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Abstract: The environmental impacts of air transport and air transportation systems have become
increasingly important and are heavily debated. The aim of the study was to determine the degree of
soil contamination by the potentially toxic elements (Cu, Ni, Pb, and Zn) in the vicinity of the airport
runway and to evaluate whether airport traffic has had factual toxic effects on airport vegetation.
The overall assessment of soil contamination by means of the Nemerow integrated pollution index
indicated slight pollution; evaluation by the geoaccumulation index evinced moderate contamination
by Zn and nonexistent to moderate contamination by Cu, Ni, and Pb. A significant difference between
the take-off and landing sections of the runway was not statistically confirmed. The vegetation
risk assessment by means of the potential ecological risk index (RI) showed the low ecological risk,
while the phytotoxicity test revealed an inhibition of up to 33.7%, with a slight inhibition of 16.7% on
average, and thus low toxic effects of airport traffic on airport vegetation. The results of the linear
regression model between phytotoxicity and RI manifested no relation between the two. The outcomes
from other studies suggest that the range of elements and the extent of contamination can be highly
variable at different airports and frequently affected by car traffic. Therefore, further research on this
issue is needed for the more precise determination of the elements emitted by air traffic at airports.

Keywords: air transport; soil contamination; ecological risk assessment; eco-toxicology study; phytotoxicity

1. Introduction

Among the broad spectrum of human activities that may have an impact on the degradation of the
natural environment, transportation activity holds a significant position [1,2]. This degradation may
pertain to various components of the environment to different degrees (air, water, and soil), along with
its landscape values. Air transportation is an important part of the economy and quality of life through
the promotion of trade and tourism on a global scale [3–5]. Its importance is constantly growing [6].
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For instance, civil aviation is fast-growing, with about +5% growth every year, driven mainly by
globalization and developing economies [7]. Currently, passenger flights comprise approximately 10%
of total worldwide passenger traffic, while transportation services via airplanes cover approximately
35% of demand for cargo transport [3]. Air travel/traffic brings many social and economic benefits [4,5,8],
not merely for people involved in the aviation industry, but also for local economies around the
airports [9]. However, due to the existing large and still growing scale of air transport and the air
transportation system, their undesirable environmental impacts have become increasingly important,
and therefore they are heavily debated [3,7,10,11].

Means of air transport may affect individual components of the natural environment on many
levels [12]. Air transportation may impact the health of people and other living organisms not only at
the local level with the great potential risk, seeing as how most large airports are located near heavily
populated urban settlements [7], but also at a regional level or on a global scale. Most negative effects
are perceived in the direct surrounding of airports, though air traffic may also influence climate changes
on regional and global scales [13]. The impact at the local level is mainly associated with noise and
air pollution in the vicinity of airports [5,11,14]. Nevertheless, soil contamination by potentially toxic
elements (PTEs) can also represent a problem [15–17]. PTEs are one of the most serious environmental
hazards due to their toxicity, persistence, and bioaccumulation threatening the health of all living
systems [18–20]. Air pollution may also be a problem at the regional level and on a global scale,
possibly resulting in climate change as aviation is an important source of CO2 emissions [3,5,9].

Airport sources of pollution are not limited to only aircraft engine exhaust and non-exhaust
emissions, but also, for example, emissions from the traffic due to the airport ground service, the units
providing power to the aircraft on the ground, building emissions, maintenance work, and fugitive
vapors from refueling operations [7,10,15]. Despite the increased attention given to environmental
impacts of air transportation and its emissions at the ground-level and air pollution near airports,
many research gaps still remain [7].

Although there is a lamentable lack of relevant studies in the scientific literature on soil pollution
at airports and its effects on ecosystems, one recent study pointed to a possible moderate potential
risk to living systems by means of potential ecological risk assessment [21]. The aim of this study was
to determine whether airport operations have factual toxic effects on airport vegetation. This goal
was achieved in several partial steps: (1) by determining the contents of PTEs (Cu, Ni, Pb, and Zn)
in the vicinity of the airport runway, (2) calculating indices assessing the level of contamination and
environmental risk, (3) determining the phytotoxicity of the soils in the vicinity of the airport runway,
and (4) comparing the level of contamination and the environmental risk with phytotoxicity and
discussing other possible sources of risk.

2. Materials and Methods

2.1. Study Area

Warsaw Chopin Airport (also known as Okęcie Airport) was opened in 1934 [22] and is currently
the biggest airport in Poland with an area of approximately 6,800,000 m2. It has two intersecting
runways (3690 × 60 m; 2800 × 50 m) with an asphalt surface and the capacity for 35 aircraft operations
per hour [4]. It is a busy airport with approximately 17.7 million passengers annually (2018) and their
amount is continuously growing [22]. Passenger operations constitute approximately 86% of all the
aircraft movements at the airport. The Chopin Airport was built on a former military airfield and
is currently a city airport, located just 8 km from the city center [4]. The area lies in the continental
humid climate zone according to the classification by Köppen–Geiger. The characteristic feature of the
climate is precipitation with a many-year average of approximately 550 mm/year, with the maximum
in July (75 mm) and minimum in February (20 mm). The average yearly temperature is 8.2 ◦C, with the
maximum in July (18.3 ◦C) and minimum in January (−2.2 ◦C). The area is most frequently under the
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influence of polar maritime air masses (approximately 60% of the days in a year) as well as polar continental
(approximately 30% of days in a year) [Okęcie station (ϕ = 52◦09′ N, λ = 20◦59′ E, H = 106 m a.s.l.)].

2.2. Soil Sampling and Processing

The longer runway (3690 × 60 m), running in the NNW–SSE direction, is used for both take-offs
and landings, however, with a preference for landing. The runway was selected for soil sampling
based on the fact that the highest accumulation of metals is observed at the landing site [23]. A total
number of 48 samples was taken from 0–25 cm soil depth along the runway at regular intervals on both
sides of the runway in 2018. The geographical coordinates of each sampling point were recorded with
a hand-held GPS device. Each sample consisted of about 1000 g of soil. The samples were placed in
polyethylene bags and transferred to the laboratory. They were then dried at laboratory temperature
and sieved through a nylon sieve (2.0 mm mesh).

2.3. Sample Processing and Analytical Methods

The pH of soil samples was measured in 1 M KCl [24]. Total organic carbon (Ctot) in the soil
was measured using a LECO TruSpec analyzer (MI USA). To estimate the total content of the PTEs
of interest (Cu, Ni, Pb, and Zn), the decomposition was performed prior to measurements of the
samples. The sample solutions were obtained by decomposing of 0.5 g of soil with the addition of
3 mL of concentrated nitric acid and 9 mL of concentrated hydrochloric acid in an ETHOS EASY
microwave digestion oven (Milestone, Sorisole, Italy). Microwave decomposition was performed
using an optimized temperature program. Step 1: gradual heating of the vessels to 200 ◦C for 15 min
at 1800 W, step 2: maintaining of the temperature 110 ◦C for 15 min at 1800 W, and step 3: cooling for a
time period of 10 min. Decomposition of each sample was performed twice. The individual solutions
were then mixed and transferred to a volume of 50 mL.

The contents of the selected PTEs in the soil digests were determined by means of atomic
absorption spectrometry (AAS) using a high-resolution continuum source spectrometer ContrAA
800D (Analytik, Jena, Germany). The limits of detection attained according to described protocol were
30 µg/kg for Ni, 2 µg/kg for Cu, 89 µg/kg for Pb, and 18 µg/kg for Zn.

2.4. Soil Toxicity Bioassay

Soil toxicity was assessed using a commercial toxicity bioassay, the Phytotoxkit™ test [25].
The Phytotoxkit measures the decrease (or the absence) of seed germination and the growth of
roots after 3 days of the exposure of the selected plant to a contaminated matrix, in comparison
with the controls in the reference OECD soil. White mustard (Sinapis alba L.) was chosen for the
experiment. The methodology followed the steps described by Voběrková et al. [26], Radziemska et al. [27],
and Brtnický et al. [2]. The percentage root growth inhibition (RGI) was calculated with the application of the
following formula:

RGI =
A− B

A
× 100 (1)

where: A represents root length in the control and B represents root length in the test.

2.5. Data Treatment

The Geoaccumulation Index and the Nemerow Pollution Index were applied to assess soil
contamination. The ecological risk was assessed using the Potential Ecological Risk Index.
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2.5.1. Geoaccumulation Index (Igeo)

The Igeo allows for assessing the degree of soil PTE contamination based on the knowledge of the
PTE content in the background. The equation used to calculate Igeo is as follows [28,29]:

I geo = log2

(
Ci

1.5Bi

)
(2)

where Ci is the content of the PTE, 1.5 is constant, allowing the analysis of fluctuations of the PTE
content as a result of natural processes, and Bi is the content of the corresponding PTEs in background.
As a background, the background values for the Warsaw soils given by Czarnowska et al. [30]
in Pichtel et al. [31] were used for Cu, Pb, and Zn and the local background value based on the
geochemical atlas of Poland, given by Lis and Pasieczna [32], was applied as the background value
for Ni (5 mg/kg). The Igeo has the following classes: ≤0: uncontaminated, 0–1: uncontaminated to
moderately contaminated, 1–2: moderately contaminated, 2–3: moderately to heavily contaminated,
3–4: heavily contaminated, 4–5: heavily to extremely contaminated, ≥5 extremely contaminated [17].

2.5.2. Nemerow Integrated Pollution Index (IPIN)

The IPIN is used to assess the degree of soil pollution. The equations employed for its calculation
are as follows [20,33]:

PIi =
Ci
Ti

(3)

IPIN = [
(
PI2

avg + PI2
max

)
/2]

1/2
(4)

where PIi is the pollution index for a single element, Ci is the content of the PTE, Ti is the target value
of the PTE given by VROM [34] in this study, PIavg is the mean value of all PIi of PTEs, and PImax is
maximum PIi value of the PTEs. IPIN classes are as follows: ≤0.7: safe, 0.7–1: precaution, 1–2: slight
pollution, 2–3: moderate pollution, ≥3: heavy pollution [17].

2.5.3. Potential Ecological Risk Index (RI)

This index was proposed by Håkanson [35] to assess the degree of the environmental risk.
RI reflects the potential sensitivity of the biological community to PTEs. The equation applied to
calculate RI is as follows [29,36]:

RI =
∑n

i=1
Eri =

∑n

i=1
Tri ×

Ci
Bi

(5)

where Eri is the potential ecological risk index for a single element; Tri is the toxic response factor where
Cu, Ni, Pb, and Zn have values 5, 6, 5, and 1 [35,36]; Ci is the content of the PTE; and Bi is the background
content of the corresponding PTE. The Eri is categorized as [35]: Eri < 40 (low potential ecological risk),
40 ≤ Eri < 80 (moderate potential ecological risk), 80 ≤ Eri < 160 (considerable potential ecological risk),
160 ≤ Eri < 320 (high potential ecological risk), Eri ≥ 320 (very high potential ecological risk). RI is then
graded as follows [17,35]: RI ≤ 150 (low ecological risk), 150 < RI ≤ 300 (moderate ecological risk),
300 < RI ≤ 600 (considerable ecological risk) and RI > 600 (very high ecological risk).

2.6. Statistical Analyses

Data processing and all the statistical analyses were carried out with the help of a free available
program R, version 3.6.3. [37], together with RStudio [38] for the writing of R scripts. The advanced
graphs were created by using additional packages “ggplot2” [39] and “PerformanceAnalytics” [40].

To test the difference between the soil PTE content and the runway system, one-way analysis of
variance (ANOVA) type I (sequential) sum of squares at the significance level of 0.05 [41] was used,
where the soil PTE content was applied as a continuous response variable and the runway system
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as a categorical explanatory variable. To measure the effect size, partial eta-squared (ηp2) from the
“BaylorEdPsych” package was used [42]. “Treatment contrast” was applied for calculating factor level
means with a 95% confidence interval [43].

The simple linear regression analysis was performed for modelling the relation between
phytotoxicity and the RI, while the multiple linear regression analysis was applied in order to
characterize the relation between phytotoxicity and Eri [44], where phytotoxicity was used as a
continuous response variable in both cases. Measuring of the strength of the linear relation between
the selected variables was carried out with the help of Pearson’s correlation coefficient and the results
were presented by using the correlation matrix. During the regression analysis, the best-fitting curve
was obtained by the method of ordinary last squares (OLS). The coefficient of determination (R2) was
applied for the measurement of how close the data fit the regression line. The adjusted R-squared
(adj-R2) was used to measure the effect size of these factors, which have a real impact on the response
variable. The relative importance of all the individual regressors’ contributions to the multiple linear
model was assessed by using “last relation importance metric”. In the graphs, the size effect of each
explanatory variable was represented in percentages. For this purpose, the “relaimpo” additional
package [45] was employed. Finally, locally estimated scatterplot smoothing (LOESS) was performed
for the fitting of the regression curve with 95% interval confidence (CI) around the regression line.
The smoothing method was chosen based on the size of the largest group and the smoothing parameter
(α) was 0.8, which means the loess curve incorporated 80% of the total data points [46].

After conducting the analysis, all the statistical models were checked at the significance level 0.05
with the help of different statistical tests and diagnostic plots. For testing the normality of the data,
the Kolmogorov–Smirnov test and the Shapiro–Wilk normality test from the “nortest” package [47]
were used, whereas for testing homoscedasticity, Bartlett’s and Levene’s tests were applied from
the “car” package [48]. The D’Agostino’s K-squared test was used for testing skewness, while the
Anscombe–Glynn test was employed for testing the kurtosis from the “moments” package [49].
To detect outliers in the data, the Grubb’s test from the “outliers” package [50] and Cook’s distance
test were used. The Durbin–Watson test from “lmtest” package [51] was used for measuring of
autocorrelation in the residuals from the regression analysis. For testing the multicollinearity among
independent variables (also the strength of this correlation), the variance inflation factor (VIF) from
“faraway” package [52] and the Farrar–Glauber test from the “mctest” package were applied [53–55].

3. Results and Discussion

The rapid development of the air transport sector has led to negative changes in the natural
environment [6]. The basic fuel applied in air traffic is jet fuel—kerosene, which is a product of the
distillation of crude oil. Jet fuel contains trace amounts of PTEs, though the greatest threat to the
environment connected with air transport is the emission of Pb [56].

The resulting contents of the monitored PTEs indicate (Table 1) that the pollution of the airport
soils in the vicinity of the runway by these elements is low. Cu and Ni, in particular, showed relatively
balanced values at 14.02 mg/kg (95% CI [11.36,16.69]) and 8.83 mg/kg (95% CI [7.44,10.21]), respectively.
The situation was different in the case of Pb and Zn, which have already achieved more significant
deviations from the background values and an overall larger variance of the values, at 64.18 mg/kg
(95% CI [44.76,83.61]) and 151.73 mg/kg (95% CI [82,43,221.04]). The average content of none of the
elements exceeded the permissible content in the urban soils of Poland [57]. Exceedance was detected
for Pb only once, and in the case of Zn twice.

When confronted with the background values through the Igeo assessment (Table 1), Zn contamination
was confirmed, whereas Cu, Ni, and Pb fell into the category of uncontaminated to moderately contaminated
with the Igeo values of 0.23 (95% CI [0,0.49]), 0.08 (95% CI [0,0.27]), and 0.79 (95% CI [0.55,1.03]); Zn had
already fallen into the category moderately contaminated with a value of 1.16 (95% CI [0.69,1.62]).
The overall low level of pollution was also confirmed by the total IPIN, which classifies the monitored
soils in the vicinity of the runway into the category of slight pollution at the value of 1.04 (95% CI
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[0.67,1.42]). Based on these results, it can be stated that airport traffic in this case causes merely slight
soil pollution, which is mainly due to Zn and partially Pb. The results may, however, be slightly
affected (underestimated) by runway reconstruction in 2010, though it is difficult to assess the impact
of the reconstruction on the soil quality.

Table 1. Potentially toxic elements contents (C, in mg/kg) and pollution indices.

Cu Ni Pb Zn IPIN
C Igeo C Igeo C Igeo C Igeo

Mean 14.0 0.23 8.83 0.08 64.2 0.79 152 1.16 1.04
SEM a 1.33 0.13 0.69 0.09 9.65 0.12 34.5 0.23 0.19
S.D. b 9.19 0.88 4.77 0.65 66.9 0.82 239 1.58 1.29

Minimum 2.58 −1.89 3.67 −1.03 22.3 −0.43 3.96 −3.24 0.24
Lower Quartile (25%) 7.47 −0.36 5.83 −0.36 36.3 0.28 48.3 0.37 0.42

Median (50%) 10.3 0.05 8.35 0.15 45.6 0.60 87.1 1.22 0.62
Upper Quartile (75%) 18.3 0.90 10.9 0.53 75.6 1.33 186 2.31 1.10

Maximum 41.3 2.10 32.6 2.12 473 3.98 1581 5.40 8.27
Background 6.4 c 5 d 20 c 25 a

Limit PL e 200 150 200 500
a Standard error of the mean; b standard deviation; c background values for Warsaw soils [30,31]; d background
value based on the geochemical atlas of Poland [32]; e permissible content in urban soils of Poland [57].

Rao et al. [21], in their study, related air traffic to environmental contamination by Cd and Pb.
Other elements (Cu, Cr, Ni, and Zn) were then associated with natural sources in that study. In the
similar research on the effect of aircraft traffic emission on soil pollution, Ray et al. [23] designated air
transport as a possible emitter of Cu, Pb, Zn, Cr, and Ni causing soil contamination, especially by Cd
and Pb. Likewise, Massas et al. [16] linked air traffic with possible emissions of Cu, Pb, Zn, and, to a
limited extent, Ni. Brtnický et al. [17], in a study dealing with soil contamination in the vicinity of the
airport, related air traffic mainly to Zn contamination, but also mentioned contamination caused by Co
and Cr, which were not, however, monitored in this study. Further research on this issue is needed
for a more precise definition of air traffic-emitted elements causing soil contamination or pollution
because, in most of the mentioned studies, the results may be misrepresented by car traffic. This can be
external, but also directly connected to the operation of airports. Airport ground service equipment,
which includes, for instance, refilling trucks, passenger buses, baggage carriers, container loader,
de/anti-icing vehicles, and tugs, can constitute another significant source of pollution [7]. Despite this,
aircraft movements are considered the main sources of particles in the airfield [58].

The fuel combustion and combustion of oil are the primary emission sources for the aircraft
operation [59]. Approximately 25% of the exhaust emissions from the aircraft operation are produced
during the take-off and landing cycle [60], so this cycle can be a major source of pollution at airports.
Turgut et al. [59] stated that aviation aircraft emissions associated with combustion can be significantly
enriched, in particular with Pb, but also with Cd, Cu, Ni, or Zn. Ray et al. [22] also stated, that since Cu,
Pb, and Zn are used as additives to aviation fuels, they can be released in these emissions. Rao et al. [23]
reported their importance to soil contamination at airports. Less explored is the difference between
take-off and landing in these emissions.

Although the studied runway is mainly used for landing [61], there is a possibility for both
take-off and landing. Considering the preferential runway system [62], it is possible to track differences
between them in the soil PTE content. The difference can be observed especially in the case of Pb
(Figure 1). In the case of the arrival runway, the average Pb content value was 40.8 mg/kg (95% CI
[7.8,73.7]), while in the case of the departure runway, the value was 75.9 mg/kg (95% CI [52.6, 99.2]).
A higher average value was also found in the case of Cu. However, in all the cases, this difference was
not statistically significant (p > 0.05), probably due to the lack of samples (small dataset) and possible
insufficient separation of the operations. Given that, during take-off, high engine thrust, and large fuel
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consumption are required, there is also the higher production of emissions than in other operations [63].
In this case, this was observed for Pb and Cu, though it was not statistically confirmed.Sustainability 2020, 12, x FOR PEER REVIEW 7 of 14 

 
Figure 1. The comparison of the landing and take-off parts of the runway. 

Particles released during aircraft movement enter the environment immediately close to the 
runways and, due to atmospheric deposition, can settle in the soils of airports [64]. The high level of 
emission of contaminants may pertain not only to higher zones of the troposphere, but also the 
airports. Components of potentially harmful emission also include particulates from the wear of tires, 
runway surfaces, and brakes of planes during taxiing. The composition of the formed particulates 
includes polymers and PTEs such as Zn, Mo, and Cu [6]. The observed increased amount of Zn is 
frequently associated with tire wear [65–67]. The extreme conditions to which tires are exposed on 
the runway may result in the contamination of airport soils by Zn. In addition to Zn, other PTEs may 
be released from tire wear [10], for example Cd, Cr, Cu, Ni, or Pb [68]. Janić [15] related soil pollution 
at airports to leakage from storage tanks. Batteries and accumulators containing Cd and Ni can also 
represent a problem; Cr may be derived from the abrasion of primers applied to aircraft surfaces to 
prevent corrosion [23]. Brake or asphalt wear can also be a source of PTEs [15]; in particular, Cu is 
associated with brake wear and its increasing emissions are related to an increasing number of 
landings [65]. Owing to the constant growth of traffic at this airport [22], a faster increase in 
contamination can be expected in the future. 

However, on account of the intense airflow at airports, contamination of airport oils may be 
slightly misinterpreted. Turbulence created by the aircraft movements can end in resuspension of 
contaminated particles [7]. Released PTE particles can be quickly and easily transported over longer 
distances by air, and therefore the soil itself near the runways does not have to evince such signs of 
pollution that would correspond to the pollutants actually emitted. What is more, Bennett et al. [66] 
stated that PM emissions from tires and brakes are dependent on many factors, including, for 
instance, weather conditions. Apart from air transport, significant transport of pollutants can also 
occur via water. Calijuri et al. [69] reported that emitted pollutants can be carried by rainwater into 
the airport’s drainage system and subsequently transported to more remote areas. Even though the 
soil is reported to be a good sink for monitoring of traffic pollution [21,33], the environment needs to 
be monitored comprehensively in the case of airports, and air or water pollution should be addressed 
on a larger scale. 

Figure 1. The comparison of the landing and take-off parts of the runway.

Particles released during aircraft movement enter the environment immediately close to the
runways and, due to atmospheric deposition, can settle in the soils of airports [64]. The high level of
emission of contaminants may pertain not only to higher zones of the troposphere, but also the airports.
Components of potentially harmful emission also include particulates from the wear of tires, runway
surfaces, and brakes of planes during taxiing. The composition of the formed particulates includes
polymers and PTEs such as Zn, Mo, and Cu [6]. The observed increased amount of Zn is frequently
associated with tire wear [65–67]. The extreme conditions to which tires are exposed on the runway
may result in the contamination of airport soils by Zn. In addition to Zn, other PTEs may be released
from tire wear [10], for example Cd, Cr, Cu, Ni, or Pb [68]. Janić [15] related soil pollution at airports
to leakage from storage tanks. Batteries and accumulators containing Cd and Ni can also represent
a problem; Cr may be derived from the abrasion of primers applied to aircraft surfaces to prevent
corrosion [23]. Brake or asphalt wear can also be a source of PTEs [15]; in particular, Cu is associated
with brake wear and its increasing emissions are related to an increasing number of landings [65].
Owing to the constant growth of traffic at this airport [22], a faster increase in contamination can be
expected in the future.

However, on account of the intense airflow at airports, contamination of airport oils may be
slightly misinterpreted. Turbulence created by the aircraft movements can end in resuspension of
contaminated particles [7]. Released PTE particles can be quickly and easily transported over longer
distances by air, and therefore the soil itself near the runways does not have to evince such signs of
pollution that would correspond to the pollutants actually emitted. What is more, Bennett et al. [66]
stated that PM emissions from tires and brakes are dependent on many factors, including, for instance,
weather conditions. Apart from air transport, significant transport of pollutants can also occur via
water. Calijuri et al. [69] reported that emitted pollutants can be carried by rainwater into the airport’s
drainage system and subsequently transported to more remote areas. Even though the soil is reported
to be a good sink for monitoring of traffic pollution [21,33], the environment needs to be monitored
comprehensively in the case of airports, and air or water pollution should be addressed on a larger scale.

Figure 2 shows the correlation matrix of the soil PTE contents and other soil properties.
The strongest positive correlation was identified between C and Cu (Pearson’s r(48) = 0.43, p = 0.002).
No correlation was demonstrated between C and Ni (Pearson’s r(48) = −0.09, p = 0.52), C and Pb
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(Pearson’s r(48) = 0.01, p = 0.92), or between C and Zn (Pearson’s r(48) = −0.01, p = 0.93). In the case of
pH, the strongest positive correlation was noted between pH and Cu (Pearson’s r(48) = 0.40, p = 0.005)
and between pH and Ni (Pearson’s r(48) = 0.32, p = 0.02). No correlation was ascertained between pH
and Pb (Pearson’s r(48) = −0.04, p = 0.78) or between pH and Zn (Pearson’s r(48) = −0.03, p = 0.87).
Although organic matter (in this study Ctot) and pH are important soil properties affecting the content
of PTEs in the soil and their mobility [16,18], their effect is not so significant in this case, owing to the
balanced values at the pH range, which are usually close to neutral (5.5–7.6; average value 6.8) and
the Ctot range 0.4–3.0% (1.3% on average). The obtained soil pH values detected along the runway
revealed alkaline conditions, which may indicate low metal mobility in the analyzed soils. The pH
values were similar to those obtained by Massas et al. [13], who tested this parameter in the soils in the
close proximity to the Athens International Airport in Greece.
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and Pb (Pearson’s r(48) = −0.04, p = 0.78) or between pH and Zn (Pearson’s r(48) = −0.03, p = 0.87). 
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The Eri vegetation risk assessment demonstrated that all the elements ranked among the low
potential ecological risk category with the average values for Cu: 10.96 (95% CI [8.87,13.04]), Ni: 10.59
(95% CI [8.93,12.26]), Pb: 16.05 (95% CI [11.19,20.90]), and Zn: 6.07 (95% CI [3.30,8.84]). The overall
RI assessment manifested the low ecological risk at the value of 43.67 (95% CI [37.12,50.21]). On the
contrary, evaluation of the soils by means of the phytotoxicity test indicated an average inhibition of
16.7% (95% CI [14.25,19.17]), with a maximum growth inhibition reaching the value of 33.7%.

Contamination of the soil environment with PTEs has a negative influence on human health,
as well as the environment, due to their ecotoxicity. On the grounds of the results of the linear multiple
regression, it can be concluded that there is no statistically significant relation between phytotoxicity
and Eri (F4,43 = 1.94; p = 0.12), with the R2 of 0.15, and therefore this model cannot be used to predict
the alteration in phytotoxicity with dependence of Eri. Nevertheless, within this model, the impact
of Eri Ni was statistically significant (p = 0.02). Predicted phytotoxicity was equal to 23.54 + 0.09*Eri.
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Cu – 0.54*Eri.Ni – 0.06*Eri.Pb – 0.19*Eri.Zn, where phytotoxicity is expressed by percentage. The relative
contributions of predictors in the case of phytotoxicity were (in the descending order): 66% (Eri of Ni),
25% (Eri of Zn), 6% (Eri of Pb), and 3% (Eri of Cu) (Figure 3).
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The relationship between Ni and phytotoxicity was also confirmed by a low negative correlation
between Ni and phytotoxicity (Pearson’s r(48) = −0.31, p = 0.03) (Figure 2). The importance of Ni in
this case may be associated with its roles in plants. Nickel is a crucial micronutrient and an essential
component of some enzymes (e.g., ureases) for plants, which is important for the normal plant growth
and development [19,70]. Its content in the monitored soils was relatively low (Table 1), and therefore
its increasing content can act as a growth stimulant, which was monitored within the phytotoxicity
test. This hypothesis is also supported by Sreekanth et al. [71], who reported that Ni enhances seed
germination and seedling vigor.

Based on the results of the linear regression model between phytotoxicity and RI, it can be
concluded that there is no relation between the two, and it is therefore not possible to predict
phytotoxicity based on RI (F1,46 = 2.04; p = 0.16) with the R2 of 0.04 in this case. The predicted
phytotoxicity was equal to 20.09− 0.07*RI, where phytotoxicity is expressed by percentage. The absence
of a relation between RI and phytotoxicity is evident from Figure 4, as well. On the basis of this fact,
it can be stated that factors other than the observed PTEs, which negatively affect the plant growth,
bring about toxicity in this case. Owing to the moderate negative correlation between phytotoxicity
and pH (Pearson’s r(48) = −0.37, p = 0.01) (Figure 2), it can be assumed that the decrease in pH causes
the increase in the mobility of these substances and their higher availability to plants, which is common
for PTEs [18]. Therefore, other PTEs, such as Cd, can also be toxicants.

Mander et al. [68] related air transport to the increased Cd content in soils and plants in the
vicinity of runways. Similarly, Ray et al. [23] and Rao et al. [21] linked airport soils to contamination by
Cd. Cadmium is highly phytotoxic to plants [18,19]. This hypothesis regarding the risk of Cd to plant
life in airport soils is also supported by Rao et al. [21], who identified its high potential ecological risk
indicating potential harm to plants in their study monitoring the contamination of airport soils.

The RI assessment by means of merely four elements was insufficient in this case and points to
the need to address the impacts on flora comprehensively through phytotoxicity tests in initial studies.

Even though airports do not have to pose a major threat to adjacent vegetation and the soil
environment from the point of view of soil PTE pollution, noise [14,72,73], and air pollution [15,60],
having the worst local impact in connection with air transport services remains a major risk [4].
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Noise pollution can affect local people through a number of possible impacts, including negative
health effects, namely stress-related psychosocial symptoms; cardiovascular diseases; and sleep
disturbances [72,73]. In the future, it is therefore necessary to pay particular attention to those issues,
which may be especially problematic in urban areas. From the standpoint of soil pollution, further
research is needed to monitor the distribution of PTEs in the wider environment in connection with
air pollution.
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4. Conclusions

The outcomes of the monitored PTEs evinced low soil pollution in the vicinity of the airport
runway. The IPIN assessment categorized the monitored soils as slightly polluted, whereas the Igeo

assessment indicated moderate contamination by Zn and none to moderate contamination by Cu, Ni,
and Pb. Nevertheless, due to the constant growth of traffic at the monitored airport, the increase in
contamination can be expected in the future. The sources of pollution are probably emissions from
aircraft tires and brakes. A significant difference between the take-off and landing parts runway in
the soil PTE content was not statistically confirmed, probably due to the lack of samples or possible
insufficient separation of the operations, because the runway is mainly used for landing.

The results of other studies have indicated that the range of elements and the extent of
contamination can be highly variable at different airports and frequently affected by car traffic.
Therefore, further research on this issue is needed for a more precise definition of the elements
emitted by air traffic at airports. Although the soil is a good sink for traffic pollution monitoring,
the environment in the case of airports needs to be monitored comprehensively and air as well as water
pollution also needs to be addressed on a larger scale. Vegetation risk assessment by Eri and RI showed
the low ecological risk, while soil assessment by means of the phytotoxicity test demonstrated an
average slight inhibition of 16.7%, and thus the low toxic impact of airport traffic on airport vegetation.
Owing to the result of the linear regression model between phytotoxicity and RI, it can be concluded
that there is no relation between them. It is therefore not possible to predict phytotoxicity based on RI.
On the grounds of this fact, it can be stated that other factors cause toxic effects in this case. A possible
toxic element may be Cd, which is commonly associated with air transport.
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29. Kowalska, J.B.; Mazurek, R.; Gąsiorek, M.; Zaleski, T. Pollution indices as useful tools for the comprehensive

evaluation of the degree of soil contamination–A review. Environ. Geochem.Health 2018, 40, 2395–2420.
[CrossRef]

30. Czarnowska, K.; Gworek, B.; Kozanecka, T.; Latuszek, B.; Szafranska, E. Heavy metals content in soils as
indicator of urbanization. Pol. Ecol. Stud. 1983, 9, 63–79.

31. Pichtel, J.; Sawyerr, H.T.; Czarnowska, K. Spatial and temporal distribution of metals in soils in Warsaw,
Poland. Environ. Poll. 1997, 98, 169–174. [CrossRef]

32. Lis, J.; Pasieczna, A. Geochemical Atlas of Poland (Atlas Geochemiczny Polski); The Polish Geological Institute:
Warsaw, Poland, 1995. (In Polish)
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