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Abstract
Monitoring of pollution in the vicinity of roads connected to winter road maintenance is one of the
important tools for optimising winter maintenance technology and reducing its environmental impact.
The aim of this study was to determine the relationship between winter road maintenance and the
increased concentration of sodium ion to characterize the harm caused by the de-icing agents on
selected types of individual components grown in the Norway Spruce ecosystem. The model area is
located in the immediate vicinity of the D1 motorway connecting Prague and Brno (Czech Republic), at
103rd kilometer. The area is thus exposed to long-term contamination from automobile transport and the
monitoring was carried out for three consecutive years. A clear effect of the de-icing agents on conifers
near the road has been demonstrated by the symptoms of salt damage visually observed in close
proximity to the road (at a sampling distance of 5 m). The needles of these spruce trees also showed
increased sodium concentrations, regardless of the age of the needles. The study also confirms that
sodium accumulates in all selected components of the analysed ecosystem (moos, humus, soil). The
sodium concentration has been found to decrease with increasing distance from the road for all of the
components.

Introduction
Transport is generally perceived as an important factor affecting the quality of the environment. The
intensity of transport in Europe has significantly increased since the beginning of the 1960s (Fischel,
2011). At the same time, chloride-based de-icing agents, sand, and chemical materials (Hofman et al.
2012) started to be used for road maintenance. Sodium chloride is the most commonly used material
applied as a preventive anti-icing agent and as de-icing agent, sometimes in a mixture with calcium
chloride (Merrikhpour and Jalali, 2013; Munck et al., 2010). Winter chemical maintenance of roads is one
of the significant factors having negative effects on the environment (Fay et al., 2013; Fay and Shi, 2012).
After the application, sodium chloride particles are mobilized by melting snow or ice and rainfall and
subsequently enter the soil environment, surface water, rock environment and groundwater (Howard and
Beck, 1993) The deterioration of health of plants growing around roads is one of the most easily
detectable effects of the use of de-icing salts. Vegetation along the roads thus becomes an important
indicator pointing out to an increased use of de-icing salts (Langen and Prutzman, 2006; Černohlávková
et al., 2008). The effects of chemical de-icing materials on soil (Hääl et al., 2008; Ramakrishna and
Viraraghavan, 2005) show that salt remains bound in the soil during spring and its concentration further
increases during summer as the amount of water in the soil decreases; by autumn most of the salt is
washed out. However, this means that during the period of plant growth, the salt concentration in the soil
water is the highest compared to other times of the year (Pedersen et al., 2000; Vignisdottir et al., 2019).
Other impacts of winter road maintenance on vegetation include decrease in biomass or disruption of
photosynthesis caused by reduced chlorophyll levels, the reduction of the biovaliability of nutrients by
soil alkalising. However, this kind of treatment can damage the plants or trees. It has been observed that
deciduous trees are more sensitive to frost when salt is accumulates in the leaves (Czerniawska-Kusza et
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al., 2004; Dmuchowski et al., 2011; Gałuszka et al., 2011; Munck et al., 2010; Viskari and Kärenlampi,
2000). Kayama (Kayama et al., 2003) also described deterioration in the growth of conifers such as
Norway spruce (Picea abies) and Glehn’s spruce (Picea glehnii) planted along roads. The authors focused
on the effect of de-icing salts in soil and snow on the vitality and health of these conifer species. Sodium
and chlorine ions were found to be accumulated in the needles, especially. Besides that, the spruce in the
contaminated area were also affected by the suppression of the tree growth. According to previous
studies (Schulze, 1989; Izuta, 1998), air pollution is one of the main reasons for the decrease in the
number of growing spruce trees in Europe. Compared to other woody plants, spruces are highly sensitive
to salinity (Bogemans et al., 1989; Larcher, 1995), and, therefore, spruce is a suitable bioindicator of the
influence of de-icing salts used for winter road maintenance (Zítková et al., 2018). Suchara (Suchara et
al., 2011) monitored the influence of heavy metals and other elements, including sodium, to detect
contamination from anthropogenic sources in industrialized areas on selected biomass samples: moss,
grass, one- or two-years old needles. Specific plants have been used in Europe for biomonitoring since the
1980s, for example, a program using moss for monitoring every 5 years. Angold (Angold 1997)
investigated the effect of road maintenance on heathland vegetation at localities near the main road. He
found that traffic affects localities up to a maximum distance of 200 m, depending on the intensity of the
traffic. Effects of de-icing salts on ecosystems in the Bavarian Forest were also studied (Křenova et al.,
2018). Experiments with seedlings of various trees grown from seed and exposed to salting have shown
that Norway spruce was most sensitive and Scots pine was the most tolerant to the salting in
comparison with other tree species such as Norway maple (Acer platanoides) or White birch (Betula
pendula) (Fostad and Pedersen, 2000). Published studies focus usually on the impact of winter
maintenance on the soil environment in the Czech Republic (Černohlávková et al., 2008; Hofman et al.,
2012) and on bioindication of the effect of de-icing material on spruce and pine needles (Zítková et al.,
2018; Zítková et al., 2021). Problem of impact of winter maintenance on forest cover is usually focused
only on effect of splashed brine to the border trees, on induced necroses and dieback of needles,
especially. The main goal of these article is to point out the transport of sodium and chloride ions in form
of aerosol to distances up to tens or hundreds of meters. Because of it affects all the ecosystem, its
various components (needles of different age, fallen needles, humus, soil, grass, moos and lichen) were
sampled in three various distances from the road. The aim of this study is to evaluate the long-term
impact of winter road maintenance on the spruce forest ecosystem located in the immediate vicinity of a
highway in Czech Republic. The research is based on the determination of accumulation and distribution
of Na ions in the individual components of the selected ecosystem.

Material And Methods

2.1. Sampling
In the selected ecosystem, soil samples (collected near the analysed conifers), needles of spruce (Picea
abies), samples of forest grass (Avenella flexuosa) and samples of Schreber’ red-stemmed moss
(Pleurozium schreberi) were collected. The soil was collected in two layers: a humus layer from the depth
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of up to 20 cm and the subsoil layer. Whole branches were removed from the trees and subsequently cut,
and their needles were divided according to age, i.e., according to the duration of exposure to toxic
substances. These are herbaceous buds (age about 2 months (0Y), one-year- and two-year-old needles
(1Y, 2Y) and mixed needles (3 + years, 3 + Y). The samples of fallen needles were also collected. Grass is
a model of the primary producer typical for the given ecosystem through which toxic substances can
enter food chains. Moss serves as an accumulation indicator, especially indicating accumulation of
heavy metals. Due to its very small root system, the moss sample is mainly used to represent
contaminants captured from the air (Suchara et al., 2011).

Sampling took place in three spring sampling campaigns in 2018, 2019, 2020. One autumn sampling
campaign (2018) was also performed to detect changes in Na concentrations in the individual samples
of the selected spruce forest during the year.

The sampling site was selected according to the basis of the assessment of contamination potential
(Zítková et al., 2018), where the position (location) of the area (forest ecosystem analysed) in respect of
the road is evaluated. The location selected for the three-year monitoring falls into the 3rd category –
areas with the highest contamination potential, the trees immediately next to the road and below the level
of the road (the runoff washed from the road and other traffic contamination more easily enter the
analysed ecosystem). The condition of the trees was visually assessed during the sampling (1st class –
healthy tree, 2nd c lass – slightly damaged tree, 3rd class – damaged tree) (Zítková et al., 2018), where
trees growing in close proximity to the road (at about 5 m) were visibly damaged due to winter
maintenance (brown colouring of needles, irregular, i.e., caused by the splashing of saline solution from
the road); there was also a greater amount of fallen needles indicating poor health (class 3).

To enable assessing the contamination range, samples were collected at three distances from the road: 5
m (area close to the road where the analysed ecosystem begins), 20 m and 100 m (considered as a
background area). Based on these distances, the results were also sorted into three categories. Used
sampling methodology was based on known mechanisms of salt spreading to the environment. Samples
from distance up to 5 m represent immediate and maximum effect via splashing of brine with going cars.
A practically evaluated distance 20 m is a limit, where contamination via snowploughing, milling and
water splashing on the road can affect the environment. Distance 100 m was then chosen as local
background, where contamination via aerosol is only possible.

2.2. Chemical analysis

2.2.1 Preparation of plant material
Samples of needles, grass and moss were dried in laboratory at room temperature before grinding;
needles were ground using laboratory grinding mill (set to the size < 2 mm), other samples were ground
using oscillating mill (< 0.63 mm). Homogenised plant material was weight in amount 0.2000g ± 0.0500g
to the Teflon digestion vessels. Nitric acid sub-boiled (10 mL) and hydrogen peroxide ultrapure (2 mL)
were added and after leaching for 30min were samples digested - in three replicates each, at temperature
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of 210°C and pressure 30 bar in a high pressure and high temperature microwave digestion system SW-
4+ (Beghof, Germany). The final volume 25 ml of digests was achieved by addition of ultrapure water
(Merck Millipore, Germany).

2.2.2 Soil preparation
Soil samples were dried at room temperature before sieving (mesh size 2 mm) and ground to fine fraction
in oscillating mill (< 0.63 mm) for aqua regia extraction method (ISO 11466 standard: Soil quality –
Extraction of trace elements soluble in aqua regia). Homogenised soil samples were wight in amount
1.000g ± 0.0500g to the Teflon vessels (in two replicates each), 10 mL aqua regia sub-boiled was added
and samples were digested at temperature 200°C and pressure 30bar in the microwave system SW-4+
(Berghof, Germany). Ultrapure water (Merck Millipore, Germany) was used for diluting the digests to final
volume of 50 ml.

2.2.3 Instrumentation
For determination of sodium concentrations (and other 20 elements except chlorine) mass spectrometry
with inductively coupled plasma (ICPMS/MS Agilent 8800, Agilent Technologies, Japan) were used under
these conditions: the forwarded RF power 1550 W, carrier gas Ar flow rate 1.07 L.min− 1, integration time
per Na isotope 0.1 s in used helium single quadrupole collision mode, helium cell gas flow rate 4 mL.min− 

1, analyzer pressure 1.22*10− 3 Pa. Concentration range 0–10 mg.L− 1 of Na calibration was prepared
from a 1.0000 g.L− 1 stock solution of a single element Na (Analytika Praha, Czech Rep.) in a matrix of 2%
HNO3 (sub-boiled) and was linear in the whole range, R2 = 100%. Stock solutions of Internal standard and
Tune solution (Agilent Technologies, USA) were prepared in a matrix of 2% HNO3 (sub-boiled) and diluted
by deionized ultrapure water (Merck Millipore, Germany) to final concentration. Reference materials NIST
Pine Needles 1575a and QCM Metranal 33 – soil were prepared and analysed together with samples.
NIST Trace elements in natural water 1640a was analysed with samples. These reference materials were
selected for quality control of the analytical results.

Results And Discussion
Monitoring of chemical contamination is a suitable factor for assessing the effect of winter road
treatment on the analysed biota. It is advisable to connect detailed monitoring with monitoring of soil,
because of sodium is absorbed very quickly by plants by the root system in the form of Na+ ions from the
soil. If the concentration of the sodium ions in the soil environment increases, their concentration in plant
bodies increase as well. Sodium regulates osmotic ratios in plants and affects other ions contained in the
plant. An increased sodium uptake results in a decrease in the uptake of potassium, calcium and
magnesium by the plant. Therefore, in the winter period, when sodium ions enter the soil in large
concentrations due to the use of salt-based on sodium chloride, plants experience increase in Na ions
absorption and decrease in nutrient uptake, such as potassium and calcium ions, leading to their damage
(Larchner, 1995; Kayama et al.,2003, Gałuszka et al., 2011, Syvertsen et al., 1988; Lazof and Läuchli,
1991).According to Kayama’s (Kayama et al., 2003), results, sodium concentration in one-year-old needles
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in healthy spruce P. abies is on average tens to hundreds of mg.kg− 1, at a later age, it increases to about a
thousand mg.kg− 1. On the other hand, if such a tree grows very near roads or highways, the concentration
of Na+ in such a tree will likely significantly increase over the time. These conclusions are also confirmed
by our study. Average sodium concentrations with basic statistical indicators for each sample type taken
at three distances of all spring sampling campaigns are shown in Table 1. We consider trees growing at
the background distance from the road, i.e. 100 m, to be healthy. The sodium content of these conifers
corresponds to the minimum concentration values specified in the Table 1. Similarly, in Kayama’s study
(Kayama et al., 2003), sodium and chlorine concentration in the soil of the damaged site was 5 times
higher than that of the healthy site, in the snow it was twelve times higher. Compared with the results of
our study, we can see that the concentration in the humus soil layer is up to 20 times higher and up to 10
times higher in the subsoil layer.

Table 1 Numeric data characteristic for Sodium in individual sample types.

Na (mg.kg-1)

  Needle
0Y

Needle
1Y

Needle
2Y

Needle
3+Y

Moss Grass Needle
fallen

Humus Soil

No. of
samples

27 27 27 27 27 27 27 18 18

Min. 3.95 20.7 22.1 22.2 95.0 9.73 17.0 74.0 38.6

1 quart. 33.8 70.9 65.5 75.6 192 68.5 73.0 95.5 109

Average. 100 998 1103 1336 795 447 628 400 211

Median 46.8 239 403 639 397 169 213 107 134

3 quart. 327 3240 3911 4460 3186 935 2330 828 358

Max 265 4385 4391 5204 2209 2318 2138 1914 812

SD 91.8 1522 1528 1782 828 738 787 603 233

Soil plays the fundamental role in the accumulation of toxic substances in the ecosystem and is
therefore of key importance in the evaluation. The soil is also an important component of the
environment in terms of the cycle of substances. Substances are usually deposited into soil from the
atmosphere and the main influence of these toxic substances on the soil consists in changes of the
sorption complex, A number of contaminants then enter plants from the soil environment or are washed
into groundwater and surface water. The main effect of de-icing salts on soil chemism is the binding of
sodium ions to the sorption complex depending on the type of soil. Sodium accumulates in soil mainly
after the end of the winter period and is then gradually washed out during the year. An important factor is
the total rainfall, in areas with high precipitation, sodium accumulation is lower. The effect of de-icing salt
on the soil is very limited in space. It mainly concerns places of primary contamination, i.e. a narrow strip
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along the road up to approximately 10 m from the road (Hääl et al., 2008). De-icing salt directly affects
the sides of the road and the road body, where there are not natural soils, but anthropogenic backfills.
Secondary contamination occurs in areas where run-off waters from the road accumulate. The
contamination decreases with the increasing distance, but it can manifest itself at a distance of up to 50
meters from the road (Löfgren, 2001), the cumulation decreases with the increasing distance from the
road, but it can manifest itself at a distance of up to 50 meters from the road (Löfgren, 2001), where the
contamination is highly variable depending on the season. Our research confirms the hypothesis that
near the communication, the concentration of sodium in the humus layer and the subsoil layer is the
highest at a distance of up to 5 m and it decreases with the increasing distance from the road. As can be
seen in Fig.1, a clear difference in sodium concentration is visible in both cases depending on the
distance from the road, where the observed sodium concentrations are compared in both soil layers
collected in spring seasons; there is also evident a higher concentration of Na at the distance of 20 m
from the road than at the further distance of 100 m. At the same time, however, there is also a clear
difference in sodium concentration depending on the amount of chemical de-icing agents used for winter
maintenance, mainly at the distance of 5 m from the side of the road. In the winter periods 2017/2018
and 2019/2020, a very similar amount of de-icing salts was applied at the selected site, i.e. about 3000
tons of de-icing salt and about 600 thousand litres of brine. In contrast, winter 2018/2019 was much
more demanding for the consumption of de-icing agents. That winter, more than 5000 tons of salt were
used and about 1.5 million litres of brine; several thousand litres of calcium chloride were used as well
(Source: the ŘSD – Directorate of Roads and Motorways).

Samples from two layers were collected: a humus layer from the depth of up to 20 cm and a subsoil
layer. At the distances of 5 m and 20 m, the sodium content in the humus layer is higher than in the
subsoil layer for all spring sampling campaigns. At the distance of 100 m, the sodium content in both
layers is roughly equal. Interestingly, in the case of samples taken in the autumn (autumn campaign
2018), there is quite the opposite trend. Sodium concentration is higher at all distances in the deeper soil
layer (all data are available in the supplementary table ST1). Thus, over the course of the year, sodium
ions appear to be washed (soaked) into deeper layers of soil. At the same time, there is also a gradual
increase in sodium concentrations at greater distances from the road, when melting snow and
precipitation distribute sodium ions to a wider area. A normal sodium content in soil is 50 mg.kg− 1. After
a period of winter road maintenance, this value can increase up to 900–1000 mg.kg− 1 (Semorádová,
2003). Kayama (Kayama et al., 2003) reports sodium content in the background area 88 ± 10 mg.kg− 1,
and the increase of up to 466 ± 44 mg.kg− 1 during the period of winter road maintenance. Zítková
(Zítková et al., 2018) report concentration of about 300 mg.kg− 1 in contaminated soil in a different
locality of the Czech Republic. The concentrations specified in this study in the humus layer at the
distance of 5 m range from 300 to 1900 mg.kg− 1, and from 150 to 800 mg.kg− 1 in the subsoil layer.
Concentrations determined at the distance of 20m are only slightly higher than concentrations at 100m
and they range in the humus layer from 100 to 200 mg.kg− 1 and in the subsoil layer from 40 to 150
mg.kg− 1. The results clearly show the influence of de-icing salt on the soil of the selected ecosystem;
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however, we can support the claim that the impact of winter road maintenance is growing insignificant as
the distance from the road increases above 20 meters (Munck et al., 2010; Viskari and Kärenlampi, 2000).

Living systems (plants, animals and entire ecosystems) are characterized by great variability in relation to
environmental parameters and thus to the effects of winter road maintenance (Černohlávková et al.,
2008). Therefore, it is necessary to approach biota individually and to deal primarily with the most
sensitive species. The dying of trees near roads is a risk factor for winter road maintenance – these are
mainly trees in the alleys planted in the immediate vicinity of the roads, where the simultaneous action of
several negative factors is manifested: de-icing salts, covering of a large part of the root system with an
impermeable layer of asphalt, the effect of transport emissions and mechanical damage by transport. A
second risk group concerns trees in copse forest areas directly adjacent to the road, where the
simultaneous action of several negative factors is also manifested: de-icing salts in the form of aerosol
and soil salting, transport emissions (especially nitrogen oxides), change of microclimate at the interface
between the road body and the forest. Due to these factors, the resistance of trees to drought is also
reduced. Chemical contamination analyses are carried out on plant assimilation organs. These are
mainly spruce and pine needles, deciduous tree leaves and grass (Semorádová, 2003). The needles have
the best bioindication properties since they grow on trees during all seasons and it is possible to collect
samples of needles with different age (i.e. needles with different exposure times) (Lachner, 1995).
Determining the health status of trees along the road is an important parameter in the evaluation (Langen
and Prutzman, 2006). Based on the results of the sodium concentration obtained, coniferous
contamination can be assessed, including tree health state, according to the Contamination Evaluation
Scale in Table 2 (Zítková et al., 2018). In a study by Kayama (Kayama et al., 2003), sodium content was
also found to be higher in trees with worse state of health.

Table 2
A range of sodium ion concentrations in Norway spruce needles for assessment of

the level of contamination.
Class level of concentration tree condition Na (mg.kg− 1)

1 year 2 year

1 normal healthy < 600 < 700

2 slightly higher slightly damaged 700–1900 800–2900

3 high damaged > 2000 > 3000

The needle samples analysed in this study fall into all the categories, but if we focus on the needles taken
near the road (these correspond to the maximum values in the summary Table 1), the one- and two-years
old needles fall into the third category. This is confirmed by the visual assessment of tree health. The
determination of sodium (data are available in the supplementary table ST1) as an element indicating the
effect of winter road maintenance points to the accumulation of this element in spruce needles (Fig. 2) in
all sampling campaigns. With the increasing age of the needles, the sodium content increases, not only at
the distance of 5 m from the road, but also at the further distances. Excessive concentration of this
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element in needles cause them to brown/rust/wilt. The highest concentrations were found in samples
taken in spring 2019, which corresponds to the above-discussed larger use of de-icing agents than in the
previous year and the following year. The sodium content decreases with distance, it is more than 1000
times lower in needle samples collected at a distance of 100 m.

When comparing the sodium concentrations of samples collected in the spring 2018 campaign and the
autumn campaign of the same year, it is noticeable that at the distance of 20 m and at the background
distance of 100 m, the concentration of sodium in the needles of all ages is approximately the same in
both sampling campaigns. However, there is a big difference in needles collected at the distance of 5 m,
when in autumn samples, the sodium concentration is up to two times higher. It can therefore be
assumed that sodium ions are accumulated in the tree during the year, when these cations are likely to be
transported from the soil and accepted by the plant, and at the same time the deposition of particles from
the air in the needles increases. Forczek (Forczek et al., 2011) applied radioactive Na36Cl as a model
solution for winter road maintenance and confirmed the effect by recording of visible needle damage. At
the same time, there is also a large uptake of de-icing salt dissolved in the soil by the root system;
however, the study focused primarily on the Cl- anions. Dependence of salt intake and irrigation has also
been detected. Conifers are a commonly used bioindicator due to their ability to capture toxic substances
in the surface wax layer on needles and at the same time accumulate substances through the root
system of the tree. Their ability to capture persistent organic substances and components of de-icing
agents is also verified. Norway spruce is used as a bioindicator of the effects of winter road maintenance
on the forest ecosystem (Zítková et al., 2018). The conclusions of our study are also confirmed by
Kayama (Kayama et al., 2003), who states that the concentration of sodium in the needles of Norway
spruce at the damaged site was significantly higher than that of the healthy site analysed in their study.
The concentration of sodium increased with needle aging and was drastically higher at the damaged site
(2622 mg.kg-1 for 3 + Y, 1909 mg.kg-1 for 2Y, 1495 mg.kg-1 for 1Y) than that at the healthy site (851
mg.kg-1 for 3 + Y, 644 mg.kg-1 for 2Y, 621 mg.kg-1 for 1Y). Suchara (Suchara et al., 2011) compared the
concentration of Na in mixed 1Y and 2Y needles. However, these samples were not under the direct effect
of winter road maintenance and they can therefore be considered as background samples. The samples
came from the Czech Republic (Suchara et al., 2011), Slovakia (Mankovska, 1998), Norway (Reimann et
al., 2001, Reimann et al., 2007). Concentrations in these spruce needles ranged from 6 to 32 mg.kg-1,
which is comparable to the contents determined in all campaigns for a distance of 100 m in our research.
In Zítková (Zítková et al, 2018), the concentrations ranged from 42 to 3770 mg.kg-1 for one-year old
needles of Norway spruce (32 samples) and from 25 to 5107 mg.kg-1 for two-years old needles,
depending on the distance from road. The age of spruce needles is an important parameter for the
interpretation of the obtained concentrations of elements (e.g., Wyttenbach and Tobler, 2000).

Sodium concentrations in the individual categories of needles (based on their age) in each year evaluated
are the basic bioindication output. However, the selected sampling scheme also allows for a different,
more detailed interpretation focusing on the specifics of individual winter seasons. Since the sampling
campaigns took place three years in a row and samples of individual needle samples were collected
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separately according to their age, it is possible to monitor specific changes occurring within one year.
This is based on the fact that the new (0Y) needles collected in 2018 become the one-year old needles
(1Y) in 2019 and the two-years old (2Y) needles in 2020 (and so forth by analogy). Therefore, direct
changes in concentrations in samples occurring during the period from spring to the following spring can
be compared. An example of results for the 0Y and 1Y needles (collected in 2018) is in Table 3. The Table
clearly shows the influence of the extreme winter season of 2018/2019 where increased amounts of de-
icing salts were applied to the road. In all cases, a significant increase in concentrations was observed
during this period. However, the situation changes after the following winter season (2019/2020). The
increase is recorded only at the distance of 100 m, but near the highway (distances of 5 and 20 m), the
concentration of Na actually decreases. The decrease mechanism can be caused by factors both on the
side of the transport of the toxic substances in the ecosystem (especially washing of salt trapped on the
surface, rainfall etc.) and on the side of uptake of substances by the needles (e.g. damaged vitality of
tress due to previous increased doses of salts). The influence of these factors is highest in the area
closest to the highway and it decreases with distance (see difference between the distances of 5 and 20
m). Although this evaluation can only be considered as a framework evaluation, it expands the
interpretation potential of this bioindication method.

Table 3
Changes in the sodium concentration in needles during individual winter seasons.

Distance (m) Age of needles in 2018 Changes of Na cocnentrations (mg.kg− 1) during the year

2018–2019 2019–2020

5 0y 4120 -1744

1y 4391 -1281

20 0y 231,2 -40

1yy 179 -78

100 0y 25,1 36,5

1y 1,14 53,5

When studying other types of biological material, components of the spruce forest ecosystem were
selected to provide additional information about the impact of winter road maintenance on the
ecosystem. Samples of Schreber’s red-stemmed moss (Pleurozium schreberi), forest grass (Avenella
flexuosa) and fallen needles were collected. Figure 3 compares the sodium content in all selected
matrices in all monitored spring collection campaigns. At the control distances of 20 m and 100 m, a
larger content of Na is noticeable in moss samples collected in spring 2019, after a period of increased
use of de-icing salts. At the distance of 5 m, the content is comparable to the results from other sampling
campaigns. Other matrices show comparable results for all sampling campaigns at larger distances (20
m and 100 m); the Na content in fallen needles collected in 2020 at the distance of 20 m is comparable to
the sodium content in moss sample from 2019. At the distance of 5 m, the distribution of contamination
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in individual campaigns is uneven; the high content detected in the samples of grass and moss of the
2020 collection campaign is interesting, it can be attributed to the accumulation from the previous winter,
when much higher amounts of de-icing materials were used. Overall, the sodium content in fallen needles
and moss is higher than in the grass samples for all sampling campaigns. Moss receives pollutants
mostly from the air, since it has a very small root system; it is therefore assumed that the contamination
was received from de-icing material scattered on the site. Figure 3 shows high sorption capacity of moss
when comparing sodium concentrations in the individual selected components of the ecosystem, the
moss samples have the highest sodium content at all distances from the road. Moss is used worldwide
for its cumulative capabilities to evaluate the nature and intensity of pollution in the environment by
heavy metals and gaseous substances (Alam, 2018, Suchara et. al., 2011) analysed moss (Pleurozium
schreberi), grass (Avenella flexuosa; syn. Deschampsia flexuosa) and their results show the highest
sodium content in grass samples, i.e. 14 mg.kg− 1, which is a concentration comparable to the
concentration we detected in the background area at the distance of 100 m. However, their study
(Suchara et al., 2011) do not focus on areas with a possible contamination caused by winter road
maintenance, but rather on wider blanket monitoring. In their work, they compare the results with the
results obtained from monitoring in northern Europe, where the Na content in grass samples was around
40 mg.kg− 1 (values expressed as median). This value also corresponds to the background area.

Cortis (Cortis et al., 2016) monitored the accumulation of pollutants in a contaminated area using active
biomonitoring with moss sacs and compared it with a control area in Italy. They focused on analysis of
15 elements, including sodium. The sodium content ranged from 1000 to 1500 mg.kg− 1; it was only
slightly lower in the background area. The values are comparable to those determined for the samples
taken in the vicinity of the road. Similarly, Saitanis (Saitanis et al., 2013), used moss in the heavily
polluted Thriasion Plain area of Attica, Greece, to study the distribution of 32 elements in the atmosphere,
including Na. At first, there was an increasing trend in the sodium concentration during winter and early
spring, but it drastically decreased during the later warm period; this trend is also confirmed by our study,
where the concentration of Na in moss and grass decreases during the year, as is visible in Fig. 3.

The publications cited agree on the useful function of trees and other vegetation as barriers against salt
sprayed from the road. Preventing the spraying of de-icing material into the surrounding area is very
important to avoid further effects on vegetation, because these sprays have been found to have a greater
effect on salt accumulation compared to the uptake of salt from the root system (Munck et al., 2010;
Pedersen et al., 2000; Viskari and Kärenlampi, 2000). Our study also confirms this conclusion. Křenová
(Křenová et al., 2018) monitored the effects of de-icing salts on ecosystems of National Park and stated
that the chemicals from the roads are mostly transported via runoff of rainwater from the road through
the soil. Subsequently, these effluents, absorbed by plants, can affect ecosystems over considerable
distance (Angold, 1997). The Olivier study (Olivier et al., 2020) examined the relationship between Na and
Cl ions absorption, Na and Cl concentrations in plant tissue and plant damage in seedlings of three
conifers commonly used for oil sands reclamation, including black spruce (Picea mariana), white spruce
(Picea glauca) and jack pine (Pinus banksiana). In this study a significant correlation was found between
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the concentrations of Na and Cl in needles and the extent of necrosis. A study of the accumulation of de-
icing salt ions used for winter road maintenance in Scots pine assimilation organs confirmed higher
concentrations of Na and Cl ions in locations immediately adjacent to roads (Zítková et. al., 2021).
Hofstra, (Hofstra and Smith, 1984) analysed leaf injury of pine and white cedar in relation to foliar levels
of sodium. Studies suggest using the Na and Cl concentration in plant tissue as an effective monitoring
tool for estimating the damage caused by salt to conifers grown in areas affected by NaCl, because salt
accumulation in spruce and pine needles has been found to directly correlate with the amount of
chemical de-icing materials used on surrounding roads (Viskari and Kärenlampi, 2000, Fostad and
Pedersen, 2000; Kayama et al., 2003; Zítková et al., 2018; Zítková et al., 2021).

3.1. Statistical evaluation
Statistical calculations were made using R statistical software (https://www.r-project.org/) using libraries
rpsychi for calculation of two-way ANOVA (Cohen, 2002, Huck and Malgady, 1978) and ggplot2 for
visualization of the results. Differences of confidence intervals in the plots were evaluated according to
Cumming (Cumming, 2012). An obvious dependence of sodium concentration in the samples on distance
from the road are shown in Fig. 3, Fig. 4 (left), Table 1 and Supplementary table ST1. There are also
distinct differences in sodium concentrations between various types of samples (fallen needles, moos,
grass, humus or soil). The importance of the sample type and the distance from the road was also
evaluated using two-way ANOVA. Both factors, distance from the road and the sample type, were found
to be statistically significant on the confidence level α = 0.05. However, no statistically significant
interaction between these factors (relationship between type of sample and the distance) was identified.
Trends in the sodium content, with regard to types of samples, differ for the various seasons (spring 2018
– spring 2020, Fig. 4 (right) and Supplementary table ST1) and no trend in the data can be generalized
for all seasons. Visualization of the data (Fig. 2 and Fig. 5 (left), Tables 1 and 3 and Supplementary table
ST1) show an obvious dependence of sodium concentration in needles on the distance from the road.
Sodium concentration in the needles (Figs. 2 and 5 (right)) was also found to increase with their age (0Y,
1Y, 2Y or 3 + Y). The importance of age of the needles and the distance from the road was also evaluated
using two-way ANOVA. Both these factors were found to be significant, and their interaction was not (on
the confidence level α = 0.05).

Conlusion
The aim of this study was to use the analytical data for a risk assessment of the environmental
contamination near the highway, caused by the use of sodium chloride in winter maintenance. Soil is the
final recipient of a wide range of contaminants, which can also enter the food chain from the soil. The
analysis of the potential influence of winter road maintenance on the environment focused on all
components of the environment of the selected conifer forest ecosystem – Norway spruce (Picea abies).
The study of the impact of winter road maintenance found high sodium concentrations in samples
collected from areas near the road. A deterioration in the health of spruces, which grew in close proximity
to the road, i.e. at a sampling distance of 5m, was also observed. The needles of these spruce trees
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showed increased sodium concentrations, regardless of the age of the needles. Spruce is thus a suitable
bioindicator of the effects of chemical winter road maintenance due to its increased sensitivity to salting
and its abundant occurrence in the area of interest. The results suggest that salting has an effect on local
ecosystems, especially near the road (approx. up to 20 m) because of sodium accumulates in all selected
components of the analysed ecosystem (moos, humus, soil). Different species have a different tolerance
to salt, which can lead to changes in species composition and affect interspecies competition. Obtained
results evaluate significant impact of contamination in close proximity to the road, which decrease
significantly with distance from the road to cca 20 m. This value can be regarded as a limit of significant
impact. Additionally, an impact of sodium ions spreading via aerosol was proved. This impact is
noticeable in distance 100 m. It was proven by changes of sodium concentrations in various ecosystem
components (especially in grass, moos and humus), reflecting variability of winter maintenance in
particular years. Although significant impact cannot be expected for the ecosystem vitality, attention
should be paid to this problem. Moreover, impact of sodium ions in distances up to 100 m and also to
possible synergy with other contaminants from the traffic should be examined. A more detailed
investigation is needed to determine the extent to which an increase of sodium concentration may affect
structure and linkages in the ecosystem. It would be appropriate to focus not only on the impact of winter
maintenance, but also on other synergistic effects of transport.
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Figure 1

Difference in sodium concentrations in the humus and soil layers at the selected area of the D1
motorway in all spring periods and two monitoring periods of 2018 at different distances from the road

Figure 2
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Comparison of sodium concentrations in needles of different ages over three sampling distances in all
spring sampling campaigns and in the 2018 spring and autumn campaigns

Figure 3

Comparison of sodium concentration in samples of grass, moss and fallen needles in all spring sampling
campaigns, comparison of spring and autumn 2018 campaigns

Figure 4

Dependence of sodium concentration in the different type of samples on distance from the road (left)
and differences in sodium concentrations between various types of samples (right)
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Figure 5

Dependence of sodium concentration in different age needles on the distance from the road (left) and
differences in sodium concentrations between needles of different age (right)
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