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A B S T R A C T

The work aim is to identify the risk areas by exposure to Cr, Cu, Pb and Zn in the Metropolitan Zone of Toluca
Valley (MZTV) using the mosses Fabriona cilaris and Leskea angustata as a biomonitors, geostatistical inter-
polation and multi-criteria evaluation by analytical hierarchy process. The results from the estimation of the
enrichment factors (EF) showed that Pb is the heavy metal with the highest values, followed by the Zn, Cu and
Cr. The EF obtained for all heavy metals show that there is a moderate to high anthropogenic enrichment. The
above indicates that in the MZTV there are emission sources that contribute (significantly) in the amount of Cr,
Cu, Pb and Zn accumulated in the biomonitor. Combustion processes, vehicle emissions, biomass burning, brick
kiln emissions, agricultural and livestock activities, manufacturing industry and re-deposition by the action of
the wind, were identified as the main heavy metals sources in the MZTV. Risk maps showed the high and
medium risk areas are located in sites with poor urban vegetation coverage and close to highways and industrial
parks. Low risk areas are located in sites with high urban vegetation coverage. The method used for identifying
risk areas is a rapid and low-cost evaluation tool can allow local government environmental agencies to define
public policies on air pollution control.

1. Introduction

The accelerated growth of the world population, particularly in
developing countries, has accelerated the urbanization and in-
dustrialization processes of metropolitan areas around the entire planet.
These processes generate several pressures in the environment, the
most important being air pollution due to the burning of fossil fuels and
various industrial activities.

Pollutants such as greenhouse gases, toxic substances (benzene,
toluene, xylene), particulate matter and heavy metals, are released in-
discriminately in the air with serious consequences for the environment
and people. Heavy metals are important components of air pollution
due to their high toxicity, easy dispersion, but above all because of their
persistence and bioaccumulation in the ecosystem (Koz et al., 2012;
Turkyilmaz et al., 2018a), such characteristics that increase the health

risks for the inhabitants of urban centers.
For example, several studies have shown that the exposure to high

levels of heavy metals concentration increases the risk of adverse effects
on human health by damage to central and peripheral nervous system,
lungs, kidneys and liver, or even death (Shaban et al., 2016; Zeng et al.,
2016). A long exposure to low concentrations of heavy metals is related
to symptoms such as nose and throat irritation, cough, dyspnea and
asthma (Koedrith et al., 2013). Studies such as Zeng et al. (2016) in-
dicate the presence of heavy metals such as Pb, Cd and the other heavy
metals in particulate matter (2.5 μm) may be related with the increase
in respiratory symptoms such as cough, phlegm and dyspnea, as well as
asthma in children. These health effects demonstrate the importance of
monitoring heavy metals in urban centers. Exposed population health
studies and identification of risk areas can be limited due to the high
costs of environmental monitoring and the complexity of analytical
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methods used in the heavy metal's quantification (Anicic et al., 2009;
Abril et al., 2014; Sevik et al., 2018).

The use of passive organisms (bioindicators) with high capacity to
accumulate metals is an ideal low-cost alternative for environmental
monitoring. Plants, mosses, lichens, among others are examples of or-
ganisms used for environmental biomonitoring (Hermens et al., 2008;
Carvajal et al., 2010; Dzierżanowski et al., 2011; Schreck et al., 2012;
Turkyilmaz et al., 2018b; Malikova et al., 2019). The bioindicators are
able to take up heavy metals from soil, rainwater and air and accu-
mulate them into their tissues (Shahid et al., 2017; Sevik et al., 2018).
Currently, plants and mosses are being successfully used to determine
the concentration of heavy metals in different cities around the world
(Trujillo-González et al., 2016; Liang et al., 2017; Lazo et al., 2018).
Mosses are the most used in small and medium scale and its use for
biomonitoring was proposed in the late 1960s (Rühling and Tyler,
1968). Mosses have been applied in studies of metal deposition (Martins
et al., 2012; Zarazúa-Ortega et al., 2013; Schnyder et al., 2018) and
radionuclides (Krmar et al., 2013; Wattanavatee et al., 2017; Malikova
et al., 2019), both in Europe and in the rest of the world.

The Metropolitan Zone of Toluca Valley (MZTV) is the fifth largest
metropolis in Mexico. This zone has serious environmental pressures
caused mainly by population growth, economic activities and demand
for public services and energy (GEM, 2012; GEM, 2012). In this context,
in the recent years, a study of the heavy metal's atmospheric deposition
(K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr and Pb) by means of the
biomonitoring with Fabriona cilaris and Leskea angustata was carried
out. The analysis of heavy metals concentration in mosses was carried
out by inductively coupled plasma optical emission spectrometry (ICP-
OES), total reflection X-ray fluorescence spectrometry (TXRF), atomic
absorption spectrometry and neutron activation analysis (Zarazúa-
Ortega et al., 2013; Caballero-Segura et al., 2014; Mejía-Cuero et al.,
2015; Macedo-Miranda et al., 2016). Results showed Fabriona cilaris
and Leskea angustata are useful for atmospheric biomonitoring, and
analytical methods used are suitable to quantify heavy metals in the
particulate matter. The next step is to identify the risk areas by ex-
posure to heavy metals in the MZVT, in order to evaluate the strategies
of the federal government's environmental programs, as well as to
contribute to develop of new public policies to reduce the heavy metals
emission sources, which have not been considered in the current en-
vironmental programs. The identification of risk areas can be carried
out in different ways, for example, using Geographical Information
Systems (GIS), dispersion models, among others. The use of GIS is a
simple and powerful tool to evaluate the spatial distribution of heavy
metals through geostatistical interpolation processes (Koz et al., 2012;
Cetin et al., 2018; Pan et al., 2016); these processes are widely used by
managers and planners in the management and planning of different
natural resources (Criado et al., 2017). GIS technology and mathema-
tical methods by multi-criteria analysis allow decision makers solve the
problem of site selection and achieve the most suitable site (Li et al.,
2017a, b). The combination of GIS and multi-criteria methods has been
used successfully in different environmental, urban and geophysical
applications (Criado et al., 2017; Li et al., 2017a, b; Sadeghi and Karimi,
2017; Srivanit and Selanon, 2017).

In this context, this work aims to identify the risk areas by exposure
to Cr, Cu, Pb and Zn in the ZMVT, using: a) The mosses Fabriona cilaris
and Leskea angustata as a biomonitor, b) geostatistical interpolation and
c) evaluation multi-criteria using Analytical Hierarchy Process (AHP).

2. Material and methods

2.1. Study area

The study area is located in the central part of the State of Mexico,
with coordinates UTM: 2,101,169.25, 2,184,696.55 mN and
399,803.96, 471,183.26mE as shown in Fig. 1. The area is situated on
the top of an elevated plateau, with a maximum altitude of 4340 masl

(in “Nevado de Toluca” volcano) and of 2640 masl (average) in the
central valley region; total surface area of the territory is 2602.76 km2.
In this region two types of climate are observed: sub humid temperate
and sub humid semi-cold, with a mean annual temperature between
−3 °C and 14 °C (GEM, 1993). Annual rainfall varies between 800mm
and 1200mm. The study area is under the influence of the trade winds,
whose intensity is expressed as weak in the cold season (November to
February). The winds predominate from the south to north with a slight
curve in favour of the clock hands (GEM, 2007b). The region is char-
acterized mainly by andosols, feozems, vertisols, luvisols and cambisols
soil types, and in a smaller proportion by histosols, planosols and re-
gosols soil types (GEM, 1993). Andosols and regosols soils are char-
acteristic of volcanic zones and they are vulnerable to erosion.

The study area is located in the MZTV, which is the second most
important urban centre in the State of Mexico and the fifth in the
country. This area presents an accelerated demographic growth with a
population of 2,172,035 inhabitants and an annual growth rate of 1.8%
(INEGI, 2010). The MZVT is formed by 22 municipalities (a political
and administrative unit used in Mexico, equivalent to the county in the
USA) (GEM, 2010; SEDESOL, 2012). It should be noted that the study
area only includes 7 of the 22 municipalities: Xonacatlán, Lerma,
Ocoyoacac, San Mateo Atenco, Metepec, Toluca and Zinacantepec,
which concentrate a total population of 1,516,996 inhabitants (INEGI,
2010). Additionally, the protected natural areas of “Nevado de Toluca”
and “Otomí-Mexica” State Park have been considered.

Economic activity in the region is divided in: a) 3.4% in the primary
sector, characterized by seasonal agriculture and extensive livestock; b)
35.9% in the secondary sector, conformed mainly by metalworking
industry, textile industry, chemical industry, petrochemical industry,
glass and derivatives industry, rubber and plastics industry, electricity
generation, mining industry and construction industry; c) 56.8% in the
tertiary sector, highlighting food trade, waste management, hotel
management, among others (GEM, 2007c).

Factors such as population growth, economic activity, demand for
public services and energy, the increase in the vehicle fleet (917,733
vehicles) and the high consumption of fossil fuels (65 peta Joules per
year) (GEM, 2007c; GEM, 2012), have caused the MZTV is subject to
strong environmental pressures in the biotic and abiotic environment,
increasing the risks to health and environment due to air pollution.

2.2. Biomonitor

In order to determine the risk areas due to heavy metals exposure
(Cr, Cu, Pb and Zn) in the MZTV, the mosses Fabriona ciliaris and Leskea
angustata were used as biomonitors. In Mexico, studies on the biological
diversity of mosses in urban areas and their use in environmental
monitoring are scarce. Zepeda-Gómez et al. (2014) carried out a study
of epiphytic mosses diversity in the MZVT. The authors identified that
Syntrichia amphidiacea, Leskea angustata, S. fragilis, S. pagorum and
Fabriona ciliaris were the species with the greatest ecological weight.
The mosses Fabriona ciliaris and Leskea angustata were identified as the
most tolerant species to desiccation and human disturbances. These
moss species can be found in most of tree barks of the MZTV.

In this context, epiphytic mosses of the species Fabriona ciliaris and
Leskea angustata were collected during two sampling seasons in the
months of August and November that corresponding to the rainy and
dry-cold seasons, respectively. The mosses were obtained from 15 dif-
ferent sites that include urban settlements, recreational parks and nat-
ural protected areas (Zarazúa-Ortega et al., 2013; Caballero-Segura
et al., 2014; Zepeda-Gómez et al., 2014; Mejía-Cuero et al., 2015;
Macedo-Miranda et al., 2016). Direction of the winds, urban vegetation
cover and biomonitors abundance were considered for the sampling
sites selection. The location of the sampling sites is presented in Fig. 1.
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2.3. Quantification of heavy metals

The concentration of Cr, Cu, Zn and Pb deposited in the biomonitor
was determined by inductively coupled plasma optical emission spec-
trometry (ICP-OES), following the procedure used by Caballero-Segura
et al. (2014). The collected mosses were previously washed with
deionized water and then dried at room temperature for 48 h. Subse-
quently, they were ground and homogenized in an agate mortar. Fi-
nally, samples of 0.5 g previously digested in acid solution, were ana-
lysed in an ICP-OES (Thermo Jarrel Ash Corporation) model Atomscan

Advantage Axial Type. The quantification of heavy metals was carried
out under the following analysis conditions: sample uptake of
1.8 mLmin−1, auxiliary flow rate of 1.0 Lmin−1, plasma flow rate
14 Lmin−1, nebulizer pressure of 207 kPa and generator power of
1150W. The analysis of the spectra was done by SPEC/PMT 2.1v
software.

The results of the Cr, Cu, Pb and Zn concentrations were used to
calculate the Enrichment Factor (EF). This factor estimates the en-
richment of Cr, Cu, Zn and Pb by natural or anthropogenic sources.
Enrichment factors values were calculated using Ti concentration (as
conservative element) and equation (1):

=EF
moss
soil

C
C

C
C

M
Ti

M
Ti (1)

where CM is the metal concentration in moss and soil. CTi is the Ti
concentration (conservative reference element) in moss and soil
(Sardans and Peñuelas, 2005; Lazo et al., 2018). EF≤ 2 indicates that
the moss does not have metals contributions of anthropogenic origin.
EF between 3 and 5 indicates a slight anthropic contribution. EF be-
tween 6 and 9 indicates a moderate anthropogenic enrichment. Finally,
EF≥ 10 indicates the metal in the moss is highly enriched and it is
coming from an anthropogenic source.
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Fig. 1. Study area and moss sampling points.

Fig. 2. Description of the process to determine the risk areas due to exposure to
heavy metals.
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2.4. Geostatistical analysis

15 sampling points distributed in the study area were used in the
geostatistical analysis according to the presence and abundance of the
biomonitor. The EF of Cr, Cu, Pb and Zn calculated from the metal
concentration accumulated in the moss was used as an indicator vari-
able. The spatial correlation of the EF values of the heavy metals was
carried out with the variogram function. The variograms of each one of
the variables were calculated in the four spatial directions (0°, 45°, 90° y
135°) and additionally in the horizontal omnidirectional. The experi-
mental variogram was calculated using the semi variogram equation
(see equation (2)) (Wackernagel, 1995).
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where γ(h) is the semi variance, n(h) is the total number of pairs of
samples separated by a distance interval h. Z(xi) is the value of the
variable in a site x. Z(xi+ h) is another value of the sample at the
distance h, and n(h) is the total number of pairs of samples separated by

h. The modelling and adjustment of the semi variograms were per-
formed using the spherical spatial variation model given by the math-
ematical expression (3). This is the most model used in environmental
applications (Burrough, 2001; Lixin and Revesz, 2003; Martins et al.,
2012).
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where C1 is the sill, Co is the nugget, r is the range and h is the distance.
Finally, the spatial interpolation process of the EF was performed using
the ordinary Kriging model (Wackernagel, 1995). The Kriging model
estimates the value of the variable Z at a point xi not previously mea-
sured, weighting the weights of the variable with its minimum value, as
shown in the expression (4).
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n
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All statistical procedures were performed with the Idrisi software
and considering a statistical confidence level > 90%.

2.5. Risk areas

Fig. 2 shows the procedure to determine the risk areas by exposure
to Cr, Cu, Pb and Zn in the MZVT. As shown in the figure, the con-
struction of the risk map was carried out by Multi-Criteria Decision
Making (MCDM) analysis, which is a weighting method based on ana-
lytical hierarchy process (AHP). The AHP is able to perform a prior-
itization or weighting of each element of the hierarchy in an efficient
and rational manner (Li et al., 2017a, b). This type of mathematical
analysis is used successfully in complex processes of identification of
sites where there are different solution alternatives, for example, in
environmental applications (Giulia et al., 2015), urban planning

Table 1
Factors, criteria and sub criteria considered in the determination of risk areas
due to exposure to heavy metals.

Factors Criteria Sub criteria

Environmental Point sources Manufacturing industry:
Metalworking
Textile
Chemical
Petrochemical
Glass and derivatives
Rubber and plastic
Extractive and construction
industry:
Extraction of stone materials
Brick making

Mobile sources Vehicle density:
High
Medium
Low

Geographic Wind direction Influenced by the wind
Without influence of winds

Land use Bare cover
Vegetal cover
Residential
Urban vegetation

Spatial distribution
trends of EF

Social and economic Population density High
Medium
Low

Fig. 3. Cr, Cu, Zn and Pb EF from each one of the sample sites in dry-cold season.

Fig. 4. Cr, Cu, Zn and Pb EF from each one of the sample sites in rainy season.
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(Criado et al., 2017; Srivanit and Selanon, 2017), groundwater vul-
nerability assessment (Kumar et al., 2017), among others.

The first step was to define the objective of the analysis; in our case
it was to identify the risk zones due to exposure to airborne heavy
metals. Then, the factors, criteria and sub criteria were defined; in
Table 1 each of these are presented. The factors a) geographical, b) en-
vironmental and c) socio-economic were selected. Each factor was di-
vided into some criteria and each criterion was divided into some sub
criteria.

a) Geographical factor

The EF spatial distribution, winds direction and land use were the
geographical factors considered. In this study, land use was considered
in four categories: urban settlements, bare ground, urban vegetation
and vegetation covert. These geographical elements influence the re-
suspension, transport and dispersion of heavy metals (Schreck et al.,
2012; Smolyakov et al., 2017; Lazo et al., 2018).

b) Environmental factor

The potential emission sources were considered as environmental
factors: mobile and point sources. This consideration is based on the
fact that the study area has a high industrial activity and a high vehi-
cular density. The manufacturing and construction industry were
identified as points sources. The vehicular density was considered as a
mobile source (GEM, 2007c; GEM, 2012).

c) Socio-economic factor

The population density of the study area was considered as a so-
cioeconomic factor, the above means that a high population density is
more vulnerable to exposure by heavy metals (Koedrith et al., 2013;
Shaban et al., 2016; Zeng et al., 2016).

After determining the factor, the next step was the criterion
weighting. In this work, AHP was used for weighting the criteria. This
weighting of factors represents the relationship between the study ob-
jective and the decision alternatives. As seen in Table 1, the factors that
have more influence in achieving the objective it was assigned a greater
weight. Factors with less importance have less weight. The next step
was to display the outputs into the risk areas map. Based on the outputs,
the risk areas were categorized into: a) High risk, b) Medium risk and c)
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Low risk. All inputs and modelling were obtained using the Idrisi
software.

3. Results and discussions

Figs. 3 and 4 show the Cr, Cu, Pb and Zn enrichment factors from
each one of the sampling sites in the dry-cold season and in the rainy
season, respectively. As shown, the highest EF is present in the dry
season, in both seasons Pb is the heavy metal with the highest values,
followed by Zn, Cu and Cr. The EF obtained for all the heavy metals
show that there is a moderate to high anthropogenic enrichment. This
last, evidence there are emission sources that contribute significantly in
the Cr, Cu, Pb and Zn concentration accumulated in the biomonitor.

3.1. Geostatistical analysis

The knowledge of the heavy metal's spatial patterns and trends
through geostatistical analysis is an essential requirement to determine
the risk areas. The geostatistical analysis results were visualized in
spatial patterns maps using the Idrisi software.

In Figs. 5, 6, 7 and 8 the EF's patterns and trends of Pb, Zn, Cu and

Cr are shown. These spatial patterns depend on the geological, en-
vironmental, geographical and meteorological characteristics of the
study area, as well as the chemical speciation of the metal
(Chandrasekaran and Ravisankar, 2015). As shown in Fig. 5, Pb always
had EF > 8 in all study area. The spatial tendency of lead coincides
with the prevailing winds pattern (SE-NW direction) in the MZVT. The
highest Pb enrichment factors (EF > 24) were located in the central
part of the Toluca Valley. This Valley is characterized by having an
intense vehicular traffic in the primary and secondary roads (121,513 -
23,786 vehicles per day, average annualized) (GEM, 2012). Three an-
thropogenic sources could contribute to the Pb enrichment in the
MZVT: a) combustion processes of food waste, paper, plastics, textiles,
rubber, wood and metal melting. b) Plastic and textile industries, as
well as metalworking. c) Re-deposition of old Pb coming from leaded
gasoline. Next, each of one are discussed.

a) Combustion processes of food waste, paper, plastics, textiles, rubber,
wood and metal melting. In the study area, it has been identified at
least 6 smelters, 6 waste incinerators and the uncontrolled waste
burning to the environment have been identified (DENUE, 2018).
Some studies such as the one carried out by Li et al. (2017a, b)
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suggest as sources of lead: the combustion processes of rubbers,
wood, polyethylene bags and polyvinyl chloride (common materials
for urban solid waste).

b) Plastic and textile industries, as well as metalworking. According to
the National Statistical Directory of Economic Units, in the study
area there are around of 835 textile, plastics, glass, paints and me-
tallurgical manufacturing industries (DENUE, 2018).

c) Re-deposition of old Pb coming from leaded gasoline. In Mexico,
leaded gasoline was banned in 1990; however, the re-deposition
phenomenon of lead has been observed in urban and with traffic
areas in other countries (Simonetti et al., 2003; Chrastný et al.,
2018). In this context, the re-deposition of lead, in study area, is
explained by the existing correlation between the Pb enrichment
factors trend patterns, with respect to the prevailing winds patterns.

On the other hand, studies conducted in other regions suggest that
the burning of unleaded gasoline and diesel are a Pb contributor to the
air in metropolitan zones (Shiel et al., 2012; Yao et al., 2015; Chrastný
et al., 2018). These studies estimate 9.6 ng g−1 to 17.9 ng g−1 (un-
leaded gasoline) and 29.4 ng g−1 to 44.8 ng g−1 (diesel), depending on
the crude oil used for its manufacture (Yao et al., 2015). Metal baseline
studies have to be conducted in the study area in order to determine

sources of Pb enrichment.
The map of EF's patterns and trends of Zn is presented in Fig. 6. It is

observed the whole study area presents EF > 10, which indicates that
the source of the metal is mainly of anthropogenic origin. The highest
EF values (> 23) were obtained in the central part of the study area
with a spatial distribution pattern associated with the urban high po-
pulation settlements and with the highest vehicular density. This area is
characterized by concentrating a 121,000 average daily annualized
vehicular traffic. Also, an EF's spatial distribution similar to the wind
pattern is observed (SE-NO direction). Several authors have identified
that the major contamination sources of Zn are industrial activities,
urban activity and agriculture (Fekiacova et al., 2015). Zn and Zn-
compounds are widely used in agricultural fertilizers (McBride and
Spiers, 2001; Fekiacova et al., 2015). In this context, the MZVT is
characterized to have land uses such as urban settlements, bare ground
and different industrial zones (GEM, 2007a; GEM, 2012). Therefore, it
can be inferred that in the study area, the industrial activities, com-
bustion of fossil fuels, incineration of municipal waste and agricultural
activity due to fertilizer use are the main zinc pollution sources.

Fig. 7 shows the spatial distribution of copper enrichment factors.
As shown in the figure, there are EFs between 7.5 and 23 which indicate
that copper mainly of anthropogenic origin is accumulated in the

0 10 205 Kilometers
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Fig. 7. Spatial distribution of Cu enrichment factors, in the study area (6.39% of maximum error of the prediction model).
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biomonitor. The spatial distribution obtained shows the highest en-
richment factors (EF > 19) coincide with the sectors of greater eco-
nomic and industrial activity. A hotspot is observed in the munici-
palities of San Mateo and Lerma, around the most important highway in
the MZTV. The enrichment of Cu can be related with the activities of
the automotive, glass, paints and electroplating industries located in the
industrial sector of the Lerma municipality (DENUE, 2018). Ad-
ditionally, it is likely that agricultural and livestock activities in the
region could contribute to the enrichment of this metal, as it has been
observed in other parts of the world (Mirzaei Aminiyan et al., 2018).
For example, authors such as McBride and Spiers (2001) and Pan et al.
(2016) have described that fertilizers and pesticides are a significant
source of Cu. Also, the cattle slurry can contain significant concentra-
tions of Cu (Pan et al., 2016). In this context, the decomposition of
pesticides and fertilizers used in potato crops (in the agricultural and
livestock areas of the MZTV) transfer the Cu by runoff and, probably,
this metal is re-suspended and deposited by the action of the wind.

Finally, Fig. 8 shows a Cr enrichment probably coming from an-
thropogenic sources in the MZTV, where the highest enrichment factors
(> 13) are in the central portion. Studies performed in other countries
have identified that Cr can be associated to combustion of diesel oil

(Mróz et al., 2017) and biomass burning, among other industrial ac-
tivities (Ismail et al., 2012; Wannaz et al., 2012; Abril et al., 2014). In
this context, the vehicle emissions, biomass burning as an agricultural
practice, as well as to brick kiln emissions could be the main anthro-
pogenic sources of chromium in the area. For example, according to
State of Mexico government records, at least 391 brick kilns have been
identified in the MZTV (GEM, 2015).

The results from the geostatistical analysis allow establishing the
heavy metals distribution in the study area has different spatial patterns
that depend on the land uses and emission sources close to the places
where the biomonitor was collected.

3.2. Risk maps

In Fig. 9 the risk map of exposure to heavy metals is presented. As
shown in the figure, the exposure risk was classified into 3 categories a)
“High” risk, b) “Medium” risk and c) “Low” risk. In accordance with the
results, “High” risk areas are found in small hotspots located in the
municipalities of Toluca, Metepec, San Mateo Atenco and Lerma. These
hotspots are characterized by settlements of high population density
(Toluca with 3412 inhabitants/km2 and Metepec with 3040
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inhabitants/km2 (INEGI, 2010), and highways with intense vehicular
traffic. Additionally, in the municipalities of San Mateo Atenco and
Lerma are located the three most important industrial parks in the
MZTV: “Toluca 2000”, “El Cerrillo” and “Lerma”. These industrial
parks, together with the deposition of the particulate matter, contribute
to the environmental pressures increase in the region, as well as the
health and the environment risks due to high levels of atmospheric
pollution.

The areas identified as “Medium” risk are located in the centre and
north of the municipalities of Toluca, north of Metepec, as well as in
Lerma and San Mateo Atenco. These sites are characterized by a poor
urban vegetation cover (< 9m2/inhab). Study developed by Versañez
(2014), indicates that 69% of the municipalities territory that make up
the study area have insufficient urban vegetation coverage, 16% have
poor coverage and only 15% have acceptable coverage. This same study
considered as urban vegetation cover acceptable if it has more than
9m2/inhab (Versañez, 2014). It should be noted that this vegetation
cover includes the vegetation of public parks and gardens, vegetation
on roads, trees at the limits of cultivated areas and scattered trees. The
poor urban vegetation cover facilitates the dispersion of heavy metals
associated to particulate matter and therefore it contributes to the

increased risk of exposure to those pollutants (Yang et al., 2005;
Scovronick, 2015). It has been shown that urban vegetation cover
contributes to the reduction of particulate material released into the
atmosphere (Weber et al., 2014; Yang et al., 2015); also offers many
social, economic and environmental functions, such as lowering noise,
decreasing wind speed, having positive effect on human psychology,
producing economic resources and promoting soil conversation, among
others (Cetin and Sevik, 2016; Sevik et al., 2016; Turkyilmaz et al.,
2018a). The particulate matter can mainly interact with the vegetation
by impact, interception and Brownian diffusion (Janhäll, 2015),
therefore, it can be established the high risk in this area is principally
associated with a low vegetation cover and with the increased pollution
sources that were identified in the geostatistical analysis.

The remaining study area can be considered as “Low” risk. This area
is characterized by an urban vegetation cover of more than 40m2/in-
habitant consisting mainly of tree species of oak and pine that serve as
natural barriers that intercept the particulate matter.

It should be noted that in the study area, there are no similar studies
with which to perform a comparative analysis of the results obtained.
However, the general trends observed in the geostatistics analysis and
in the risk map are similar to those obtained in other regions of the
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world, but with other different methodologies (Martins et al., 2012;
Trujillo-González et al., 2016; Mirzaei Aminiyan et al., 2018;
Turkyilmaz et al., 2018a).

As it has been evidenced, the MZTV has serious environmental
pressures caused mainly by the population growth, the economic ac-
tivities and the demand for public services and energy (GEM, 2007a;
GEM, 2012). The environmental pressures have increased the risks to
inhabitant's health and the environment due to air pollution. In this
context, the Federal and State governments, through the environmental
agencies, have established a program to improve the air quality in the
Toluca Valley. The goal of this program is to establish strategies in
order to reverse the deterioration of air quality by regulating the PM2.5,
PM10, O3, NO2, SO2 and CO concentrations in the MZTV. Despite gov-
ernment efforts, the concentration of particulate matter has been in-
creasing over time, with the health risks that implies (GEM, 2012). The
last has been evidenced by means of our results, which indirectly show
an anthropogenic enrichment of heavy metals in the biomonitor used
and it also highlights the importance of redefining the regulatory
strategies of PM2.5 and PM10 in order to reduce the risks for exposure to
heavy metals in the study area. It should be noted the presented
methodology in this paper is a fast and low-cost evaluation tool that
could allow to local government environmental agencies to define new
public policies on air pollution control. In addition, this methodology
could facilitate the identification of social, political and economic
groups to act as stakeholders in the development of a participatory and
even new air quality management program for the MZTV.

4. Conclusions

The EF results for all the heavy metals show a moderate to high
anthropogenic enrichment. This evidence indicates that in the MZTV
there are emission sources that contribute significantly in the Cr, Cu, Pb
and Zn concentration accumulated in the mosses. The distribution of
heavy metals in the MZTV has different spatial patterns that are related
with the land uses and the emission sources close to the places where
the biomonitors were collected.

The highest Pb EFs (> 20) were located in the central part of the
Toluca Valley. Three anthropogenic sources contribute to the Pb en-
richment: a) combustion processes of food waste, paper, plastics, tex-
tiles, rubber, wood and metal melting; b) plastic and textile industry, as
well as metalworking; and c) re-deposition of old Pb coming from
leaded gasoline. In the case of Zn, the EF results allowed to establish
that the source of metal is mainly of anthropogenic origin. The in-
dustrial activities, combustion of fossil fuels, incineration of waste and
agricultural activities due to fertilizer use have been identified as
sources of heavy metal pollution. On the other hand, the spatial ten-
dencies of Cu showed that the highest enrichment factors are related to
the high density of vehicles, as well as the activities of automotive,
glass, paint and electroplating industries. In rural zones, the agri-
cultural and livestock activities contribute to the enrichment of this
metal. Finally, the vehicle emissions, biomass burning as an agricultural
practice, as well as to brick kiln emissions could be the main anthro-
pogenic sources of Cr in the MZTV.

In general, the combustion processes, vehicle emissions, biomass
burning, brick kiln emissions, agricultural and livestock activities,
manufacturing industry and suspended and deposited particles by the
action of the wind, have been identified as the main sources of heavy
metals in study area.

The high and medium risk areas are characterized by poor urban
vegetation coverage and because it is located close to highways and
industrial parks. The low risk area is characterized by high urban ve-
getation coverage. The poor urban vegetation coverage and the increase
in the pollution sources are the main factors that determine the risk
category in the MZTV.

The proposed methodology for identifying risk zones has demon-
strated been a fast and low-cost evaluation tool and it could help to

environmental agencies to define new public policies on air pollution
control in the MZTV.

Acknowledgements

This work is part of the projects EDOMEX-2009-C02-132003 from
COMECyT and AM-110 from the National Institute for Nuclear
Research.

References

Abril, G.A., Wannaz, E.D., Mateos, A.C., Invernizzi, R., Plá, R.R., Pignata, M.L., 2014.
Characterization of atmospheric emission sources of heavy metals and trace elements
through a local-scale monitoring network using T. capillaris. Ecol. Indicat. 40,
153–161. https://doi.org/10.1016/j.ecolind.2014.01.008.

Anicic, M., Tasic, M., Frontasyeva, M.V., Tomasevic, M., Rajsic, S., Mijic, Z., Popovic, A.,
2009. Active moss biomonitoring of trace elements with Sphagnum girgensohnii
moss bags in relation to atmospheric bulk deposition in Belgrade, Serbia. Environ.
Pollut. 157 (2), 673–679. https://doi.org/10.1016/j.envpol.2008.08.003.

Burrough, P.A., 2001. GIS and geostatistics: essential partners for spatial analysis.
Environ. Ecol. Stat. 8 (4), 361–377. https://doi.org/10.1023/A:1012734519752.

Caballero-Segura, B., Ávila-Pérez, P., Barrera Díaz, C.E., Ramírez-Garcia, J.J., Zarazúa, G.,
Ortiz-Oliveros, H.B., Soria, R., 2014. Metal content in mosses from the metropolitan
area of the Toluca Valley: a comparative study between inductively coupled plasma
optical emission spectrometry (ICP-OES) and total reflection X-ray fluorescence
spectrometry (TRXRF). Int. J. Environ. Anal. Chem. 94 (13), 1288–1301. https://doi.
org/10.1080/03067319.2014.940343.

Carvajal, B., Aboal, J.R., Fernández, J.A., Real, C., Carballeria, A., 2010. Influence of
roads and inhabited areas on metal concentrations in terrestrial mosses. Atmos.
Environ. 44 (28), 3432–3441. https://doi.org/10.1016/j.atmosenv.2010.06.007.

Cetin, M., Sevik, H., 2016. Measuring the impact of selected plants on indoor CO2 con-
centrations. Pol. J. Environ. Stud. 25 (3), 973–979.

Cetin, M., Adiguzel, F., Kaya, O., Sahap, A., 2018. Mapping of bioclimatic comfort for
potential planning using GIS in Aydin. Environ. Dev. Sustain. 20 (1), 361–375.

Chandrasekaran, A., Ravisankar, R., 2015. Spatial distribution of physico-chemical
properties and function of heavy metals in soils of Yelagiri hills, Tamilnadu by energy
dispersive X-ray fluorescence spectroscopy (EDXRF) with statistical approach.
Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 150, 586–601. https://doi.org/10.
1016/j.saa.2015.05.083.

Chrastný, V., Sillerova, H., Vítkova, M., Francova, A., Jehlicka, J., Kocourkova, J.,
Aspholm, P.E., Nilsson, L.O., Berglen, T.F., Jensen, H.K.B., Komarek, M., 2018.
Unleaded gasoline as a significant source of Pb emissions in the Subarctic.
Chemosphere 193, 230–236. https://doi.org/10.1016/j.chemosphere.2017.11.031.

Criado, M., Martínez-Graña, A., Santos-Francés, F., Velada, S., Zazo, C., 2017. Multi-cri-
teria analyses of urban planning for city expansion: a case study of Zamora, Spain.
Sustain. Times 9, 1850. https://doi.org/10.3390/su9101850.

Dzierżanowski, K., Popek, R., Gawrońska, H., Sæbø, A., Gawroński, S.W., 2011.
Deposition of particulate matter of different size fractions on leaf surfaces and in
waxes of urban forest species. Int. J. Phytoremediation 13 (10), 1037–1046. https://
doi.org/10.1080/15226514.2011.552929.

DENUE, 2018. Instituto Nacional de Estadistica y Geografia. Directorio Estadístico
Nacional de Unidades Económicas Mexico. http://www.beta.inegi.org.mx/app/
mapa/denue/, Accessed date: 22 October 2018.

Fekiacova, Z., Cornu, S., Pichat, S., 2015. Tracing contamination sources in soils with Cu
and Zn isotopic ratios. Sci. Total Environ. 517, 96–105. https://doi.org/10.1016/j.
scitotenv.2015.02.046.

Giulia, D., Francesco, M., Sara, C., Laura, C., Enrico, O., Mariachiara, C., Bianca, F., Paolo,
P., 2015. A spatial multi-criteria evaluation for site selection of offshore marine fish
farm in the Ligurian Sea, Italy. Ocean. Coast. Manag. 116, 64–77. https://doi.org/10.
1016/j.ocecoaman.2015.06.030.

Gobierno del Estado de México, 2015. Determinación de Emisiones por la Quema de
Combustibles en la Fabricación de Ladrillos y Cerámica. Secretaría del Medio
Ambiente del Gobierno del Estado de México. (México).

Gobierno del Estado de México (GEM), 1993. Atlas general del Estado de México.
Secretaría de Finanzas y Planeación. Instituto de Información e Investigación
Geográfica, Estadística y Catastral, México.

Gobierno del Estado de México (GEM), 2007a. Aire Limpio: Programa para el Valle de
Toluca 2007-2011. Secretaría del Medio Ambiente del Gobierno del Estado de
México. (Mexico).

Gobierno del Estado de México (GEM), 2007b. Cuencas Atmosféricas del Estado de
México. Secretaría del Medio Ambiente. Dirección General de Prevención y Control
de la Contaminación Atmosférica, México.

Gobierno del Estado de México (GEM), 2007c. Inventario de Emisiones de la Zona
Metropolitana del Valle de Toluca, 2004. Secretaría del Medio Ambiente, Dirección
General de Prevención y Control de la Contaminación Atmosférica. (México).

Gobierno del Estado de México (GEM), 2010. Conformación de las Zonas Metropolitanas:
Panorama Demográfico. Consejo Estatal de Población, Mexico.

Gobierno del Estado de México (GEM), 2012. Programa para Mejorar la Calidad del Aire
del Valle de Toluca (2012-2017). Secretaría del Medio Ambiente del Gobierno del
Estado de México. (Mexico).

Hermens, H., Norris, D.A., Koerberg, G.R., Buse, A., Steinnes, E., Rühling, A., 2008.
Temporal trends (1990-2000) in the concentration of cadmium, lead and mercury in

P. Ávila-Pérez, et al. Journal of Environmental Management 241 (2019) 138–148

147

https://doi.org/10.1016/j.ecolind.2014.01.008
https://doi.org/10.1016/j.envpol.2008.08.003
https://doi.org/10.1023/A:1012734519752
https://doi.org/10.1080/03067319.2014.940343
https://doi.org/10.1080/03067319.2014.940343
https://doi.org/10.1016/j.atmosenv.2010.06.007
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref6
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref6
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref7
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref7
https://doi.org/10.1016/j.saa.2015.05.083
https://doi.org/10.1016/j.saa.2015.05.083
https://doi.org/10.1016/j.chemosphere.2017.11.031
https://doi.org/10.3390/su9101850
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1080/15226514.2011.552929
http://www.beta.inegi.org.mx/app/mapa/denue/
http://www.beta.inegi.org.mx/app/mapa/denue/
https://doi.org/10.1016/j.scitotenv.2015.02.046
https://doi.org/10.1016/j.scitotenv.2015.02.046
https://doi.org/10.1016/j.ocecoaman.2015.06.030
https://doi.org/10.1016/j.ocecoaman.2015.06.030
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref15
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref15
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref15
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref16
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref16
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref16
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref17
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref17
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref17
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref18
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref18
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref18
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref19
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref19
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref19
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref20
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref20
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref21
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref21
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref21


mosses across Europe. Environ. Pollut. 151 (2), 368–376. https://doi.org/10.1016/j.
envpol.2007.06.043.

Ismail, M., Muhammad, D., Ullah Khan, F., Munsif, F., Ahmad, T., Ali, S., Khalid, M., Haq,
N.U., Ahmad, M., 2012. Effect of brick kilns: emissions on heavy metal (Cd and Cr)
content of contiguous soil and plants. Sarhad J. Agric. 28, 165–170.

Janhäll, S., 2015. Review on urban vegetation and particle air pollution-Deposition and
dispersion. Atmos. Environ. 105, 130–137. https://doi.org/10.1016/j.atmosenv.
2015.01.052.

Koedrith, P., Kim, H., Weon, J.I., Seo, Y.R., 2013. Toxicogenomic approaches for un-
derstanding molecular mechanisms of heavy metal mutagenicity and carcinogenicity.
Int. J. Hyg Environ. Health 216 (5), 587–598. https://doi.org/10.1016/j.ijheh.2013.
02.010.

Koz, B., Cevik, U., Akbulut, S., 2012. Heavy metal analysis around Murgul (Artvin) copper
mining area of Turkey using moss and soil. Ecol. Indicat. 20, 17–23. https://doi.org/
10.1016/j.ecolind.2012.02.002.

Krmar, M., Wattana vatee, K., Radnovic, D., Slivka, J., Bhongsuwan, T., Frontasyeva,
M.V., Pavlov, S.S., 2013. Airborne radionuclides in mosses collected at different la-
titudes. J. Environ. Radioact. 117, 45–48. https://doi.org/10.1016/j.jenvrad.2011.
08.009.

Kumar, P., Thakur, P.K., Bansod, B.K., Debnath, S.K., 2017. Multi-criteria evaluation of
hydro-geological and anthropogenic parameters for the groundwater vulnerability
assessment. Environ. Monit. Assess. 189 (11), 1–24. https://doi.org/10.1007/
s10661-017-6267-x.

Lazo, P., Steinnes, E., Qarri, F., Allajbeu, S., Kane, S., Stafilov, T., Frontasyeva, M.V.,
Harmens, H., 2018. Origin and spatial distribution of metals in moss samples in
Albania: a hotspot of heavy metal contamination in Europe. Chemosphere 190,
337–349. https://doi.org/10.1016/j.chemosphere.2017.09.132.

Li, Y., Lin, C., Wang, Y., Gao, X., Xie, T., Hai, R., Wang, X., Zhang, X., 2017a. Multi-
criteria evaluation method for site selection of industrial wastewater discharge in
coastal regions. J. Clean. Prod. 161, 1143–1152. https://doi.org/10.1016/j.jclepro.
2017.05.030.

Li, Y., Zhang, H., Shao, L.M., He, P.J., 2017b. Tracing source and migration of Pb during
waste incineration using stable Pb isotopes. J. Hazard Mater. 327, 28–34. https://doi.
org/10.1016/j.jhazmat.2016.12.029.

Liang, J., Fang, H.L., Zhang, T.L., Wang, X.X., Liu, Y.D., 2017. Heavy metal in leaves of
twelve plant species from seven different areas in Shanghai, China. Urban For. Urban
Green. 27, 390–398.

Lixin, L., Revesz, P., 2003. Interpolation methods for spatio-temporal geographic data.
Comput. Environ. Urban Syst. 28 (3), 201–227. https://doi.org/10.1016/S0198-
9715(03)00018-8.

Macedo-Miranda, G., Avila-Pérez, P., Gil-Vargas, P., Zarazúa, G., Sánchez-Meza, J.C.,
Zepeda-Gómez, C., Tejeda, S., 2016. Accumulation of heavy metals in mosses: a
biomonitoring study. SpringerPlus 5 (1), 715. http://doi.org/10.1186/s40064-016-
2524-7.

Malikova, I.N., Strakhovenko, V.D., Shcherbov, B.L., 2019. Distribution of radionuclides
in moss-lichen cover and needles on the same grounds of landscape-climatic zones of
Siberia. J. Environ. Radioact. 198, 64–78. https://doi.org/10.1016/j.jenvrad.2018.
12.013.

Martins, A., Figueira, R., Sousa, A.J., Sérgio, C., 2012. Spatio-temporal patterns of Cu
contamination in mosses using geostatistical estimation. Environ. Pollut. 170,
276–284. https://doi.org/10.1016/j.envpol.2012.07.004.

McBride, M.B., Spiers, G., 2001. Trace element content of selected fertilizers and dairy
manures as determined by ICP-MS. Commun. Soil Sci. Plant Anal. 32 (1–2), 139–156.
https://doi.org/10.1081/CSS-100102999.

Mejía-Cuero, R., García-Rosales, G., Longoria-Gándara, L.C., López-Reyes, M.C., Ávila-
Pérez, P., 2015. Application of neutron activation analysis for determination of As,
Cr, Hg, and Se in mosses in the Metropolitan Area of the Valley of Toluca, Mexico. J.
Chem. 278326. https://doi.org/10.1155/2015/278326.

Mirzaei Aminiyan, M., Baalousha, M., Mousavi, R., Mirzaei Aminiyan, F., Hosseini, H.,
Heydariyan, A., 2018. The ecological risk, source identification, and pollution as-
sessment of heavy metals in road dust: a case study in Rafsanjan, SE Iran. Environ.
Sci. Pollut. Res. 25 (14), 13382–13395. https://doi.org/10.1007/s11356-017-
8539-y.

Mróz, T., Szufa, K., Frontasyeva, M.V., Tselmovich, V., Ostrovnaya, T., Kornaś, A., Olech,
M.A., Mietelski, J.W., Brudecki, K., 2017. Determination of element composition and
extraterrestrial material occurrence in moss and lichen samples from King George
Island (Antarctica) using reactor neutron activation analysis and SEM microscopy.
Environ. Sci. Pollut. Res. 25 (1), 436–446. https://doi.org/10.1007/s11356-017-
0431-2.

Instituto Nacional de Estadística, Geografía e Informática, INEGI, 2010. Censo General de
Población y Vivienda 2010: Población Total con Estimación por Entidad y Municipio.
http://www.inegi.org.mx/sistemas/olap/Proyectos/bd/censos/cpv2010/PT.asp,
Accessed date: 22 October 2018.

Pan, L.B., Ma, J., Wang, X., Hou, H., 2016. Heavy metals in soils from a typical county in
Shanxi Province, China: levels, source and spatial distribution. Chemosphere 148,
248–254. https://doi.org/10.1016/j.chemosphere.2015.12.049.

Rühling, A., Tyler, G., 1968. An ecological approach to the lead problem. Bot. Not. 122,
248–342.

Sadeghi, M., Karimi, M., 2017. GIS-Based solar and wind turbine site selection using
multi-criteria analysis: case study Teheran, Iran. Int. Arch. Photogramm. Remote
Sens. Spat. Inf. Sci. 469–476 XLII-4/W4.

Sardans, J., Peñuelas, J., 2005. Trace element accumulation in the moss Hypnum cu-
pressiforme Hedw. and the trees Quercus ilex L and pinus halepensis Mill. in
Catalonia. Chemosphere 60, 129–1307. https://doi.org/10.1016/j.chemosphere.
2005.01.059.

Schnyder, E., Štrok, M., Kosonen, Z., Skudnik, M., Mazej, D., Jeran, Z., Thöni, L., 2018.
Lead concentrations and stable lead isotope ratios in moss in Slovenia and
Switzerland. Ecol. Indicat. 95 (1), 250–259. https://doi.org/10.1016/j.ecolind.2018.
06.072.

Schreck, E., Foucault, Y., Sarret, G., Sobanska, S., Cécillon, L., Castrec, M., Dumat, C.,
2012. Metal and metalloid foliar uptake by various plant species exposed to atmo-
spheric industrial fallout: mechanisms involved for lead. Sci. Total Environ. 427–428,
253–262. https://doi.org/10.1016/j.scitotenv.2012.03.051.

Scovronick, N., 2015. Reducing Global Health Risks through Mitigation of Short-Lived
Climate Pollutants. Scoping Report for Policy-Makers. World Health Organization,
Switzerland.

Secretaría de Desarrollo Social (SEDESOL), 2012. Delimitación de las Zonas
Metropolitanas de México 2010. Consejo Nacional de Población, Mexico.

Sevik, H., Cetin, M., Kapucu, O., 2016. Effect of light on young structures of Turkish fir
(Abies nordmanniana subsp. bornmulleriana). Oxid. Commun. 39, 485–492.

Sevik, H., Ozel, H.B., Cetin, M., Ozel, H.U., Erdem, T., 2018. Determination of changes in
heavy metal accumulation depending on plant species, plant organism, and traffic
density in some landscape plants. Air. Qual. Atmos. Health. https://doi.org/10.
1007/s11869-018-0641-x.

Shaban, N., Abdou, K., Hassan, N.E.H., 2016. Impact of toxic heavy metals and pesticide
residues in herbal products. Beni-Suef Uni. J. Basic Appl. Sci. 5 (1), 102–106. https://
doi.org/10.1016/j.bjbas.2015.10.001.

Shahid, M., Dumat, C., Khalida, S., Schreck, E., Xiong, T., Nabeel, N.K., 2017. Foliar
heavy metal uptake, toxicity and detoxification in plants: a comparison of foliar and
root metal uptake. J. Hazard Mater. 325, 36–58. https://doi.org/10.1016/j.jhazmat.
2016.11.063.

Shiel, A.E., Weis, D., Orians, K.J., 2012. Tracing cadmium, zinc and lead sources in bi-
valves from the coast of western Canada and the USA using isotopes. Geochem.
Cosmochim. Acta 76, 175–190. https://doi.org/10.1016/j.gca.2011.10.005.

Simonetti, A., Gariepy, C., Carignan, J., 2003. Tracing sources of atmospheric pollution in
Western Canada using the Pb isotopic composition and heavy metal abundances of
epiphytic lichens. Atmos. Environ. 37 (20), 2853–2865. https://doi.org/10.1016/
S1352-2310(03)00210-3.

Smolyakov, B.S., Sagidullin, A.K., Chikunov, A.S., 2017. Removal of Cd(II), Zn(II), and Cu
(II) from aqueous solutions using humic-modified moss (Polytrichum Comm.). J.
Environ. Chem. Eng. 5 (1), 1015–1020. https://doi.org/10.1016/j.jece.2017.01.022.

Srivanit, M., Selanon, P., 2017. GIS-based land suitability analysis to support transit-or-
iented development (TOD) master plan: a case study of the Campus Station of
Thammasat University and its surrounding communities. Built 9, 49–60.

Trujillo-González, J.M., Torres-Mora, M.A., Keesstra, S., Brevik, E.C., Jiménez-Ballesta,
R., 2016. Heavy metal accumulation related to population density in road dust
samples taken from urban sites under different land uses. Sci. Total Environ. 553,
636–642.

Turkyilmaz, A., Sevik, H., Cetin, M., 2018a. The use of perennial needles as biomonitors
for recently accumulated heavy metals. Landsc. Ecol. Eng. 14 (1), 115–120. https://
doi.org/10.1007/s11355-017-0335-9.

Turkyilmaz, A., Sevik, H., Cetin, M., Ahmaida Saleh, E.A., 2018b. Changes in heavy metal
accumulation depending on traffic density in some landscape plants. Pol. J. Environ.
Stud. 27 (5), 2277–2284.

Versañez, C.M., 2014. Estudio del Estado y Evolución de la Cubierta Vegetal en Áreas
Naturales Protegidas y Áreas Verdes en la Zona Metropolitana del Valle de Toluca del
2000 al 2008. Bachelor Thesis. Facultad de Planeación Urbana y Regional.
Universidad Autónoma del Estado de México, México.

Wackernagel, H., 1995. Multivariate Geostatistics. An Introduction with Applications.
Springer-Verlag, Berlín.

Wannaz, E.D., Carreras, H.A., Rodriguez, J.H., Pignata, M.L., 2012. Use of biomonitors for
the identification of heavy metals emission sources. Ecol. Indicat. 20, 163–169.
https://doi.org/10.1016/j.ecolind.2012.02.022.

Wattanavatee, K., Krmar, M., Bhongsuwan, T., 2017. A survey of natural terrestrial and
airborne radionuclides in moss samples from the peninsular Thailand. J. Environ.
Radioact. 177, 113–127. https://doi.org/10.1016/j.jenvrad.2017.06.009.

Weber, F., Kowarik, I., Säumel, I., 2014. Herbaceous plants as filters: immobilization of
particulates along urban street corridors. Environ. Pollut. 186, 234–240. http://doi.
org/10.1016/j.envpol.2013.12.011.

Yang, J., McBride, J., Zhou, J., Sun, Z., 2005. The urban forest in Beijing and its role in air
pollution reduction. Urban For. Urban Green. 3 (2), 65–78. https://doi.org/10.1016/
j.ufug.2004.09.001.

Yang, L., Zhang, L., Li, Y., Wu, S., 2015. Water-related ecosystem services provided by
urban green space: a case study in Yixing City (China). Landsc. Urban Plann. 136,
40–51. http://doi.org/10.1016/j.landurbplan.2014.11.016.

Yao, P.H., Shyu, G.S., Chang, Y.F., Chou, Y.C., Shen, C.C., Chou, C.S., Chang, T.K., 2015.
Lead isotope characterization of petroleum fuels in Taipei, Taiwan. Int. J. Environ.
Res. Public Health 12 (5), 4602–4616. https://doi.org/10.3390/ijerph120504602.

Zarazúa-Ortega, G., Poblano-Bata, J., Tejeda-Vega, S., Ávila-Pérez, P., Zepeda-Gómez, C.,
Ortiz-Oliveros, H.B., Macedo-Miranda, G., 2013. Assessment spatial variability of
heavy metals in Metropolitan Zone of Toluca Valley, Mexico, using the biomonitoring
technique in mosses and TXRF analysis. Sci. World J 426492. https://doi.org/10.
1155/2013/426492.

Zeng, X., Xijin, X., Boezen, M.H., Huo, X., 2016. Children with health impairment by
heavy metals in an e-waste recycling area. Chemosphere 148, 408–415. https://doi.
org/10.1016/j.chemosphere.2015.10.078.

Zepeda-Gómez, C., Ávila-Pérez, P., Díaz-García, U.S., Alanís-Martínez, Y., Zarazúa-
Ortega, G., Amaya-Chávez, A., 2014. Diversity of epiphytic mosses in the me-
tropolitan area of the Toluca Valley, Mexico. Rev. Mex. Biodivers. 85 (1), 108–124.
https://doi.org/10.7550/rmb.35456.

P. Ávila-Pérez, et al. Journal of Environmental Management 241 (2019) 138–148

148

https://doi.org/10.1016/j.envpol.2007.06.043
https://doi.org/10.1016/j.envpol.2007.06.043
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref23
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref23
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref23
https://doi.org/10.1016/j.atmosenv.2015.01.052
https://doi.org/10.1016/j.atmosenv.2015.01.052
https://doi.org/10.1016/j.ijheh.2013.02.010
https://doi.org/10.1016/j.ijheh.2013.02.010
https://doi.org/10.1016/j.ecolind.2012.02.002
https://doi.org/10.1016/j.ecolind.2012.02.002
https://doi.org/10.1016/j.jenvrad.2011.08.009
https://doi.org/10.1016/j.jenvrad.2011.08.009
https://doi.org/10.1007/s10661-017-6267-x
https://doi.org/10.1007/s10661-017-6267-x
https://doi.org/10.1016/j.chemosphere.2017.09.132
https://doi.org/10.1016/j.jclepro.2017.05.030
https://doi.org/10.1016/j.jclepro.2017.05.030
https://doi.org/10.1016/j.jhazmat.2016.12.029
https://doi.org/10.1016/j.jhazmat.2016.12.029
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref32
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref32
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref32
https://doi.org/10.1016/S0198-9715(03)00018-8
https://doi.org/10.1016/S0198-9715(03)00018-8
http://doi.org/10.1186/s40064-016-2524-7
http://doi.org/10.1186/s40064-016-2524-7
https://doi.org/10.1016/j.jenvrad.2018.12.013
https://doi.org/10.1016/j.jenvrad.2018.12.013
https://doi.org/10.1016/j.envpol.2012.07.004
https://doi.org/10.1081/CSS-100102999
https://doi.org/10.1155/2015/278326
https://doi.org/10.1007/s11356-017-8539-y
https://doi.org/10.1007/s11356-017-8539-y
https://doi.org/10.1007/s11356-017-0431-2
https://doi.org/10.1007/s11356-017-0431-2
http://www.inegi.org.mx/sistemas/olap/Proyectos/bd/censos/cpv2010/PT.asp
https://doi.org/10.1016/j.chemosphere.2015.12.049
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref43
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref43
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref44
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref44
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref44
https://doi.org/10.1016/j.chemosphere.2005.01.059
https://doi.org/10.1016/j.chemosphere.2005.01.059
https://doi.org/10.1016/j.ecolind.2018.06.072
https://doi.org/10.1016/j.ecolind.2018.06.072
https://doi.org/10.1016/j.scitotenv.2012.03.051
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref48
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref48
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref48
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref49
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref49
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref50
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref50
https://doi.org/10.1007/s11869-018-0641-x
https://doi.org/10.1007/s11869-018-0641-x
https://doi.org/10.1016/j.bjbas.2015.10.001
https://doi.org/10.1016/j.bjbas.2015.10.001
https://doi.org/10.1016/j.jhazmat.2016.11.063
https://doi.org/10.1016/j.jhazmat.2016.11.063
https://doi.org/10.1016/j.gca.2011.10.005
https://doi.org/10.1016/S1352-2310(03)00210-3
https://doi.org/10.1016/S1352-2310(03)00210-3
https://doi.org/10.1016/j.jece.2017.01.022
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref57
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref57
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref57
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref58
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref58
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref58
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref58
https://doi.org/10.1007/s11355-017-0335-9
https://doi.org/10.1007/s11355-017-0335-9
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref60
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref60
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref60
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref61
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref61
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref61
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref61
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref62
http://refhub.elsevier.com/S0301-4797(19)30475-X/sref62
https://doi.org/10.1016/j.ecolind.2012.02.022
https://doi.org/10.1016/j.jenvrad.2017.06.009
http://doi.org/10.1016/j.envpol.2013.12.011
http://doi.org/10.1016/j.envpol.2013.12.011
https://doi.org/10.1016/j.ufug.2004.09.001
https://doi.org/10.1016/j.ufug.2004.09.001
http://doi.org/10.1016/j.landurbplan.2014.11.016
https://doi.org/10.3390/ijerph120504602
https://doi.org/10.1155/2013/426492
https://doi.org/10.1155/2013/426492
https://doi.org/10.1016/j.chemosphere.2015.10.078
https://doi.org/10.1016/j.chemosphere.2015.10.078
https://doi.org/10.7550/rmb.35456

	Determining of risk areas due to exposure to heavy metals in the Toluca Valley using epiphytic mosses as a biomonitor
	Introduction
	Material and methods
	Study area
	Biomonitor
	Quantification of heavy metals
	Geostatistical analysis
	Risk areas

	Results and discussions
	Geostatistical analysis
	Risk maps

	Conclusions
	Acknowledgements
	References




