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1 | INTRODUCTION

|  Jilili Abuduwaili'* | YaomingLi'?> | Wen Liu'?

Abstract

The ecological environment in Central Asia is vulnerable to pressure from human
activity due to the physical geography and climatic fragility of this region. A set of
indicators suitable for the future assessment of this pressure needs to be proposed.
Thirty-six topsoil samples (0-5 cm) were collected from roadsides in a suburban re-
gion of Bishkek, the capital of the Kyrgyz Republic in Central Asia, and a risk as-
sessment of anthropogenically disturbed potentially toxic elements (PTEs) was
systematically conducted with classic statistical methods. The results of detrended
correspondence analysis and principal component analysis clearly showed that top-
soil samples with high contents of PTEs (Pb, Zn and Cu) were strongly affected by
traffic within a distance threshold of 200 m and that anthropogenic effects decreased
significantly with increasing distance from the highway. The enrichment factor and
anthropogenic contribution for Pb were the highest among the three PTEs, with aver-
age values of 2.0% and 47.4%, respectively, suggesting enrichment. However, the
results of the human health risk assessment also indicated that noncarcinogenic risks
did not occur for any of the anthropogenic PTEs. The reported method provides a
new systematic pathway to reveal anthropogenic influences on the geochemical
composition of soil. The conclusions of this work will be highly valuable as impor-
tant guidelines for agriculture, and the results of the PTE contents will provide a

scientific basis for soil collection in future studies.
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depend on both the natural environment where the land is
formed and the degree of influence from anthropogenic ac-

The ecological environments in Central Asia are fragile, un-
stable (Li, Chen, Li, Deng, & Fang, 2015; Qi & Kulmatov,
2008) and vulnerable to the potential effects of human ac-
tivities. Researchers have focused on the influence of human
activities on land use and land cover changes combined with
global climate change in Central Asia (Chen etal., 2013;
Klein, Gessner, & Kuenzer, 2012; Lioubimtseva, Cole,
Adams, & Kapustin, 2005). The geochemical components of
soils, especially potentially toxic elements (PTEs) that are as-
sociated with potential toxicity or ecotoxicity (Duffus, 2002),

tivity (Karim, Qureshi, Mumtaz, & Qureshi, 2014; Saaltink,
Griffioen, Mol, & Birke, 2014; Smith et al., 2015). Soil that is
polluted by PTEs increases human health risks via ingestion,
inhalation and dermal absorption (Chen, Teng, Lu, Wang,
& Wang, 2015; Téth, Hermann, Da Silva, & Montanarella,
2016). Therefore, the pollution of soils with PTEs is a signif-
icant environmental issue.

For long-term comprehensive risk assessments of PTE
pollution, the gradients of background concentrations and
environmental variables are usually assumed to be uniform
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at small scales (Wu, Zhou, & Li, 2011); therefore, many
researchers have focused only on pollution and the assess-
ment of potentially toxic elements but have not given any
consideration to the possibility of spatial variability in the
field (Mamat, Haximu, Zhang, & Aji, 2016; Tang et al.,
2015; Zhang, Juying, Mamat, & QingFu, 2016). Soil is a
valuable natural resource in the arid zone of Central Asia.
The lands on both sides of roads have been the main areas
of agricultural farming due to convenient transportation.
However, it is unclear whether the soils on the roadsides
have been affected. If these soils have been affected, what
is the enrichment pattern of PTEs on the roadsides? In
this paper, based on the assessment of the geochemical
elemental characteristics of surface soils collected from
the Bishkek suburbs in Kyrgyzstan (Central Asia), mul-
tivariate statistical analyses and potential ecological risk
calculations were applied to examine the topsoil samples
and the responses of their elemental compositions to an-
thropogenic factors. In particular, whether human traffic
and transportation activities have altered the geochemical
compositions of topsoils and caused PTE pollution was in-
vestigated. This research will provide a scientific basis for
the prevention and control of soil heavy metal pollution in
the future.

2 | MATERIALS AND METHODS

2.1 | Sampling and laboratory analysis

Bishkek is the capital of Kyrgyzstan, which is located in
the eastern part of Central Asia (Figure 1). The soils in
the study area are characterized as Calcisols (FAO, 2012)
based on the soil classification in the Harmonized World
Soil Database (v 1.2). Corn crops are planted in this region.
Fertilizer use in all Kyrgyzstan was just 18.8 kilograms per
hectare of arable land (Light, 2007; Swinnen, Van Herck, &
Sneyers, 2011). After field research, no fertilizer was used
in this region. The soils, which are often used to evaluate
the influences of regional anthropogenic factors (Li, Wan,
Ben, Fan, & Hu, 2017; Salako, Hauser, Babalola, & Tian,
2006), were collected at depths of 0—5 cm at each location
using a corer with a cutting ring (with an inner diameter of
50 mm and a depth of 50 mm). Based on the chessboard
stationing method with a 50 m interval, 36 sampling points
(4 x 9) were placed at a given distance from highway M39.
Although Kyrgyzstan is a low-income developing coun-
try, the number of registrations reached 444.1 thousand
motor cars in Bishkek, equivalent to 1 unit per two persons
(Kadyraliev, 2011). Since there is no official traffic data for
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FIGURE 1 Location of the study area and design of quadrat-based sampling in the Bishkek suburbs
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highway M39, we recorded traffic data on 24 October 2018,
which reached 65 units per minute at 13:00 hr. The criteria
were that the samples had to be within 150 m (AO1-A12),
200-300 m (BO1-B12) and 350-450 m (C01-C12) of the
side of the highway, which allowed a direct comparison of
the effects of traffic on soil composition. In this paper, in
order to separate the PTEs that are affected by the natural
background, we analysed PTEs (Co, Cr, Cu, Ni, Pb, V and
Zn) and major elements (Al, Na, K, Ca, Mg, Fe, Mn and Ti).
Following the elemental analysis method (Liu, Wu, & Pan,
2016; Ma, Wu, & Abuduwaili, 2013), surface soil samples
were dried, and subsamples weighing ~0.125 g were ground
through a 200 pm mesh, digested with HF-HNO;-HCIO,
and prepared for geochemical analysis using an American
Leeman Labs profile inductively coupled plasma atomic
emission spectrometer with a relative individual elemental
concentration error of <5%.

2.2 | Classic statistical methods

Principal component analysis (PCA) was used to iden-
tify the potential factors influencing elemental variation
(Kelepertzis, 2014; Mic6, Recatala, Peris, & Sanchez, 2006).
Detrended correspondence analysis (DCA), which aided in
the identification of interrelationships among soil samples,
was used to separate topsoils that had anthropogenic contam-
ination from the samples (Hill & Gauch, 1980; Peet, Knox,
Case, & Allen, 1988). Detrended correspondence analysis
has proven to be a highly reliable and useful tool for data
exploration and is widely used in ecological and environ-
mental studies (Nilsson, Jansson, & Zinko, 1997; Smol et al.,
2005; Stephansen, Nielsen, Hvitved-Jacobsen, Pedersen, &
Vollertsen, 2016).

2.3 | Methods for the assessment of
pollution and anthropogenic contributions to
potentially toxic elements

Enrichment factors (EFs) have been widely used to calcu-
late the extent of anthropogenic contributions (ACs) using
a normalizing element (i.e., conservative metals) such as
Al (Varrica, Aiuppa, & Dongarra, 2000), Fe (Chakraborty,
Bhattacharya, Singh, & Maity, 2014), Ti (Taboada, Cortizas,
Garcia, & Garcia-Rodeja, 2006), Mn (Huang et al., 2014)
and K (Nesbitt, Markovics, & price, 1980). The EF for ele-
ment X is defined as follows:

_[X/Rlg

X IX/R]g )

The anthropogenically derived source ([X],,,) is defined
as follows:

[X]anth=[X]s_[R]sX[X/R]B (2)

and Management

The parts with an anthropogenic contribution (AC;
[X%],na) are defined as follows:

[(X%]yneh = <1_E+:x> x 100 3)

In Equations 1-3, R is the reference element, [X/R]g
is the concentration ratio of X to R in the topsoil samples,
and [X/R]g is the concentration ratio of X to R in the nat-
ural background materials. EF < 1 suggests that there is no
enrichment; 1 < EF < 3 suggests that there is minor enrich-
ment; 3 < EF < 5 suggests that there is moderate enrichment;
and EF > 5 suggests that there is severe enrichment (Sakan,
Dordevi¢, Manojlovi¢, & Predrag, 2009).

A widely used model for the health risk assessment
(Jiang et al., 2017; Li, Ma, van der Kuijp, Yuan, & Huang,
2014; Olawoyin, Oyewole, & Grayson, 2012), developed
by the United States Environmental Protection Agency
(USEPA, 1996), is selected to calculate the potential non-
carcinogenic risks of the PTEs to human health. For the
contaminated soils, three exposure pathways of PTEs are
considered: (a) ingestion: direct ingestion of soil particles
and indirect consumption of crops grown on contaminated
soils; (b) dermal contact with PTEs; and (c) inhalation of
resuspended particles by nose or mouth (Jiang et al., 2017;
Wu et al., 2015).

The average daily intake (ADD) of a PTE via ingestion
(ADDj,,,) is calculated as follows:

IngR X ExFXED

ADD. ke~! day )=
ing(Mg kg™ day™)=CX BWxAT

x107% (4)

The average daily intake of the PTE via inhalation
(ADD,,,) is calculated as follows:

InghR X ExFXED
PEFXBW x AT

The average daily intake of the PTE via dermal absorption
(ADDy¢p,) 1s calculated as follows:

ADD, , (mg kg™! day™')=Cx )

ADDy,,,(mg kg_1 day_l) = ©)
Cx SA XSLx ABS XxExFxED %10-6
BW x AT

The hazard quotient (HQ), which is designed as a measure-
ment of noncarcinogenic hazards, is calculated as follows:

HQ,;=ADD;/RfD, (7N

The hazard index (HI), which represents mixed pollution,
is calculated as follows:

HI= Z HQ, @)

In Equations 4-8, C is the content of the potentially toxic
element (mg kg_l). The ingestion rate (IngR) is 200 mg
day_1 (Ferreira-Baptista & De Miguel, 2005). The inhalation
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rate (InhR) is 12.8 m’ day_l (Qing, Yutong, & Shenggao,
2015). The exposure frequency (ExF) is 350 day year‘1
(Gu, Gao, & Lin, 2016). The exposure duration (Ed) is 30 a.
Body weight (BW) is 70 kg (Gu et al., 2016). The exposure
time (AT) is AT =365 X ED. The particle emission factor
(PEF) is 1.36 x 10° m® kg™ (Ferreira-Baptista & De Miguel,
2005). The exposed skin area (SA) is 4350 cm? (Qing et al.,
2015). The skin adherence factor (SL) is 0.2 mg cm™? day_1
(Ferreira-Baptista & De Miguel, 2005). The dimensionless
dermal absorption factor (ABS) is ABS =0.001 (Ferreira-
Baptista & De Miguel, 2005). The corresponding reference
dose for exposure pathway i is denoted as RfD; (USEPA,
1996). The average daily intake of PTEs for exposure path-
way i is denoted as ADD,. If HI < 1 or HQ < 1, there is no
noncarcinogenic risk. If HI > 1 or HQ > 1, noncarcinogenic
effects may occur (Lu, Zhang, Li, & Chen, 2014).

3 | RESULTS AND DISCUSSION
3.1 | Geochemical features and factors
influencing roadside soils in the suburban
region in Bishkek

The geochemical components of soil, especially PTEs, de-
pend on both the natural environment where the land is
formed and the degree of influence from anthropogenic ac-
tivity (Dung et al., 2013; Saaltink et al., 2014). However,
it is undeniable that the PTEs can undergo chemical phase
changes and spatial migration with changes in time and re-
gional environments (irrigation, crop planting, soil prop-
erties, soil erosion, atmospheric dust fall, etc.; Bi, Zhou,
Chen, Jia, & Bao, 2018; Caporale & Violante, 2016; Han
et al., 2003; Shi et al., 2018). To minimize the impacts of
time and regional environments on the content distribu-
tion of PTEs, a small spatial scale study was conducted.
The contents of major elements and PTEs are shown in
Figure 2. The results of the PCA showed that three factors
accounted for 86% of the total variance (Table 1). The first
factor (F1) was the main factor influencing the major and
trace elements (Al, Fe, Mn, Ti, Co, Cr, Ni and V; Table 2).
Al (Varrica et al., 2000), Fe (Chakraborty et al., 2014), Mn
(Huang et al., 2014; Loska, Cebula, Pelczar, Wiechula, &
Kwapuliriski, 1997) and Ti (Sabbioni, 1995; Taboada et al.,
2006) are extremely immobile and are regarded as typical
lithogenic elements. This relationship suggested that these
elements were released by the weathering of local bedrock
(Wilcke, Miiller, Kanchanakool, & Zech, 1998). Therefore,
these elements mainly represent a lithogenic origin from
the weathering and erosion of rocks and soil parent materi-
als in this region.

The second factor (F2) controlled the variations in the
elements Al, Na, K, Ca and Mg; Ca and Mg had high neg-
ative loadings on F2 (Table 2). The soil in this study area,

which is classified as a Calcisol, formed at an early stage of
weathering due to carbonate leaching (Mavris et al., 2010).
The second factor reflected the gradient of weathering inten-
sity. The percentage changes in the major immobile elements
(Al, Na and K) are influenced by typical mobile elements
(Ca and Mg) during pedological weathering (Chen, Ji, Qiu,
& Lu, 1998).

The third factor (F3) dominated PTEs (Pb, Zn and Cu)
with high loadings (from 0.89 to 0.94). The third controlling
factor was significantly different from the natural factors (F1
and F2; Table 2). The PTEs (Pb, Zn and Cu) were influenced
by anthropogenic traffic contributions. Vehicle emissions
represented a major source of anthropogenic Pb prior to
the use of unleaded gasoline (Cao et al., 2014; Ewing et al.,
2010). High Zn concentrations in our analysed topsoil sam-
ples were highly attributable to the attrition of rubber from
motor vehicle tires, which was exacerbated by poor-quality
road surfaces in the region. Lubricating oils often included
Zn as one of the many different additives (Okunola, Uzairu,
& Ndukwe, 2007). Copper contamination may have oc-
curred due to the wearing out of engine parts, such as thrust
bearings, bushings and metal bearings, which are commonly
found along roadsides in this study area (Okunola et al.,
2007).

Using PCA, anthropogenically influenced elements were
revealed; however, it was unknown whether there was spa-
tial variability in the study area or how large the impacts of
the anthropogenic factors were. Due to the large dimensional
differences in the geochemical data, a logarithmic transfor-
mation was conducted before analysis. In addition, DCA was
used to reveal the influences of natural processes and anthro-
pogenic factors on the soil samples.

The DCA results from the soil data suggested that axes
1 and 2 accounted for 46.61% and 24.06% of the total vari-
ation, respectively. The two axes explained 70.67% of the
variance in the soil data, which showed strong gradients
(Figure 3). The elements Ca, Mg, Na, K and Al had strong
positive/negative loadings with axis 1, and axis 2 separated
the elements Pb, Zn and Cu from the elemental group with
positive loadings. The first axis strongly indicated that chem-
ical weathering was the underlying gradient. The second
axis strongly indicated anthropogenic influence, which was
consistent with the above-mentioned PCA analysis. The re-
sults suggested that the soils in quadrants I and II (Figure 3)
at a range of 200 m were strongly influenced by traffic and
transportation; however, the topsoil samples A0l and A04
were not influenced by anthropogenic factors. In a study at
the beginning of this century, the enrichment factors for Pb,
Cu, Cd, Zn, Ni and Cr became negligible beyond a distance
of 5 m from the roadside of a major French highway (Pagotto,
Rémy, Legret, & Le Cloirec, 2001). In Nigeria, heavy metals
rapidly decreased with distance, reaching the natural back-
ground levels at a distance of 50 m from the road (Fakayode
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FIGURE 2 The contents of the major and potentially toxic elements

& Olu-Owolabi, 2003). The influences of heavy metal pol-
lution (Zn, Pb and Cd) induced by traffic in the vicinity of a
highway (A31, France) can reach up to 320 m, but the maxi-
mum contamination is observed between 5 and 20 m (Viard,
Pihan, Promeyrat, & Pihan, 2004). In the city of Kavala
(Greece), pollution decreased sharply with distance and
reached a natural background level at approximately 50 m
(Yassoglou, Kosmas, Asimakopoulos, & Kallianou, 1987).
In Chinese pollution assessments of PTEs in farmland soils
adjacent to a superhighway, Cu, Pb and Zn concentrations
decreased with increasing distance from the superhighway

within a 320 m range (Qin, Lou, Jiang, & Liang, 2009; Ruan
& Jiang, 1999), which suggested possible differences in the
traffic environments.

3.2 | Risk assessment of potentially toxic
element pollutants affected by human activities

The analytical results of the PCA confirmed that Fe is a
conservative element; therefore, the major element Fe was
designated as the reference element. The contents of Fe and
the anthropogenically influenced PTEs Pb, Zn and Cu in
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TABLE 1 Eigenvalues and the total and cumulative % of variance
Initial eigenvalues Rotation sums of squared loadings
Factors Total % of variance Cumulative % Total % of variance Cumulative %
1 6.50 43.35 43.35 6.07 40.44 40.44
2 3.96 26.37 69.72 3.97 26.46 66.90
3 2.40 16.02 85.74 2.83 18.84 85.74
4 0.71 4.72 90.46
5 0.51 3.37 93.84
6 0.26 1.70 95.54
7 0.19 1.25 96.79
8 0.18 1.23 98.02
9 0.12 0.80 98.81
10 0.07 0.49 99.31
11 0.05 0.31 99.62
12 0.03 0.18 99.80
13 0.02 0.14 99.94
14 0.01 0.04 99.98
15 0.00 0.02 100.00
Note. Extraction method: principal component analysis.
TABLE 2 Rotated component matrix (PCA loadings >0.5 are (@) i
shown in bold) e E"‘P b
[} :
Elements F1* F2* F3*
‘Cu
Al 0.59 0.77 —-0.12 R
Na —0.04 0.77 -0.13 P Quadrant Il : Quadrant |
x H
K 0.08 0.88 -0.01 < Zn
Ca —0.20 —-0.93 0.05 ﬁc
K Feau: <Ca
Mg 0.17 ~0.80 -0.18 A Ao T e
b Na Co% Ni v
Fe 0.93 0.29 0.11 c|> Quadrant 1l 4 Mg~ Quadrant
Mn 0.89 0.07 0.15 by s 1 018
Ti 0.82 0.33 0.16 (b)
Co 0.97 0.12 0.13 8 1002020
Cr 0.82 -0.32 0.33 e AZA12  nos 8o
Cu 0.26 -0.09 0.89 Quadrant Il Quadrant |
A10A03
Ni 0.83 —0.42 0.17 o L
%) A11 0 B0o2 B10
Pb —0.01 —0.02 0.94 &—< .........o..iq10.DB.0§(.gB.09 P
BO! A04 1 C06 ©
v 096 001 ~0.12 cozo 0 s 808 it llia s
~B04
Zn 0.17 0.04 0.93 Q Quadrant il C11 B%ge 22" "< Quadrant IV
P co3 Co4
“Extraction method: principal component analysis. Rotation method: varimax It 5 + + +
-0.15 Axis 1 0.15

with Kaiser normalization. Rotation converged in five iterations.

quadrants III and IV (Figure 3) were used as the natural back-
ground values. The calculated results in Table 3 show that the
EF and AC of Pb were the highest, with average values of 2.0
and 47.4%, respectively, suggesting significant enrichments
in PTEs (Pb, Zn and Cu). Based on the risk assessment for
potentially toxic element pollutants, the HQs of Zn, Cu and

FIGURE 3 The factors influencing the samples and elements
derived from a detrended correspondence analysis

Pb (regarding the ingestion of surface soils) were higher than
those for inhalation and dermal absorption, and the HQs of
Pb were the highest. The highest HI values for Pb, Zn and
Cu were 4.5 x 1072, 1.5 x 107 and 5.4 x 107>, respectively
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TABLE 3 The ratios of anthropogenic contributions and the hazard index (HI) for potentially toxic elements in surface soils

Samples EF, EFp, EF,, Cu,yp % Pb,, % In,, % HI, HIp, HI,,

A02 2.8 3.1 2.1 64.7 67.5 524 54%x107 4.1%x1072 14%x107
A03 13 1.8 1.0 245 445 0.0 3.7%x107° 3.5% 1072 9.7%x107*
A0S 2.1 2.0 1.2 522 50.0 14.4 3.6x 1073 2.5% 1072 7.1 %107
A06 14 25 1.7 28.7 59.8 40.9 28x 1073 3.6 X 1072 12x107°
A07 1.9 2.4 1.9 46.5 58.5 48.5 3.8x 1073 3.5x 1072 1.4x%107°
A08 1.9 2.7 1.8 48.3 63.0 442 45%107° 4.5% 1072 1.5x 1073
A09 1.2 1.8 1.1 15.6 44.5 49 3.0x 1073 3.2x 1072 9.4x 107
A10 15 15 1.1 324 32.7 12.1 3.0x 1073 2.1x 1072 8.1x 107
All 0.8 15 1.8 - 34.6 432 1.1x107° 1.4 x 1072 8.1x 107
Al2 1.7 23 14 41.9 55.8 31.0 32x107° 3.0x 1072 9.6 x 10~
BO1 1.1 1.8 1.2 11.1 44.4 17.8 20x%x107 23 %1072 78%x107*
B02 1.0 1.3 1.1 4.6 24.4 7.3 20x 1073 1.8 x 1072 7.2 %107
BO3 1.1 1.6 1.1 7.9 35.7 12.7 20x 1073 2.0x 1072 7.5% 107
Average 15 2.0 14 31.5 47.4 25.3 3.1x107° 2.9 x 1072 9.9 x 107
Maximum 2.8 3.1 2.1 64.7 67.5 524 5.4%x 1073 4.5% 1072 1.5x% 1073
Minimum 0.8 13 1.0 4.6 244 0.0 1.1x107° 1.4 x 1072 7.1%x 107

(Table 3). The HI values suggested that there were no noncar-
cinogenic risks for any of the anthropogenic PTEs.

Through the above analysis, two important arguments can
be made. One argument is derived from the geochemical sur-
vey. Soil investigations of geochemical baselines (Salminen
& Gregorauskien, 2000), which are fundamental and valuable
for the assessment of PTE contamination (Okedeyi, Dube,
Awofolu, & Nindi, 2014; Wu et al., 2015; Zahra, Hashmi,
Malik, & Ahmed, 2014), should avoid sampling within
200 m of the highway in this region. The other argument can
be made for food cultivation. Despite the difference in trans-
fer coefficients describing the transfer of PTEs from soil to
plant, crops grown in contaminated soils accumulate higher
amounts of PTEs than those grown in uncontaminated soils
(Intawongse & Dean, 2006; Tasrina Rc & Ali, 2015). The
absorption of PTEs through foods may lead to the disruption
of biological processes in the human body (Jolly, Islam, &
Akbar, 2013). According to the research results in this area,
farmlands should be far from the road, at least 200 m away.

4 | CONCLUSIONS

With mathematical methods and a model for health risk as-
sessment, anthropogenically disturbed PTEs and anthropo-
genically influenced topsoils in a suburban region in Bishkek
were revealed. The results were as follows:

1. Major elements and PTEs (Al, K, Na, Ca, Mg, Fe,
Mn, Ti, V, Cr and Ni) were affected by natural

processes. The PTEs (Pb, Zn and Cu) were strongly
affected by human traffic and transportation
activities.

2. Topsoil samples collected within a distance threshold
of 200 m from the highway had high contents of PTEs
(Pb, Zn and Cu) and were strongly affected by the pres-
ence of traffic, and the anthropogenic effects decreased
significantly with increasing distance from the
highway.

3. Among the PTEs (Pb, Zn and Cu), the EF and AC of Pb
were the highest, with average values of 2.0% and
47.4%, respectively, suggesting significant enrichment.
However, the HIs were less than one, suggesting that
there were no noncarcinogenic risks for any of the an-
thropogenic PTEs.

ACKNOWLEDGEMENTS

This study was supported by the Strategic Priority Research
Program of Chinese Academy of Sciences (Grant No.
XDA20060303), West Light Foundation of Chinese
Academy of Sciences (Grant No. 2016-QNXZ-A-4) and
National Natural Science Foundation of China (Grant No.
41471173). The authors also gratefully acknowledge the
Youth Innovation Promotion Association, Chinese Academy
of Sciences.

ORCID

Long Ma "= https://orcid.org/0000-0002-8233-8640


https://orcid.org/0000-0002-8233-8640
https://orcid.org/0000-0002-8233-8640

SoilUse

MA ET AL.

and Management

REFERENCES

Bi, C., Zhou, Y., Chen, Z., Jia, J., & Bao, X. (2018). Heavy metals and
lead isotopes in soils, road dust and leafy vegetables and health
risks via vegetable consumption in the industrial areas of Shanghai,
China. Science of the Total Environment, 619-620, 1349-1357.
https://doi.org/10.1016/j.scitotenv.2017.11.177

Cao, S., Duan, X., Zhao, X., Wang, B., Ma, J.,, Fan, D, ... Jiang, G.
(2014). Isotopic ratio based source apportionment of children's
blood lead around coking plant area. Environment International, 73,
158-166. https://doi.org/10.1016/j.envint.2014.07.015

Caporale, A. G., & Violante, A. (2016). Chemical processes affecting
the mobility of heavy metals and metalloids in soil environments.
Current Pollution Reports, 2, 15-27. https://doi.org/10.1007/
s40726-015-0024-y

Chakraborty, S., Bhattacharya, T., Singh, G., & Maity, J. P. (2014).
Benthic macroalgae as biological indicators of heavy metal pol-
lution in the marine environments: A biomonitoring approach for
pollution assessment. Ecotoxicology and Environmental Safety, 100,
61-68. https://doi.org/10.1016/j.ecoenv.2013.12.003

Chen, X., Bai, J., Li, X., Luo, G., Li, J., & Li, B. L. (2013). Changes in
land use/land cover and ecosystem services in Central Asia during
1990-2009. Current Opinion in Environmental Sustainability, 5,
116-127. https://doi.org/10.1016/j.cosust.2012.12.005

Chen, J., Ji, J., Qiu, G., & Lu, H. (1998). Geochemical studies on the in-
tensity of chemical weathering in Luochuan loess-paleosol sequence,
China. Science in China Series D: Earth Sciences, 41, 235-241.

Chen, H., Teng, Y., Lu, S., Wang, Y., & Wang, J. (2015). Contamination
features and health risk of soil heavy metals in China. Science of the
Total Environment, 512-513, 143-153. https://doi.org/10.1016/j.
scitotenv.2015.01.025

Duffus, J. H. (2002). “Heavy metals”-A meaningless term? (IUPAC
Technical Report). Pure and Applied Chemistry, 75, 793-807.
https://doi.org/10.1351/pac200274050793

Dung, T. T. T., Cappuyns, V., Swennen, R., & Phung, N. K. (2013). From
geochemical background determination to pollution assessment
of heavy metals in sediments and soils. Reviews in Environmental
Science and Bio/Technology, 12, 335-353.

Ewing, S. A., Christensen, J. N., Brown, S. T., Vancuren, R. A., Cliff,
S. S., & Depaolo, D. J. (2010). Pb isotopes as an indicator of the
Asian contribution to particulate air pollution in urban California.
Environmental Science and Technology, 44, 8911-8916. https://doi.
org/10.1021/es101450t

Fakayode, S. O., & Olu-Owolabi, B. I. (2003). Heavy metal contam-
ination of roadside topsoil in Osogbo, Nigeria: Its relationship to
traffic density and proximity to highways. Environmental Geology,
44, 150-157. https://doi.org/10.1007/s00254-002-0739-0

FAO (2012). Harmonized world soil database (version 1.2). Rome,
Italy: FAOand Laxenburg, Austria: I1IASA.

Ferreira-Baptista, L., & De Miguel, E. (2005). Geochemistry and risk
assessment of street dust in Luanda, Angola: A tropical urban en-
vironment. Atmospheric Environment, 39, 4501-4512. https://doi.
org/10.1016/j.atmosenv.2005.03.026

Gu, Y.-G., Gao, Y.-P,, & Lin, Q. (2016). Contamination, bioaccessibil-
ity and human health risk of heavy metals in exposed-lawn soils
from 28 urban parks in southern China's largest city, Guangzhou.
Applied  Geochemistry, 67, 52-58. https://doi.org/10.1016/j.
apgeochem.2016.02.004

Han, F. X., Banin, A., Kingery, W. L., Triplett, G. B., Zhou, L.
X., Zheng, S. J., & Ding, W. X. (2003). New approach to

studies of heavy metal redistribution in soil. Advances in
Environmental Research, 8, 113-120. https://doi.org/10.1016/
$1093-0191(02)00142-9

Hill, M. O., & Gauch, H. G. (1980). Detrended Correspondence
Analysis: An Improved Ordination Technique. In E. van der
Maarel (Ed.), Classification and ordination: Symposium on ad-
vances in vegetation science, Nijmegen, The Netherlands, May
1979 (pp. 47-58). Netherlands, Dordrecht: Springer. https://doi.
org/10.1007/978-94-009-9197-2

Huang, M., Wang, W., Chan, C. Y., Cheung, K. C., Man, Y. B., Wang, X.,
& Wong, M. H. (2014). Contamination and risk assessment (based
on bioaccessibility via ingestion and inhalation) of metal(loid)s in
outdoor and indoor particles from urban centers of Guangzhou,
China. Science of the Total Environment, 479—480, 117-124. https://
doi.org/10.1016/j.scitotenv.2014.01.115

Intawongse, M., & Dean, J. R. (2006). Uptake of heavy metals by vege-
table plants grown on contaminated soil and their bioavailability in
the human gastrointestinal tract. Food Additives and Contaminants,
23, 36-48. https://doi.org/10.1080/02652030500387554

Jiang, Y., Chao, S., Liu, J., Yang, Y., Chen, Y., Zhang, A., & Cao,
H. (2017). Source apportionment and health risk assessment of
heavy metals in soil for a township in Jiangsu Province, China.
Chemosphere, 168,  1658-1668.  https://doi.org/10.1016/j.
chemosphere.2016.11.088

Jolly, Y. N., Islam, A., & Akbar, S. (2013). Transfer of metals from soil
to vegetables and possible health risk assessment. SpringerPlus, 2,
385. https://doi.org/10.1186/2193-1801-2-385

Kadyraliev, A. (2011). Public transport system in the capital of
Kryrgyzstan: Current situation and analysis of its performance.
In 17th International Conference on Urban Transport and The
Environment. pp. 239-250.

Karim, Z., Qureshi, B. A., Mumtaz, M., & Qureshi, S. (2014). Heavy
metal content in urban soils as an indicator of anthropogenic and
natural influences on landscape of Karachi—A multivariate spatio-
temporal analysis. Ecological Indicators, 42, 20-31. https://doi.
org/10.1016/j.ecolind.2013.07.020

Kelepertzis, E. (2014). Accumulation of heavy metals in agricultural
soils of Mediterranean: Insights from Argolida basin, Peloponnese,
Greece. Geoderma, 221, 82-90. https://doi.org/10.1016/j.
geoderma.2014.01.007

Klein, I., Gessner, U., & Kuenzer, C. (2012). Regional land cover
mapping and change detection in Central Asia using MODIS time-
series. Applied Geography, 35, 219-234. https://doi.org/10.1016/j.
apgeog.2012.06.016

Li, Z., Chen, Y., Li, W., Deng, H., & Fang, G. (2015). Potential impacts
of climate change on vegetation dynamics in Central Asia. Journal
of Geophysical Research: Atmospheres, 120, 12345-12356.

Li, Z., Ma, Z., van der Kuijp, T. J., Yuan, Z., & Huang, L. (2014). A re-
view of soil heavy metal pollution from mines in China: Pollution
and health risk assessment. Science of the Total Environment, 468—
469, 843-853. https://doi.org/10.1016/j.scitotenv.2013.08.090

Li, T., Wan, Y., Ben, Y., Fan, S., & Hu, J. (2017). Relative importance
of different exposure routes of heavy metals for humans living near
a municipal solid waste incinerator. Environmental Pollution, 226,
385-393. https://doi.org/10.1016/j.envpol.2017.04.002

Light, M. (2007). Agriculture in Kyrgyzstan: Growth engine or
safety net? Retrieved from http://siteresources.worldbank.org/
INTKYRGYZ/Resources/1_KG_AG_Study_Eng.pdf

Lioubimtseva, E., Cole, R., Adams, J. M., & Kapustin, G. (2005).
Impacts of climate and land-cover changes in arid lands of Central


https://doi.org/10.1016/j.scitotenv.2017.11.177
https://doi.org/10.1016/j.envint.2014.07.015
https://doi.org/10.1007/s40726-015-0024-y
https://doi.org/10.1007/s40726-015-0024-y
https://doi.org/10.1016/j.ecoenv.2013.12.003
https://doi.org/10.1016/j.cosust.2012.12.005
https://doi.org/10.1016/j.scitotenv.2015.01.025
https://doi.org/10.1016/j.scitotenv.2015.01.025
https://doi.org/10.1351/pac200274050793
https://doi.org/10.1021/es101450t
https://doi.org/10.1021/es101450t
https://doi.org/10.1007/s00254-002-0739-0
https://doi.org/10.1016/j.atmosenv.2005.03.026
https://doi.org/10.1016/j.atmosenv.2005.03.026
https://doi.org/10.1016/j.apgeochem.2016.02.004
https://doi.org/10.1016/j.apgeochem.2016.02.004
https://doi.org/10.1016/S1093-0191(02)00142-9
https://doi.org/10.1016/S1093-0191(02)00142-9
https://doi.org/10.1007/978-94-009-9197-2
https://doi.org/10.1007/978-94-009-9197-2
https://doi.org/10.1016/j.scitotenv.2014.01.115
https://doi.org/10.1016/j.scitotenv.2014.01.115
https://doi.org/10.1080/02652030500387554
https://doi.org/10.1016/j.chemosphere.2016.11.088
https://doi.org/10.1016/j.chemosphere.2016.11.088
https://doi.org/10.1186/2193-1801-2-385
https://doi.org/10.1016/j.ecolind.2013.07.020
https://doi.org/10.1016/j.ecolind.2013.07.020
https://doi.org/10.1016/j.geoderma.2014.01.007
https://doi.org/10.1016/j.geoderma.2014.01.007
https://doi.org/10.1016/j.apgeog.2012.06.016
https://doi.org/10.1016/j.apgeog.2012.06.016
https://doi.org/10.1016/j.scitotenv.2013.08.090
https://doi.org/10.1016/j.envpol.2017.04.002
http://siteresources.worldbank.org/INTKYRGYZ/Resources/1_KG_AG_Study_Eng.pdf
http://siteresources.worldbank.org/INTKYRGYZ/Resources/1_KG_AG_Study_Eng.pdf

MA ET AL.

SoilUse

Asia. Journal of Arid Environments, 62, 285-308. https://doi.
org/10.1016/j.jaridenv.2004.11.005

Liu, W., Wu, J., & Pan, X. (2016). A 100-year record of climate change
and human activities inferred from the geochemical composition
of sediments in Chaiwopu Lake, arid northwest China. Journal of
Limnology, 75, 297-304.

Loska, K., Cebula, J., Pelczar, J., Wiechula, D., & Kwapulinski, J.
(1997). Use of enrichment, and contamination factors together
with geoaccumulation indexes to evaluate the content of Cd, Cu,
and Ni in the Rybnik water reservoir in Poland. Water, Air, and Soil
Pollution, 93, 347-365.

Lu, X., Zhang, X., Li, L. Y., & Chen, H. (2014). Assessment of met-
als pollution and health risk in dust from nursery schools in
Xi'an, China. Environmental Research, 128, 27-34. https://doi.
org/10.1016/j.envres.2013.11.007

Ma, L., Wu, J., & Abuduwaili, J. (2013). Climate and environmental
changes over the past 150 years inferred from the sediments of
Chaiwopu Lake, central Tianshan Mountains, northwest China.
International Journal of Earth Sciences, 102, 959-967. https://doi.
org/10.1007/s00531-012-0838-4

Mamat, Z., Haximu, S., Zhang, Z. y., & Aji, R. (2016). An ecological
risk assessment of heavy metal contamination in the surface sedi-
ments of Bosten Lake, northwest China. Environmental Science and
Pollution Research, 23, 7255-7265.

Mavris, C., Egli, M., Plotze, M., Blum, J. D., Mirabella, A., Giaccai,
D., & Haeberli, W. (2010). Initial stages of weathering and soil
formation in the Morteratsch proglacial area (Upper Engadine,
Switzerland). Geoderma, 155, 359-371. https://doi.org/10.1016/].
geoderma.2009.12.019

Mico, C., Recatala, L., Peris, M., & Sanchez, J. (2006). Assessing heavy
metal sources in agricultural soils of an European Mediterranean
area by multivariate analysis. Chemosphere, 65, 863-872. https://
doi.org/10.1016/j.chemosphere.2006.03.016

Nesbitt, H. W., Markovics, G., & price, R. C. (1980). Chemical pro-
cesses affecting alkalis and alkaline earths during continental
weathering. Geochimica et Cosmochimica Acta, 44, 1659—-1666.
https://doi.org/10.1016/0016-7037(80)90218-5

Nilsson, C., Jansson, R., & Zinko, U. (1997). Long-term responses of
river-margin vegetation to water-level regulation. Science, 276, 798.
https://doi.org/10.1126/science.276.5313.798

Okedeyi, O. O., Dube, S., Awofolu, O. R., & Nindi, M. M. (2014).
Assessing the enrichment of heavy metals in surface soil and plant
(Digitaria eriantha) around coal-fired power plants in South Africa.
Environmental Science and Pollution Research, 21, 4686-4696.
https://doi.org/10.1007/s11356-013-2432-0

Okunola, O., Uzairu, A., & Ndukwe, G. (2007). Levels of trace metals
in soil and vegetation along major and minor roads in metropoli-
tan city of Kaduna, Nigeria. African journal of Biotechnology, 6,
1703-1709.

Olawoyin, R., Oyewole, S. A., & Grayson, R. L. (2012). Potential risk
effect from elevated levels of soil heavy metals on human health in
the Niger delta. Ecotoxicology and Environmental Safety, 85, 120—
130. https://doi.org/10.1016/j.ecoenv.2012.08.004

Pagotto, C., Rémy, N., Legret, M., & Le Cloirec, P. (2001). Heavy
metal pollution of road dust and roadside soil near a major rural
highway. Environmental Technology, 22, 307-319. https://doi.
org/10.1080/09593332208618280

Peet, R. K., Knox, R. G., Case, J. S., & Allen, R. B. (1988). Putting things
in order: The advantages of detrended correspondence analysis. The

and Management

American Naturalist, 131, 924-934. https://doi.org/10.1086/284
833

Qi, J., & Kulmatov, R. (2008). An Overview Of Environmental Issues
In Central Asia. In J. Qi, & K. T. Evered (Eds.), Environmental
problems of Central Asia and their economic, social and security
impacts (pp. 3—14). Netherlands, Dordrecht: Springer. https://doi.
org/10.1007/978-1-4020-8960-2

Qin, Y., Lou, Y.-L., Jiang, Y., & Liang, W. (2009). Pollution charac-
teristics and assessment of heavy metals in farmland soil beside
Shenyang-Harbin superhighway. Journal of Agro-Environment
Science, 28, 663—-667.

Qing, X., Yutong, Z., & Shenggao, L. (2015). Assessment of heavy
metal pollution and human health risk in urban soils of steel in-
dustrial city (Anshan), Liaoning, Northeast China. Ecotoxicology
and Environmental Safety, 120, 377-385. https://doi.org/10.1016/].
ecoenv.2015.06.019

Ruan, H., & Jiang, Z. (1999). Pb concentration and distribution in main
tree species on both sides of highway in suburbs of Nanjing City.[J].
Chinese Journal of applied ecology, 10, 362-364.

Saaltink, R., Griffioen, J., Mol, G., & Birke, M. (2014). Geogenic and
agricultural controls on the geochemical composition of European
agricultural soils. Journal of Soils and Sediments, 14, 121-137.
https://doi.org/10.1007/s11368-013-0779-y

Sabbioni, C. (1995). Contribution of atmospheric deposition to the for-
mation of damage layers. Science of the Total Environment, 167,
49-55. https://doi.org/10.1016/0048-9697(95)04568-L

Sakan, S. M., Pordevi¢, D. S., Manojlovié¢, D. D., & Predrag, P. S.
(2009). Assessment of heavy metal pollutants accumulation in the
Tisza river sediments. Journal of Environmental Management, 90,
3382-3390. https://doi.org/10.1016/j.jenvman.2009.05.013

Salako, F. K., Hauser, S., Babalola, O., & Tian, G. (2006). Improvement
of the physical fertility of a degraded Alfisol with planted and natural
fallows under humid tropical conditions. Soil Use and Management,
17, 41-47. https://doi.org/10.1111/j.1475-2743.2001.tb00006.x

Salminen, R., & Gregorauskien, V. (2000). Considerations regarding
the definition of a geochemical baseline of elements in the surficial
materials in areas differing in basic geology. Applied Geochemistry,
15, 647-653. https://doi.org/10.1016/S0883-2927(99)00077-3

Shi, T., Ma, J., Wu, X., Ju, T., Lin, X., Zhang, Y., ... Wu, F. (2018).
Inventories of heavy metal inputs and outputs to and from agricul-
tural soils: A review. Ecotoxicology and Environmental Safety, 164,
118-124. https://doi.org/10.1016/j.ecoenv.2018.08.016

Smith, P., House, J. 1., Bustamante, M., Sobocka, J., Harper, R., Pan,
G., ... Pugh, T. A. M. (2015). Global change pressures on soils from
land use and management. Global Change Biology, 22, 1008—1028.

Smol, J. P., Wolfe, A. P., Birks, H. J. B., Douglas, M. S. V., Jones, V. J.,
Korhola, A., ... Weckstrom, J. (2005). Climate-driven regime shifts
in the biological communities of arctic lakes. Proceedings of the
National Academy of Sciences of the United States of America, 102,
4397. https://doi.org/10.1073/pnas.0500245102

Stephansen, D. A., Nielsen, A. H., Hvitved-Jacobsen, T., Pedersen,
M. L., & Vollertsen, J. (2016). Invertebrates in stormwater wet
detention ponds—Sediment accumulation and bioaccumulation of
heavy metals have no effect on biodiversity and community struc-
ture. Science of the Total Environment, 566, 1579-1587. https://doi.
org/10.1016/j.scitotenv.2016.06.050

Swinnen, J., Van Herck, K., & Sneyers, A. (2011). The Kyrgyz Republic:
Opportunities and challenges to agricultural growth. Retrieved from
http://www.fao.org/docrep/016/i2711e/i2711e.pdf


https://doi.org/10.1016/j.jaridenv.2004.11.005
https://doi.org/10.1016/j.jaridenv.2004.11.005
https://doi.org/10.1016/j.envres.2013.11.007
https://doi.org/10.1016/j.envres.2013.11.007
https://doi.org/10.1007/s00531-012-0838-4
https://doi.org/10.1007/s00531-012-0838-4
https://doi.org/10.1016/j.geoderma.2009.12.019
https://doi.org/10.1016/j.geoderma.2009.12.019
https://doi.org/10.1016/j.chemosphere.2006.03.016
https://doi.org/10.1016/j.chemosphere.2006.03.016
https://doi.org/10.1016/0016-7037(80)90218-5
https://doi.org/10.1126/science.276.5313.798
https://doi.org/10.1007/s11356-013-2432-0
https://doi.org/10.1016/j.ecoenv.2012.08.004
https://doi.org/10.1080/09593332208618280
https://doi.org/10.1080/09593332208618280
https://doi.org/10.1086/284833
https://doi.org/10.1086/284833
https://doi.org/10.1007/978-1-4020-8960-2
https://doi.org/10.1007/978-1-4020-8960-2
https://doi.org/10.1016/j.ecoenv.2015.06.019
https://doi.org/10.1016/j.ecoenv.2015.06.019
https://doi.org/10.1007/s11368-013-0779-y
https://doi.org/10.1016/0048-9697(95)04568-L
https://doi.org/10.1016/j.jenvman.2009.05.013
https://doi.org/10.1111/j.1475-2743.2001.tb00006.x
https://doi.org/10.1016/S0883-2927(99)00077-3
https://doi.org/10.1016/j.ecoenv.2018.08.016
https://doi.org/10.1073/pnas.0500245102
https://doi.org/10.1016/j.scitotenv.2016.06.050
https://doi.org/10.1016/j.scitotenv.2016.06.050
http://www.fao.org/docrep/016/i2711e/i2711e.pdf

MA ET AL.

"
and Management %‘;&Zﬁ'&

Taboada, T., Cortizas, A. M., Garcia, C., & Garcia-Rodeja, E. (2006).
Particle-size fractionation of titanium and zirconium during weath-
ering and pedogenesis of granitic rocks in NW Spain. Geoderma,
131, 218-236. https://doi.org/10.1016/j.geoderma.2005.03.025

Tang, Z., Zhang, L., Huang, Q., Yang, Y., Nie, Z., Cheng, J., ... Chai,
M. (2015). Contamination and risk of heavy metals in soils and sed-
iments from a typical plastic waste recycling area in North China.
Ecotoxicology and Environmental Safety, 122, 343-351. https://doi.
org/10.1016/j.ecoenv.2015.08.006

Tasrina Re, R. A. M. A. M. R. R. L, & Ali, M. P. (2015). Heavy met-
als contamination in vegetables and its growing soil. Journal of
Environmental Analytical Chemistry, 2, 1-6.

Té6th, G., Hermann, T., Da Silva, M. R., & Montanarella, L. (2016).
Heavy metals in agricultural soils of the European Union with im-
plications for food safety. Environment International, 88, 299-309.
https://doi.org/10.1016/j.envint.2015.12.017

USEPA, M. (1996). Soil screening guidance technical background docu-
ment. Office of Solid Waste and Emergency Response, Washington,
DC EPA/540, 95.

Varrica, D., Aiuppa, A., & Dongarra, G. (2000). Volcanic and anthro-
pogenic contribution to heavy metal content in lichens from Mt.
Etna and Vulcano island (Sicily). Environmental Pollution, 108,
153-162. https://doi.org/10.1016/S0269-7491(99)00246-8

Viard, B., Pihan, F., Promeyrat, S., & Pihan, J.-C. (2004). Integrated
assessment of heavy metal (Pb, Zn, Cd) highway pollution:
Bioaccumulation in soil, Graminaceae and land snails. Chemosphere,
55, 1349-1359. https://doi.org/10.1016/j.chemosphere.2004.01.003

Wilcke, W., Miiller, S., Kanchanakool, N., & Zech, W. (1998). Urban
soil contamination in Bangkok: Heavy metal and aluminium parti-
tioning in topsoils. Geoderma, 86,211-228. https://doi.org/10.1016/
S0016-7061(98)00045-7

Wu, S., Peng, S., Zhang, X., Wu, D., Luo, W., Zhang, T., ... Wu, L.
(2015). Levels and health risk assessments of heavy metals in urban
soils in Dongguan, China. Journal of Geochemical Exploration,
148, 71-78. https://doi.org/10.1016/j.gexplo.2014.08.009

Wu, S., Zhou, S., & Li, X. (2011). Determining the anthropogenic con-
tribution of heavy metal accumulations around a typical industrial
town: Xushe, China. Journal of Geochemical Exploration, 110,
92-97. https://doi.org/10.1016/j.gexplo.2011.04.002

Yassoglou, N., Kosmas, C., Asimakopoulos, J., & Kallianou, C.
(1987). Heavy metal contamination of roadside soils in the Greater
Athens area. Environmental Pollution, 47, 293-304. https://doi.
org/10.1016/0269-7491(87)90149-7

Zahra, A., Hashmi, M. Z., Malik, R. N., & Ahmed, Z. (2014). Enrichment
and geo-accumulation of heavy metals and risk assessment of sedi-
ments of the Kurang Nallah—Feeding tributary of the Rawal Lake
Reservoir, Pakistan. Science of the Total Environment, 470-471,
925-933. https://doi.org/10.1016/j.scitotenv.2013.10.017

Zhang, Z., Juying, L., Mamat, Z., & QingFu, Y. (2016). Sources iden-
tification and pollution evaluation of heavy metals in the surface
sediments of Bortala River, Northwest China. Ecotoxicology and
Environmental Safety, 126, 94-101. https://doi.org/10.1016/].

ecoenv.2015.12.025

How to cite this article: Ma L, Abuduwaili J, Li Y,
Liu W. Anthropogenically disturbed potentially toxic
elements in roadside topsoils of a suburban region of
Bishkek, Central Asia. Soil Use Manage. 2019;00:
1-10. https://doi.org/10.1111/sum.12470



https://doi.org/10.1016/j.geoderma.2005.03.025
https://doi.org/10.1016/j.ecoenv.2015.08.006
https://doi.org/10.1016/j.ecoenv.2015.08.006
https://doi.org/10.1016/j.envint.2015.12.017
https://doi.org/10.1016/S0269-7491(99)00246-8
https://doi.org/10.1016/j.chemosphere.2004.01.003
https://doi.org/10.1016/S0016-7061(98)00045-7
https://doi.org/10.1016/S0016-7061(98)00045-7
https://doi.org/10.1016/j.gexplo.2014.08.009
https://doi.org/10.1016/j.gexplo.2011.04.002
https://doi.org/10.1016/0269-7491(87)90149-7
https://doi.org/10.1016/0269-7491(87)90149-7
https://doi.org/10.1016/j.scitotenv.2013.10.017
https://doi.org/10.1016/j.ecoenv.2015.12.025
https://doi.org/10.1016/j.ecoenv.2015.12.025
https://doi.org/10.1111/sum.12470

