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The analysis of chemical elements in the barks of trees is an alternative procedure to

access spatial heterogeneity of traffic related air pollution. However, the role of tree

species in the characterization of the variability of airborne pollution is poorly known. We

present an observational study conducted in São Paulo, Brazil, based on the analysis of

498 trees from three common species: Tipuana tipu,Poincianella pluviosa, and Ligustrum

sp.. We considered ANCOVA models to compare the concentrations of Al, Fe, Zn, Cu,

Mn, Ba, and S in the bark (periderm) of trees located close to streets with different levels of

traffic intensity controlling for the extension of nearby green areas. The expected trend of

increasing elemental concentration in the bark of trees located near streets with greater

traffic intensity or close to smaller green areas was only fully evidenced by T. tipu. For

instance, the concentrations of Zn, Fe, Al, and Ba increase by 200, 350, 230, and 280%

respectively, for trees of this species located near arterial streets when compared to

those observed near local streets. On the other hand, the concentrations of Zn, Fe, Al,

and Ba are reduced by 41, 45, 50, and 30%, respectively, for trees located near green

areas. For P. pluviosa, the capacity to suggest an association between the tree bark

concentration of chemical elements with increasing levels of air pollution and presence

of green areas was only fully observed for Zn and Cu. For Ligustrum sp., weaker and

sometimes non-expected associations between bark concentrations of the chemical

elements and either street classification or green area extension were observed. Our

results indicate that the choice of species is a key element in the use of tree barks as a

biomonitoring tool in urban landscapes. Species like T. tipu, with rough and highly porous

bark, are the most appropriate for such purpose.
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INTRODUCTION

Airborne pollution is a current problem in highly populated
megacities such as São Paulo, Brazil, one of the largest in the
world (World Urbanization Prospects, 2017). It has about 12
million inhabitants (IBGE, 2017) and a fleet of 8 million vehicles
(DETRAN-State Department of Traffic of São Paulo, 2017)
corresponding to almost 1 car for each 1.5 inhabitants. Currently,
its citizens are exposed to an average annual concentration of
21.7 µg/m3 of PM2.5 (Cheng et al., 2016), mostly generated
by vehicular traffic (Andrade et al., 2012). The characterization
of spatial variability of airborne pollutant concentrations and
source apportionment is a topic of major importance for studies
designed to quantify their adverse effects on human health
(Pope et al., 2002; Mauad et al., 2008; Pereira Filho et al., 2008;
Baccarelli, 2009; Zanobetti et al., 2009; de Brito et al., 2010; Santos
et al., 2016). The environmental heterogeneity observed within
cities, including non-uniform distribution of traffic intensity
and extension of green areas (Janhäll, 2015), demands high-
resolution measurements of airborne pollution. Accessing the
variability of air pollution in such complex urban environments
requires a dense network of measuring devices, which are
usually scarce in developing countries. In addition, many of
the available monitoring sites only provide measurements of
particulate matter concentration with no indication of the
associated chemical composition.

As an alternative, biomonitoring methods are already used in
many countries (Falla et al., 2000) to address variability of air
pollution in large geographical areas (e.g., Kuik and Wolterbeek,
1994; Böhm et al., 1998). Tree barks have been recently used
to evaluate a fine spatial distribution of chemical elements
concentration (Guéguen et al., 2012; Ejidike and Onianwa, 2015),
which increases with the levels of traffic intensity (Moreira et al.,
2016). Such biomonitoring results may have an accuracy of 100m
(Carneiro et al., 2011). However, the complexity of air pollution
in cities depends not only on its sources, but also on the filtering
properties of green areas. Although generally neglected in
biomonitoring studies, the presence and the size of green spaces
are also important to understand and adequately characterize the
dispersion and the concentration of air pollution. Several studies
suggest that local air pollution is reduced by the presence of
trees (Vailshery et al., 2013; Nowak et al., 2014; Janhäll, 2015;
Jeanjean et al., 2016). Several factors are involved in the filtering
and dispersion of air pollution by the presence of trees (Selmi
et al., 2016). The main interaction is the dry deposition which is
the mechanism by which vegetation removes air pollutants from
the troposphere in non-precipitation periods. It depends on the
combination of pollutants (e.g., gaseous/particles), surfaces (e.g.,
size; roughness; chemical nature), and microclimate (e.g., wind
speed and direction; temperature; solar radiation; air turbulence;
Selmi et al., 2016).

Despite the recent advances stemming from tree bark studies
(Catinon et al., 2009; Perelman et al., 2010; Guéguen et al., 2012;
Moreira et al., 2016), identification of tree species with better
capacity to record the fine spatial variability of air pollution is still
poorly known and constitutes an important research topic. Bark
morphology is subject to a high degree of interspecific variability

(Yunus et al., 1990; Junikka, 1994) with potential to influence
the species ability to record airborne element concentrations
(Szczepaniak and Biziuk, 2003). This issue is of special concern
because some species might better suit the biomonitoring role
than others.

The objective of this observational study is to compare
different trees species via the concentrations of chemical elements
in their barks with respect to their potential to discriminate traffic
generated air pollution, controlling for the presence of green
areas. In particular, we focus our attention on Al, Fe, and Cu,
that are related to re-suspension of road dust, on Ba, Cu, and Zn,
that are related to brake and tire wear and on Mn and S, that are
related to fossil fuel emissions as indicated in Liu et al. (2007),
de Almeida Albuquerque et al. (2012), and Hetem and Andrade
(2016). These specific emission sources were also identified in
São Paulo in the study conducted by Moreira et al. (2016). We
considered three tree species, Poincianella pluviosa (DC.) L.P.
Queiroz (former Caesalpinia pluviosa), Tipuana tipu (Benth.)
Kuntze, and Ligustrum sp. L., to quantify their abilities to record
the fine spatial variability of air pollution. These species were
chosen because they are widely distributed in São Paulo and have
different external bark morphologies.

METHODS

Study Site and Species
Samples of tree barks of the three selected species were collected
in a large region of São Paulo (Figure 1), which includes areas
under the influence of no green spaces to large urban parks.
São Paulo has a tropical to subtropical climate with a well-
defined dry season from June to August. Mean temperature
is 20.7◦C, and annual precipitation is 1,545mm. Overall, the
main wind direction is southeast with an average speed of
2.6 m/s (refer to the Supplementary Material for a climate
diagram and wind rose, Figure S1). This heterogeneous region
includes residential and commercial areas, but no industrial
activities. The automotive fleet in São Paulo is composed by cars
(78.9%), motorcycles (16.3%), trucks (1.6%) and buses (2.7%)
(Companhia de Engenharia de Tráfego, 2017a).

The distribution of the sampled trees is a consequence of the
distinct density and heterogeneity of their location in each district
of São Paulo; this explains the low number of trees selected in the
eastern district. Both street trees and trees growing in parks were
sampled in the vicinity of streets with different traffic intensities
classified according to the city traffic authority (Companhia de
Engenharia de Tráfego, 2017b). This classification is based on
street characteristics and on the importance of the traffic flow
and consists of the following four categories in decreasing order
of traffic intensity: Express, Arterial, Collector or Local. Given
the existence of few trees located in the vicinity of Express
streets, we combined the Express and Arterial categories. We also
reclassified the trees originally placed near local streets into two
groups: Local I, if their distances to streets with higher traffic
intensity were <100m and Local II, otherwise. We also classified
the sampled trees according to the spatial proportion of green
areas as: Inexistent/Very small (0–20% of green area cover), Small
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FIGURE 1 | Location of all sampled trees and districts in the study area (São Paulo, Brazil).

(20–40%), Medium (40–60%), and Dominant/Large (>60%)
(Tarifa and Azevedo, 2001).

The sampled trees belong to the three most common tree
species in São Paulo Tipuana tipu is an exotic species from
Bolivia that was extensively planted in themiddle of the twentieth
century in São Paulo. It is also present in other Brazilian cities, as
well as in other countries from South America (Breuste, 2013;
Mazza et al., 2013; Teixeira, 2014), North America (Legumes,
2017), Africa (Kuruneri-Chitepo and Shackleton, 2011), Europe
(Sashua-Bar et al., 2010; Soares et al., 2011), and Oceania (check
the Supplementary Material for the map of species distribution
based on herbaria records, GBIF, 2018, Figures S2–S4). These
trees are deciduous and they reach large sizes in São Paulo, with
diameter at breast height (DBH) close to one meter and height of
20m. Ligustrum sp. is also an exotic tree species from Asia, that
is largely available in cities from different continents. These trees
are usually smaller, with DBH up to 50 cm and height up to 15m
in São Paulo. Ligustrun sp. trees are evergreen in São Paulo. The
only native species is Poincinella pluviosa, reaching DBH values
up to 60 cm and height of up to 20 m.

Morphological Characterization of the
Species Bark
In order to support the discussion of the role of tree species
in the results of biomonitoring studies using tree barks, we
qualitatively characterized the external morphology of the
studied species. Since the external bark morphology is a rather
conservative characteristic (Junikka, 1994), we only evaluated

major differences in bark macroscopic rugosity and microscopic
cellular characteristics, not accounting for the effects of bark
plasticity on the results. For this purpose, we selected similarly
sized individuals of each species, with diameter at breast height
(DBH) of about 30 cm, from which we collected 5 × 5 cm
samples of the bark. These samples were analyzed by two
different methods to qualitatively describe their macroscopic
and microscopic bark characteristics. Rugosity was evaluated
as the variation in surface depth. We used a stereomicroscope
(Leica M205 FA) to create optical slices of the bark external
surface and compute their depth profile (LAS software V 4.8)
in three transects. These profiles represent the amplitude of
variability of the surface depth. Then, we obtained a 5 × 5mm
sample to analyse the cellular characteristics of the bark surface
using a scanning electron microscope (SEM, Zeiss Sigma VP).
Before running the analysis, all samples were coated with gold
to enhance contrast in the SEM images.

Bark Sampling and Preparation
The sample consisted of 498 trees (including 158 from Moreira
et al., 2016) of which 193 trees were of the species T. tipu (38.9%),
228 trees were of the species P. pluviosa (45.6%) and 77 trees
were of the species Ligustrum sp. (15.5%). Sampling occurred
in the years of 2012, 2013, and 2014. The spatial distribution
of the sampled trees according to species as well as to the
different São Paulo districts is displayed in Figure 2. Sampling
was conducted in the dry seasons (from June to August, when
monthly precipitation is lower than 50mm) in order to avoid
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FIGURE 2 | Location of the sampled trees by species in São Paulo and the presence of green areas in the study site.

rain washing and sample degradation by fungi. All tree barks
were obtained with titanium tools to avoid contamination. From
each selected tree, a portion of 8 × 8 cm of the periderm was
collected from each quadrant of the trunk according to the
cardinal points at a height of 1.5–2.0m from the topsoil and
these portions were pooled for analysis. The harvesting of bark
in four sectors is a conservative approach to have a representative
sample independently of the possible existence of a predominant
wind direction or of other external factors that may create
variations of environmental exposure along the trunk surface.
Samples were placed in paper bags and stored in a cabinet under
low humidity conditions until the analysis could be conducted.
Information regarding tree geographical coordinates was also
recorded.

The collected tree barks were first cleaned using a soft
nylon dental brush to eliminate external materials such as
dead insects, dust and lichens. The samples were obtained by
grating the outermost 3mm of the bark with a titanium tool
(Wolterbeek and Bode, 1995). Each sample was then ground to
powder using a vibratory micro-mill with agate mortar (Fritsch
Pulverisette 0, Fritsch GmbH, Idar-Oberstein, DE). The powder
was compressed by applying a pressure of 3.9 ton/cm2 to make a
double layer pellet composed of 0.5 g of tree bark powder and 1 g
of boric acid (H3BO3, p.a. ACS reagent).

Elemental Analysis
The bark samples were submitted to an energy dispersive X-
ray fluorescence spectrometer-EDXRF (EDX 700-HS, Shimadzu

Corp., Kyoto, Japan). The pellets were irradiated with X-rays
(source). The emitted fluorescent X-rays (secondary) have a
unique wavelength and energy that characterizes each element
contained in the sample. As the fluorescent X-ray intensity is a
function of the concentration, quantitative analysis is performed
by measuring the amount of X-rays of each element (Van
Grieken and Markowicz, 2002). This technique was chosen
due to its multi-element capability, sensitivity, easy sample
preparation without sample digestion, accuracy of the results
and analysis cost. The concentrations of Al, Fe, Zn, Cu, Mn, Ba,
and S were recorded for having well-described sources in São
Paulo (Moreira et al., 2016). These elements may be considered
as proxies of the complex mixture generated by vehicular
emissions. Although other elements were also measured via the
EDXRF, their values were close to the limits of detection. The
measurement parameters were: time (240 s), target (Rh, 5–50 kV
_ 1–1,000A) and Si (Li) detector in a vacuum atmosphere. The
calibration curves were fitted via linear regression methods using
specific parameters of the equipment to correct the matrix effects.
A certified reference material [Peach Leaves #1547, National
Institute of Standards and Technology (NIST), Gaithersburg,
MD,USA]was also analyzed using the same procedure for quality
control purposes (Table S1).

Statistical Analysis
The distribution of elemental concentration was described via
boxplots constructed by species, street classification and green
area extension, as well as via tables with descriptive statistics.
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The association between element concentration in the tree barks
and air pollution as measured via street classification, controlling
for species, green area extension, diameter at breast height
and sampling campaign was assessed by analysis of covariance
(ANCOVA) models (Neter et al., 2005). Therefore, differences
in the size of the trees and sampling campaign are accounted
for with this model. An interaction term between species and
street classification was included in the model to verify if the
three species record different patterns of air pollution in their
barks. Because residual analyses suggested coarse deviations
from the usual Gaussian model assumptions, the data were
reanalysed considering the logarithm of element concentration
as response.

Non-significant (for α = 0.05) variables and interactions
between variables were dropped from the initial model and
predicted concentrations of the chemical elements for different
street classifications by species and extension of green areas were
computed via the final model equation. Bootstrap estimators
of prediction standard errors (Efron, 1982) were considered.
The model predicted values were used to compare the mean
concentrations of the elements across streets with different traffic
intensities for each species, controlling by the other factors.
Detailed results are given for Zn in the main text because
of space limitations, but all other results are presented in the
Supplementary Material (Tables S3.1–S3.7).

RESULTS

The three studied species have different external bark
morphologies (Figure 3). Our qualitative analysis shows that
Tipuana tipu has a relatively deeply furrowed bark consisting
of a loose tissue where cells have their lumen exposed to the
atmosphere. Not only the outermost layer of the cork has its
lumen open to the outside environment, but it seems that this is
also true for the lumen of few inner layers of cork cells. Neither
P. pluviosa nor Ligustrum sp. have a striped bark like the former
species, but they have different porosity characteristics. The
analyzed portion of the bark of P. pluviosa is slightly more
compact when compared to that of T. tipu. The cork cells of P.
pluviosa are stacked and only the lumen of the outermost cells is
exposed to the atmosphere. Cells of the bark of Ligustrum sp. are
even more compactly arranged and their lumen is rarely exposed
to the environment.

In general, the observed median concentration of Al, Fe, Zn,
Cu, Mn, and Ba in the barks of T. tipu increased with their
proximity to streets with higher traffic intensity, from Local
II to Arterial (Figure 4). Only S did not show such a trend.
In the barks of P. pluviosa, a similar pattern was observed
for the median concentrations of Zn, Cu, and Ba. Ligustrum
sp. was the only species for which the trends in the median
tree bark concentrations were not as consistent as the trends
observed for the other two species. For T. tipu, the median
elemental concentrations of all elements but S tend to increase
as the extension of nearby green areas extensions decrease
from Dominant/Large to Very Small/Inexistent (Figure 5). For
P. pluviosa the same pattern was observed for the median

concentrations of all elements but S, Mn, and Ba. Such a trend
was not detected for any element in the barks of Ligustrum sp.

Details on the distribution of the observed Zn concentration
in T. tipu tree barks taking into account both street classification
and the extension of green areas are shown in Table 1. Overall,
the average and median values of Zn concentration decrease
for trees located near Arterial to Local II categories, within
each green area extension category. The highest values of the
concentration of Zn are found in trees located near Arterial
or Collector streets with Small to Inexistent green areas. On
the other hand, the smallest values are found in the bark of
trees located near Local II streets with Large to Dominant
green areas. But these results do not take into account the
possible role of other factors like tree size, differences of
sampling campaigns, and driving conditions including speed
and intensity of breaks use. These factors, however, were
taken into account in the ANCOVA model to precisely
define the variation of the elemental concentration attributed
to traffic intensity and green area extension. The P-values
corresponding to significance tests for the main effects and
interaction terms of the ANCOVA models are displayed in
Table 2. The interaction between species and street classification
is significant for all elements. On the other hand, the effect
of the sampling campaigns is significant for all elements but
Zn, and DBH is only associated with the concentration of
Cu, Mn and Ba. This result, along with an analysis of the
boxplots, suggest different patterns of association between the
element concentration and traffic intensity for the three species.
In particular, T. tipu stands out as the species with the
highest sensibility to changes in traffic intensity, followed by
P. pluviosa. Ligustrum sp. is less sensible to changes in traffic
intensity.

The predicted mean concentrations of Zn from the ANCOVA
models are shown in Table 3 (the predicted mean concentrations
of Fe, Cu, S, Al, Mn, and Ba are available in the Tables S3.1–
S3.6). These predicted means (adjusted for the mean DBH)
were computed from the final model containing only significant
effects. The results presented in Table 3 clearly show that the
expected trend of decreasing mean element concentrations from
streets with heavy traffic to local streets is more evident for T.
tipu, corroborating the previous conclusions. In the bark of this
species, the concentration of Zn increased by 200% from Local
II to Arterial streets. On the other hand, it decreased by 41%
from inexistent to large green areas. This trend is still present
for P. pluviosa, in which the concentrations of Zn increased by
37% from Local II to Arterial streets, and decreased by 41% from
inexistent to large green areas. Although the concentrations of Zn
increased by 40% from Local II to Arterial streets, and decreases
by 41% from inexistent to large green areas for Ligustrum sp., the
prediction error is higher for this species.

The concentration of Fe is also strongly dependent on traffic
intensity and green area extension as evidenced by T. tipu. In the
bark of this species, the concentration of Fe increased by 350%
from Local II to Arterial streets. On the other hand, it decreased
by 45% from inexistent to large green areas. Aluminum is another
element that showed relevant differences evidenced by the bark
of T. tipu. The concentration of Al increased by 230% from Local
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FIGURE 3 | External bark morphology of Tipuana tipu, Poincianella pluviosa and Ligustrum sp. including a macroscopic view of the bark surface (A–C, 5mm) and the

respective depth profiles of surface height variability (D–F; line colors represent the transects highlighted as dashed lines in the macroscopic images); a microscopic

view of the surface porosity in lower (G–I, 100µm) and higher magnification (J–L, 20µm).

II to Arterial streets, while it decreased by 50% from inexistent
to large green areas. Such differences were also found for Ba,
that increases by 280% from Local II to Arterial streets, while it
decreases by 38% from inexistent to large green areas. Differences
for Cu,Mn, and S are less evident, especially when analyzed in the
barks of P. pluviosa and Ligustrum sp.

DISCUSSION

Most urban agglomerations with more than 10 million
inhabitants are currently found in developing countries (United
Nations, 2012). These regions have high levels of urban air

pollution (Baklanov et al., 2016) concentrating more than 80%
of related deaths (Baklanov et al., 2016; WHO, 2017). In general,
their urban landscapes are highly complex and the evaluation
of the effect of air pollution on health outcomes must consider
their inherent heterogeneity. Biomonitoring methods based on
tree barks have been considered as an alternative and/or as a
complement to field measurements (Falla et al., 2000) and to
satellite image data (Van Donkelaar et al., 2016), which are
highly cost restrictive specially for developing countries (Molina
et al., 2004). We evaluate the role of tree species in low cost
passive biomonitoring techniques designed to provide a higher
spatial resolution of exposure to chemical elements composition
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FIGURE 4 | Boxplots of elemental concentration on tree barks of Tipuana tipu, Poincianella pluviosa and Ligustrum sp. by different street categories: Arterial,

Collector, Local I, and Local II.

required by environmental epidemiology (Pope et al., 2009; Bravo
et al., 2015).

In this context, a higher element concentration is expected
in trees located close to streets with high traffic intensity. This
is especially true in São Paulo where most of the air pollution
is generated by traffic (Moreira et al., 2016). Indeed, this is
exactly the trend observed in the elemental concentration in the
tree barks of this study. This trend is more evident for trees of
the species T. tipu, as well as for few elements measured in P.
pluviosa. Ligustrum sp., on the other hand, stands out as a species
that is not reliable for biomonitoring studies based on tree barks.
Element concentration in the barks of trees of this species does
not discriminate between streets with different traffic intensities.
These expected trends, which are usually higher in the barks of
trees located in the vicinity of Arterial streets, were not observed
for S in any species. Sulfur captured by tree barks in this study is
mainly particulate and has a stronger interaction with tree surface
(Yli-Pelkonen et al., 2017). The gaseous phase (SO2) is relatively
negligible in São Paulo (Miranda et al., 2012). This odd trend is
probably a result of the higher dispersion capability of S which is
subject to long-range transportation (Masri et al., 2015).

In addition to traffic intensity, the presence of different
extensions of green areas is also associated with the concentration
of elements in tree barks. Indeed, air pollution is considerably
lower in areas under the influence of vegetation, not only because
of the filtering properties of leaves (Bolund and Hunhammar,
1999), but also because of the passive deposition on the surface
of the plant body, aerodynamic dispersion properties of tree
structure (Janhäll, 2015; Jeanjean et al., 2016) and higher wind
speed and lower temperature (Kassomenos et al., 2014) in open
green areas (Oliveira et al., 2011). Based on these properties,
a decreasing element concentration in the tree barks along a
gradient of increasing influence of green areas is expected. Once
more, this is the trend observed with the barks of T. tipu for all
studied elements but Mn and S. A similar result was found in
the barks of P. pluviosa but not in the barks of Ligustrum sp.. In
fact, this species showed a rather unexpected result, with a higher
concentration of elements in trees under the influence of medium
sized green areas.

Our results point toward the importance of the choice of
the appropriate species for biomonitoring studies based on tree
barks. The biodiversity available in an urban environment like
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FIGURE 5 | Boxplots of elemental concentration on tree barks of Tipuana tipu, Poincianella pluviosa, and Ligustrum sp. by different green areas extension:

Dominant/Large, Medium, Small, Very Small/Inexistent.

the one in São Paulo adds a complication to the problem of
choosing the most appropriate species for this type of study (Falla
et al., 2000). This choice must be based on the combination
of spatial coverage and ability to distinguish between different
levels of local air pollution. Geographic distribution is probably
the main reason used for choosing a species (Böhm et al.,
1998; Pacheco et al., 2002; Minganti et al., 2015). However,
the effect of the interspecific morphology of barks on the
results, although important (Sawidis et al., 2011), is generally
poorly considered (e.g., Oliva and Mingorance, 2006) especially
in studies whose goal is a fine characterization of urban air
pollution.

Some species may not show differences in element
concentrations where they actually exist or, even worse,
may generate misleading results. The different abilities to detect
spatial variability of air pollution seems to depend on the
bark external morphology. In our study, the species specific
bark morphologies ranged from a highly porous and rough
bark on T. tipu to a rather smooth bark with low porosity
on Ligustrum sp., while P. pluviosa shows intermediate bark

characteristics. This gradient of qualitative features seems to
be in accordance with the results of the ANCOVA model.
However, a quantitative evaluation of the association between
bark morphology and the ability to absorb the chemical elements
under investigation was not the objective of the present study,
and it is an interesting topic for further research. The lack of
statistical significance of the results for Ligustrum sp. could be
attributed to the smaller sample size, but there is no evidence
that the results are biased by it. Providentially, T. tipu is an
abundant tree species not only in cities of Brazil, but also
in other cities including those in a few developing countries
(Sashua-Bar et al., 2010; Kuruneri-Chitepo and Shackleton, 2011;
Soares et al., 2011; Breuste, 2013; Mazza et al., 2013; Teixeira,
2014; Legumes, 2017). If local conditions do not influence the
favorable characteristics of the external bark of this species,
it may be used in biomonitoring studies in such localities.
Similarly, to T. tipu, some Pinus spp. are usually regarded as
good biomonitoring species because of their favorable bark
characteristics (Oliva and Mingorance, 2006; Sawidis et al.,
2011). These interspecific differences are clearly relevant when
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TABLE 1 | Descriptive statistics of Zn concentrations (mg kg−1) in the barks of Tipuana tipu according to green areas size and street classification.

Green area classification Street classification N Mean Standard deviation Minimum Median Maximum

Very small / Inexistent Arterial 20 208.3 95.3 50.9 201.7 482.2

Collector 6 124.2 53.9 43.5 134.5 196.1

Local I 8 169.2 84.0 59.0 170.5 280.9

Local II 2 120.2 121.9 34.0 120.2 206.4

Small Arterial 18 235.8 144.7 50.0 209.6 595.8

Collector 29 148.9 90.6 37.1 131.7 380.2

Local I 10 134.2 81.9 46.7 118.4 297.7

Local II 3 88.1 28.2 55.6 102.7 106.1

Medium Arterial 5 140.8 44.3 99.8 131.6 210.3

Collector 4 158.4 152.8 66.5 90.8 385.5

Local I 7 117.1 50.0 22.1 135.4 170.9

Local II 7 86.7 33.2 42.6 74.1 130.4

Dominant/Large Arterial 16 165.6 87.7 29.2 164.0 329.0

Collector 13 120.4 89.1 35.2 107.3 383.0

Local I 23 57.0 39.3 20.1 42.5 182.3

Local II 22 40.8 24.6 11.0 35.6 92.9

Refer to the Supplementary Material for the results of all other elements (Tables S2.1–S2.21).

TABLE 2 | P values for effects in analysis of covariance models.

Effect Element

Zn Fe Cu Al S Mn Ba

Sampling

campaign

0.237 <0.001 0.008 <0.001 <0.001 <0.001 0.001

Green area <0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001

Diameter (DBH) 0.067 0.088 0.039 0.320 0.843 0.034 0.048

Interaction:

Species

vs. Street class.

0.001 <0.001 0.001 0.006 0.047 0.002 0.004

studying finer gradients of air pollution (Ejidike and Onianwa,
2015) like in our study.

Large-scale estimation or reconstruction of air pollution
usually relies on remote sensing or land-use regression
techniques. In both cases, the use of local data obtained from
automatic stations and/or passive monitoring is required to
validate and improve the simulations (Van Donkelaar et al.,
2016). Air pollution data obtained from the analysis of element
concentration in the bark of trees can be used as additional
observational data in this context (Wolterbeek, 2002), either with
a complementary role or even replacing traditional methods. The
use of tree barks for biomonitoring purposes has few reported
limitations. Despite the role of tree species, tree barks do not
provide the temporal resolution required for acute exposure
risk (Marć et al., 2015). Nonetheless, tree barks may be more
suitable for studying long-term exposures (Catinon et al., 2009)

TABLE 3 | Predicted Zn concentration means and standard errors (mg kg−1)

based on the ANCOVA models.

Green areas

extension

Street

Classification

Species

T. tipu P. pluviosa Ligustrum sp.

Dominant /

Large

Arterial 132.4 (13.2) 62.1 (6.0) 152.5 (24.5)

Collector 94.4 (10.0) 60.5 (6.5) 134.1 (17.8)

Local I 66.6 (6.8) 53.8 (4.9) 143.9 (23.0)

Local II 42.2 (4.8) 45.2 (5.1) 108.8 (27.0)

Medium Arterial 185.4 (18.5) 87.0 (8.4) 213.5 (34.3)

Collector 132.2 (14.0) 84.7 (9.1) 187.7 (24.9)

Local I 93.2 (9.5) 75.3 (6.9) 201.5 (32.2)

Local II 59.1 (6.7) 63.3 (7.1) 152.3 (37.8)

Small Arterial 185.4 (18.5) 86.9 (8.4) 213 (34.3)

Collector 132.2 (14.0) 84.7 (9.1) 187.7 (24.9)

Local I 93.2 (9.5) 75.3 (6.7) 201.5 (32.2)

Local II 59.1 (6.7) 63.3 (7.1) 152.3 (37.8)

Very Small /

Inexistent

Arterial 225.1 (22.4) 105.6 (10.2) 259.2 (41.6)

Collector 160.5 (17.0) 102.8 (11.0) 228.0 (30.3)

Local I 113.2 (11.6) 91.5 (8.3) 244.6 (39.1)

Local II 71.7 (8.2) 76.8 (8.7) 185.0 (45.9)

All results were controlled by trees DBH. Refer to the Supplementary Material for the

results of Al, Fe, Cu, Mn, Ba, and S (Tables S3.1–S3.7).

usually related to chronic diseases. The specification of standard
procedures (Marć et al., 2015) to account for the many sources of
data noise, in addition to the choice of species, should be object
of future research.
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CONCLUSIONS

Tree barks are reliable biomonitors and this is the first study
showing that they can be used to distinguish both traffic
generated pollution and the filtering properties of green areas.
Our results suggest that biomonitoring studies based on tree
barks are strongly dependent on species. The choice of species
with a rough and highly porous bark favors the discrimination
of different levels of air pollution accounting for the complex
landscape found within cities. Out of the studied species, T. tipu
stands out as a reliable one for such studies. Fortunately, this
species occurs in different cities around the world where they can
be used in biomonitoring programs. The use of tree barks may
complement or, whenever needed, replace local measurements
used in studies based on satellite images or land-use regression.
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