ± 0.4 19.9 ± 0.3 98 ± 0%
10 g HSraw 1085.4 ± 22.3 7.3 ± 0.1 19.8 ± 0.2 16 ± 3%
ControlO2 511 ± 14.0 8.2 ± 0.2 18.8 ± 0.3 99 ± 0%
10 g HSO2 1106.7 ± 23.8 7.7 ± 0.1 18.9 ± 0.2 87 ± 7%
NP 484 6.5 19 18%

Experiment_4: Control 499.5 ± 1.9 6.6 ± 0.5 18.9 ± 0.6 90 ± 1%
10 g B27raw 2873 ± 59.6 7.6 ± 0.1 17.9 ± 0.6 2 ± 1%
ControlO2 566.5 ± 34.7 7.7 ± 0.2 17.3 ± 0.5 92 ± 1%
10 g B27O2 2224.7 ± 163.3 8.3 ± 0.1 17.2 ± 0.3 1 ± 0%
NP 542 7.9 19.2 12%

Nitrate
[mg/L NO3−N]

Nitrite
[mg/L NO2−N]

Ammonium
[mg/L NH4−N]

Phosphate
[mg/L PO4−P]

Chloride
[mg/L Cl−]

Experiment_3: Control 1.2 0.011 0.24 0.12 18
10 g HSraw 4.2 0.381 >2.3 0.44 104
ControlO2 1.2 0.025 <0.04 0.05 19
10 g HSO2 3.1 0.028 2.3 0.15 101
NP 1.3 0.055 0.56 0.39 21

Experiment_4: Control 1.8 0.009 0.36 0.06 20
10 g B27raw 2 0.213 0.9 1.5 200
ControlO2 2.5 0.056 0.14 0.19 25
10 g B27O2 3.6 0.382 1.39 1.5 200
NP 0.3 0.215 0.26 27

Aluminum [mg/L] Zinc [mg/L] Lead [mg/L] Chromium [mg/L]

Metals: Control 0.02 - - 0.0009
10 g HSraw 0.61 1.56 0.024 0.025
10 g B27raw 1.00 0.70 0.01 0.01
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The oxygen-consuming properties of the sediments were more pronounced in the
B27 sediment than in the HS sediment (O2 content in the eluate at 96 h: HS: 17,5%; B27:
2%). The conductivity of the eluate was also higher in the B27 samples than in the samples
from HS (HS: 1085 µS/cm; B27: 2873 µS/cm). The levels of nitrate, nitrite, ammonia,
phosphate, and chloride were higher in both test sediments than in the control groups, and
they exceeded the concentrations regularly found in unpolluted surface waters (nitrate:
0.4–8 mg/L; nitrite: under 0.001 mg/L; ammonium: under 0.1 mg/L; phosphate: under
0.1 mg/L, chloride: 10–30 mg/L; [48]).

With respect to metal contents, the control samples were below the limits of detec-
tion for zinc and lead. However, very low concentrations of aluminum (0.02 mg/L) and
chromium (0.0009 mg/L) were detectable. In both sediment samples, the metal thresh-
olds for drinking water in Germany were exceeded or met (aluminum: 0.2 mg/L; lead:
0.01 mg/L, both [49]; zinc: 0.02 mg/L, [48]), or their concentration was elevated compared
to the control group (chromium: 0.05 mg/L, [48]). There was a higher aluminum concentra-
tion in the sample from the B27 (1.0 mg/L) and a higher zinc concentration in the sample
from the HS (1.56 mg/L). The HS sample contained more than twice as much lead and
chromium (0.024 mg/L and 0.025 mg/L) as the B27 sample (both 0.01 mg/L).

3.4. Mortality after Exposure to Raw Sediments (Experiments 1 and 2)

While the mortality of the larvae in the control group and the larvae exposed to lower
amounts of the HSraw sediment remained <5%, it was significantly increased (36%) in the
treatment with 10 g pure HSraw sediment (p < 0.0001 *, Fisher’s exact test: df = 4, n = 250,
Table S1, Figure 2). The mortality (18%) of larvae exposed to 2 g B27raw sediment was
significantly raised compared to the control (p = 0.0157 *) and the lowest amount tested
(1 g B27raw p = 0.0026 *), as was the mortality of the larvae in the experiments with even
higher amounts (5 g B27raw: 54%; 10 g B27raw: 45%; all p < 0.0001 *, Table S1). Mortality
also significantly differed between 2 g B27raw and both 5 g B27raw (p = 0.0003 *) and 10 g
B27raw sediment (p = 0.0049 *) but the mortality caused by the two highest concentrations
did not differ significantly from each other (Figure 2; Fisher’s exact test: df = 4, n = 248,
p < 0.0001 *).
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Figure 2. Mortality of the larvae exposed to sediment from the Halensee (HS) and B27 settling ponds
in different concentrations after 96 h. Fisher’s exact test: (HS: df = 4, n = 250, p < 0.0001 *; B27:
df = 4, n = 248, p < 0.0001 *) corrected for multiple comparisons using subsequent Bonferroni–Holm
correction. Significant differences indicated by letters. Significant differences between the sediments
not shown but described in text. Sample size: n = 10; number of larvae: control and all treatments
n = 50. (Control: 10 g sand; 1 g: 1 g HS/B27 sediment, 9 g sand; 2 g: 2 g HS/B27 sediment, 8 g
sand; 5 g: 5 g HS/B27 sediment, 5 g sand; 10 g: 10 g HS/B27 sediment (pure, no sand); all: 100 mL
filtered water).
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With both TRWP-containing sediments, larval mortality increased with an increasing
proportion of contaminated sediment. However, the reaction of the larvae to the two
sediments differed. The mortality of the larvae exposed to the sediment from HS only
increased significantly in the larvae exposed to 10 g HSraw sediment while the mortality
increase was steeper and reached a plateau at 5 g with the larvae exposed to the sediment
from B27. The largest difference between the two sediments was observed at a quantity of
5 g (p < 0.0001 *; HS: 4% mortality, B27: 54% mortality).

3.5. Mortality after Exposure to Aerated and Not Aerated Sediments (Experiments 3 and 4)

During these experiments, 50% of the glasses of the treatments (HS/B27) and controls
were individually aerated for the duration of the whole experiment to keep the oxygen
content in these glasses artificially high (Figure 1E).

The mortality of the larvae exposed to 10 g of the non-aerated HSraw sediment (46%)
was significantly higher compared to the non-aerated control group (p < 0.0001 *). In
contrast, the mortality of the larvae exposed to 10 g of this sediment in the aerated HSO2
setup (10%) was significantly lower than in the non-aerated setup (10 g HSraw; p = 0.0001 *).
There was no significant difference between the two control groups and none between
the treatment (10 g HSO2) and either control (Figure 3; Fisher’s exact test: df = 4, n = 220,
p < 0.0001 *). Forty percent of larvae exposed to the non-aerated sediment from B27 (10 g
B27raw) died after 96 h (Figure 3), and this mortality was significantly higher than in
the non-aerated control (2%; p < 0.0001 *) and in the aerated B27 sediment (B27O2, 10%;
p = 0.001 *). No significant differences between the two controls or among the aerated
treatments could be detected (Fisher’s exact test: df = 4, n = 220, p < 0.0001 *).
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Figure 3. Mortality of the larvae exposed to sediment from the Halensee (HS) and B27 settling
ponds in non-aerated (10 g HSraw/B27raw) and individually aerated glasses (10 g HSO2/B27O2), their
measured oxygen content at 96 h, and the mortality in the vacuum flask (low oxygen control; O2

content calculated; Figure S1). The error bars represent the standard deviation. Fisher’s exact test:
df = 4, n = 220, p < 0.0001 *; corrected for multiple comparisons using subsequent Bonferroni–Holm
correction. Significant differences indicated by letters; upper row: experiment 3 (HS), bottom row:
experiment 4 (B27). Sample size: n = 10; number of larvae: all treatments and control n = 50; NP n = 20.
(Control: 10 g sand; 10 g HSraw/B27raw: 10 g HS/B27 sediment; ControlO2: 10 g sand, continuous
aeration; 10 g HSO2/B27O2: 10 g HS/B27 sediment, continuous aeration; all: 100 mL filtered water.
NP: larvae in vacuum flask under negative pressure (NP; calculated mean of two experiments; n = 2);
1 cm sand, ~400 mL filtered water).

In the vacuum flask under negative pressure (NP), a larval mortality of 30% and 15%,
respectively, was recorded during the two runs (mean = 23% ± 10.6; n = 2).

The oxygen content was consistently very high in the control groups of all experiments
(between 90% and 99%; Figure 3). The water samples of the non-aerated 10 g HSraw had an
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O2 content of 16%, while the aerated 10 g HSO2 was at 87%. Both experiments applying the
sediment from B27 showed a very low O2 content, 2% in 10 g B27raw and 1% in 10 g B27O2.

The O2 content of the water in the vacuum flask could not be measured without
breaking the seal, which would have distorted the results, but since a pressure of around
100 mbar and thus a partial pressure of ~2 kPa O2 was maintained for the duration of the
experiments, it can be calculated that the O2 content in the water inside the flask was ~1%
O2 (Figure 3 and Figure S1).

3.6. Chimney Construction

The number of chimneys the larvae constructed in the fine-grained test sediments
(experiments 2, 3, and 4) was recorded at the end of the experiments at 96 h. The mean
number of chimneys decreased from 6.2 chimneys/glass to 1.1 chimneys/glass as the
amount of B27raw sediment in experiment 2 increased from 1 g to 10 g. This relation was
shown to be significant by non-linear regression analysis (Figure 4A) and a subsequent
ANOVA (F(2, 36) = 41.6079, p < 0.0001 *). When calculating the quotient of the number of
chimneys at 96 h and the number of surviving larvae at 96 h (Figure 4B), a decreasing trend
with an increasing amount of B27 sediment could be observed. While a larva exposed to
1 g of B27raw sediment built 1.24 chimneys on average, a larva exposed to 10 g of B27raw
sediment built only 0.41. The larval mortality at 96 h (as shown in Figure 4B) followed an
opposing trend: the more contaminated sediment, the higher the mortality, and the fewer
chimneys were constructed.
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Figure 4. Chimneys build out of the fine-grained test sediments from the settling ponds at the B27
by the larvae exposed to them and larval mortality at 96 h (experiment 2, sample sizes: Table 1).
Significant differences indicated by letters. (A) Nonlinear regression of the number of chimneys
depending on the amount of sediment from the B27 (ANOVA: F (2, 36) = 41.6079, p < 0.0001 *). (B) The
number of chimneys at 96 h per surviving larva at 96 h and the larval mortality at 96 h in the four
different concentrations of B27 sediment. (1 g B27raw: 1 g B27 sediment, 9 g sand; 2 g B27raw: 2 g B27
sediment, 8 g sand; 5 g B27raw: 5 g B27 sediment, 5 g sand; 10 g B27raw: 10 g B27 sediment (pure, no
sand); all: 100 mL filtered water).

4. Discussion
4.1. TRWP Content

As expected, the two samples of TRWP-containing sediments from HS and B27 dif-
fered in their physical and chemical properties, as well as in their effects on the survival
and behavior of the larvae of C. riparius. One reason for this could be the difference in the
concentration of TRWP between the two samples. The analyses showed that the TRWP
content in the HS sediment (130 ± 15 mg/g) was about four times higher than in the B27
sediment (35 ± 3 mg/g). This is not surprising since the intensity of traffic on the A100
around Berlin’s Halensee is also about four to five times higher (~140.000 motorized vehi-
cles/24 h; [50]) than on the B27 around Tübingen (~30.000 motorized vehicles/24 h; [51]).
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These results are underlined by the differences in color and odor of the sediments and
their eluates. The sampling method (HS: scooped from the bottom of the settling pond;
B27: collected from the vegetated runoff slope) might also account for the difference in
the amount of organic material and thus TRWP concentration in the samples, as it can be
assumed that the TRWP concentration was ‘diluted’ by the elevated amount of detritus
in the samples from B27. The fact that the oxygen consumption in the B27 sediment is
much higher than in the HS sediment (Figure 3) supports this hypothesis as well since the
bacterial decomposition and degradation of organic matter consumes oxygen, which can
result in low to very low oxygen levels in sediments [52,53].

4.2. Water Chemistry and Effects on Larvae

The levels of all five water parameters (nitrate, nitrite, ammonia, phosphate, and
chloride; Table 2) were higher in both of the undiluted contaminated sediments than they
were in the control groups and exceeded the amounts found in unpolluted surface waters.
It became clear that both sediments contained (organic) materials besides TRWP, which
strongly influenced the basic chemistry of the added water. Indications for a low water
quality are for instance a low oxygen content or a high conductivity (Table 2). While
increased conductivity caused by elevated amounts of chloride in the sample (e.g., from
road salts; [48]) is a sign of poor water quality, hypoxia is an indicator for foreign, oxygen-
consuming substances [52,53] and a stressor by itself.

The metal analysis showed relatively high amounts of aluminum, zinc, lead, and
chromium in the supernatant of both samples, with the thresholds for drinking water
exceeded or reached. All four metals are common highway runoff pollutants [54], indicating
the presence of TRWP in both sediments. Zinc and lead are known components of tire
wear, brake dust, and motor oil [54], which accumulate in the environment, especially
close to roads in soils and road runoff [55]. They have also been shown to contribute to
the toxicity of TWP leachates [26]. Chromium, amongst other compounds, can detach
from TWP that are dispersed in water [26] and is also found in metal plating and car
engine parts [54]. Aluminum is also associated with tire wear and is a known leachate from
asphalt surfaces [54]. Aluminum was the only metal found to be more abundant in the B27
sediment than in the sample from HS. As the HS sediment contains a higher concentration
of TRWP than B27 sediment, it is likely that TRWP are not the only source of aluminum in
this sediment.

Previous studies have shown the negative effects of heavy metals or metal-containing
sediments on the larvae of C. riparius. Arambourou et al. [56] demonstrated the negative
effects of sediments containing lead and zinc (among others) on gene expression and
respiration rate and even found morphological changes (increases in the length of the
mentum and the mandible) in the larvae exposed to these sediments. An increase in the
expression of heat shock proteins (Hsp40, 70, 90) was found in larvae exposed to aluminum,
chromium, and zinc (among others; [57]).

Thus, the high metal content of the investigated sediments compared to the control
(quartz sand and filtered tap water) most probably contributes to their toxicity for the
exposed larvae. In addition, the other aforementioned water parameters and the low to
very low oxygen content most likely interact and amplify each other and cause the mortality
and the sublethal effects observed in the experiments. In the next paragraph, we will focus
more intensely on the aspect of oxygen depletion in the sediments.

4.3. The Role of Oxygen Content

The previously documented behavior of chimney construction by larvae of C. riparius
as a response to low oxygen concentrations [37] was observed within our study as well,
and a significant nonlinear relationship could be shown between the amount of oxygen-
consuming B27 sediment (Figure 3) and the number of chimneys per glass (Figure 4).
The observed relation revealed that the number of chimneys actually decreased with an
increased amount of B27 sediment, as did the number of chimneys per surviving larvae



Environments 2023, 10, 23 12 of 15

(Figure 4), illustrating that the overall decrease is not solely due to the increase in larval
mortality. A prerequisite for chimney construction is the ability of the larvae to burrow in
the sediment.

Own experiments with the separation agent sodium polytungstate (SPT) and C. riparius
larvae (T. Tull and S. Krais, unpublished) demonstrated that this chemical, even in sublethal
concentrations, was able to decrease the larvae’s ability to burrow or reburrow in the
sand, a behavior that is essential for their feeding and overall survival in their natural
habitat [32,35]. It can be hypothesized that the B27 sediment also contains substances that
exert negative, sublethal effects on the larvae of C. riparius. These effects likely interfere with
the larvae’s natural reactions to hypoxic or anoxic conditions, such as increased respiratory
undulation [36], increased hemoglobin production and levels in the hemolymph [41,58],
and the construction of chimneys, all of which require and consume energy. It stands to
reason that necessary behavioral and metabolic adaptations might not be possible anymore
if the larvae were affected by both low oxygen levels and, in parallel, sublethal toxic effects
caused by components of the sediment. Consequently, the overall number of chimneys
per glass as well as the number per surviving larvae have decreased with an increasing
concentration of the contaminated sediment while the mortality significantly increased in
the experiments with higher content of contaminated sediment (Figure 4).

Based on our data, it is not possible to decide whether the lack of oxygen plus the
larvae’s inability to react to it or, alternatively, the direct toxicity of TRWP, their leachates,
or any other components of the B27 sediment ultimately caused the mortality of the larvae.
It is likely that all these factors acted together, exerting combined toxicity on the larvae.

In experiment 4, the mortality of the larvae was significantly lowered from 40% to 10%
by ventilation in the aerated treatment of B27 (Figure 3); however, the equally low oxygen
content in aerated and non-aerated sediments (2% in 10 g B27raw and 1% in 10 g B27O2) does
not provide an explanation for this decrease. However, it could be possible that the larvae,
due to the high oxygen affinity of their hemoglobin [41], were able to intercept some portion
of the introduced oxygen (which was constantly added to the individual glasses by means
of an air pump) rather quickly before it was otherwise consumed. The fact that the overall
conditions in these aerated glasses and the sediment were still hypoxic would explain the
similar chimney construction activity in both the aerated and the non-aerated treatments
(10 g B27raw: 1.4 chimneys at 96 h per surviving larva at 96 h, 10 g B27O2: 1.7 chimneys
at 96 h per surviving larva at 96 h). Under aerated conditions, the sublethal effects of the
B27 sediment may have still impaired the larvae, but the additional oxygen provided by
aeration likely has compensated for their inability to perform additional undulations or
increase their Hb synthesis, lowering their overall mortality.

While the overall oxygen depletion caused by the HS sediment in experiment 3 was
not as pronounced as it was in all treatments of the sediment from B27 (Figure 3), it seemed
to be still strong enough to trigger chimney construction in the larvae.

Experiments 3 and 4, using artificial ventilation, illustrate the connection between
oxygen content, the mortality of the larvae, and their chimney construction ability very well
(Figure 3). In the ventilated HS treatment (10 g HSO2), the oxygen content could be kept at
87%—closer to control conditions than any other treatment—while the oxygen content in
the non-aerated HS sediment (10 g HSraw) decreased down to 16%. The low oxygen content
coincided with a significantly increased mortality compared to the aerated treatment and
the non-aerated control (Figure 3) and also with the frequency of chimney construction
(HSraw: 1.40 chimneys/glass; 10 g HSO2: 0.0 chimneys/glass). These results show that
the highly resilient and adaptable larvae can survive in TRWP-contaminated sediment
despite the present sublethal effects of the TRWP and/or their leachates for 96 h, as long as
no additional stressors (such as a lack of oxygen) are introduced. As soon as the oxygen
supply decreases, the mortality rises, showing the animals’ inability to survive conditions
for which they had evolved mechanisms of tolerance [32], because of the sublethal effects
of the sediment.
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The reason why no chimneys were recorded in the vacuum flask (NP) is obvious.
The larvae, which usually inhabit very fine, silty sediments [32], are not able to construct
chimneys out of the rather coarse quartz sand. It cannot be determined whether and to
what extent this inability to build chimneys might have contributed to the mortality of the
larvae. On the other hand, the comparably low mortality of the larvae in the vacuum flask
(NP; Figure 3) attests to the remarkable tolerance of the larvae to very hypoxic conditions
for an extended period of time (96 h). Larvae were kept at approximately 1% oxygen during
two of the experiments, with mortality rates of 30% and 15%, respectively (Figure 3), when
they were exposed just to the single stressor ‘low oxygen content’ and not to multiple
stressors. High mortality rates at around 1% of oxygen saturation, ranging between 40%
(10 g B27raw; Figure 3) and 83% (B27washed), only occurred when the additional stressor
TRWP was applied.

5. Conclusions

Our study does not allow us to decide whether the interaction between O2 depletion
and TRWP presence is additive or synergistic, but it clearly shows that even organisms
adapted to extreme conditions can be negatively affected by TRWP if they additionally
have to cope with the physiological challenges of their natural habitat. We are aware of
the uncertainty on the chemical character of the compounds present in the sediments that
have effectively elicited behavioral changes and mortality but consider TRWP relevant in
this context as existing data on TRWP strongly suggest that they can pose a risk to exposed
organisms (e.g., [26,31]).
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