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Abstract: In this study, we tested the use of lichen biomonitoring techniques for the assessment of
air quality disparities at the urban scale. We based our evaluation on the results of a previous lichen
biomonitoring study carried out in Milan (Northern Italy), which estimates the contamination by
potentially toxic elements (PTEs) and its distribution over the area, also providing an evaluation
of the main emission sources. Therefore, we used the traditional methodologies for environmental
justice assessment: the proximity-based and the distribution-based approaches. The workflow we
propose is a data-driven selection of emission sources that contributes to overcoming the dichotomy
between the two approaches and is now widely debated in the scientific community. A socio-
economic deprivation index was elaborated for each census unit of Milan city and then related to the
proximity of the emission sources previously selected. The results suggested that in the surrounding
of industries and railways, the deprivation is higher, while the proximity of main roads is inhabited
by wealthier populations. The distribution-based approach was run through a quantile regression
analysis, and the outcome indicated that among the wealthier groups, an increase in contamination is
followed by an increase in socio-economic deprivation, whilst among the deprived groups, people
with greater economic opportunities tend, however, to live in worse air quality conditions due to the
proximity of communication routes. This study poses the potential to review the classical methods
of E]J assessment, providing a reliable workflow applicable in urban areas—the most vulnerable in
terms of air quality disparities in the present and in the future.

Keywords: environmental justice; lichen biomonitoring; air quality; life quality; urban environment

1. Introduction

During recent decades, the relationship between air quality and human life quality has
been deeply investigated. Prolonged exposure to polluted air could lead to physical and
mental health problems such as asthma, cardiovascular diseases, and even depression and
reduced well-being, among many others [1,2]. On the other side, good air quality positively
affects several aspects of life, such as personal satisfaction and work productivity [3,4].
However, as a matter of fact, it has become clearly evident worldwide that the costs
and benefits of air quality are not evenly distributed among the population, both locally
and globally. The first studies about “Environmental Justice” (EJ), i.e., the study of the
environmental disparities between population groups, were carried out in the late 1970s in
the USA by [5], who showed that the territories with a larger proportion of Afro-American
people were more likely to be targeted for dangerous power plants and industries than
those with a white majority. Even though in the USA a sort of “Environmental Racism” is
still ongoing [6,7], many recent studies carried out in Europe and other Western cities are
consistent in stating that, so far, socio-economic status is the main driver for environmental
quality disparities [8]. Indeed, ref. [9] evaluated the personal exposure to air pollution
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in London, concluding that the residential exposure to NO, was significantly higher in
people with a lower income (<GBP 10,000), and similar findings were presented for the
metropolitan region of Barcelona by [10], Dunkerque agglomeration (Northeastern France)
by [11], and Mexico City by [12]. The disadvantaged groups, therefore, live the so-called
“triple jeopardy”, i.e., the combination of low economic power, low environmental quality,
and the heavier consequences of both these factors on life and health quality, if compared
with wealthier groups [13]. Thus, it is of primary importance to assess these disparities in
order to plan specific territorial policies for local and global sustainable development. At
an urban scale, this topic is particularly urgent since the urban population is constantly
growing, and a well-planned territory might reduce extreme differences, enabling everyone
to live in a clean environment and to have a better quality of life [14]. Given the novelty of
this discipline, a methodological consensus for its study has not been reached yet; however,
two main approaches are now being used to assess the disparities in air pollution exposure
between population groups: proximity-based and distribution-based. The “proximity-
based” approach relates the socio-economic status of people to the proximity of pollutants
plants and/or heavy industrialized areas. This method implicitly takes into account the
social organization in urban sites, highlighting aspects as segregation or neighborhood
quality, but it fails to enlighten the real exposure of population to air pollution [15]. The
“distribution-based” approach, on the contrary, takes into account the real air quality
distribution, regardless of the presence or distance to industrial plants. Thus, in this case, the
approach better meets the necessity to evaluate the personal exposure to air pollution, with
less attention paid to aspects such as segregation and urban organization [15]. However,
some considerations should be noted. The proximity-based approach is undergoing an
intense debate since it is related to a primary view of EJ that was firstly advanced by [5].
In fact, by considering just the presence but not the real impact of the single emission
sources on air quality, there is the risk of simplifying the evaluation of Environmental
Justice too much, shifting more to a “urban justice” concept [16-18]. For the distribution-
based approach, instead, the issue lies in the dealing of air quality data. Many authors, in
fact, obtain data on air pollution directly from local repositories or already modeled data,
which derive from the traditional monitoring devices deployed in the study area [19-21].
These devices are often present in small numbers due to their high costs of installation and
maintenance, providing coarse-grained maps of air pollution that fail to catch the small
variations inside the city. When matching these coarse data with the very fine-grained
data of socio-economic deprivation (which, contrastingly, are elaborated according to
census traits or zip codes), a low accuracy of Environmental Justice assessment is often
possible. This lack of resolution of air pollution maps is emerging as a very prohibitive and
determinant issue to cope with EJ assessment, and many authors report this as one of the
main problems in this kind of study [21-23]. Moreover, the traditional devices are very
accurate in measuring the concentration of specific contaminants, but they cannot provide
information on the interaction of compounds and their effect on the biota.

In this work, we propose the use of lichen biomonitoring techniques to contribute
to overcoming these flaws. Lichens are symbiotic organisms formed by a mycobiont,
generally an ascomycete, and a photobiont, usually green algae. Contrarily to higher
plants, lichens lack stomata, waxy cuticles, and roots, and the nutrients are absorbed
through the entire surface of their thallus (body) from wet and dry atmospheric depositions.
Lacking protective structures, lichens are particularly sensitive to changes in air elemental
composition, reflecting rapidly and clearly even air pollution episodes. In addition, many
species are great bio-accumulators of potentially toxic elements (PTEs), showing both
the presence and the bio-availability of these airborne contaminants [24-26]. The cost-
effectiveness of the analysis combined with the considerable availability of lichen material
make it possible to transplant lichens into the study area according to the aim of the research,
improving the sampling effort where it is required and obtaining a fine-grained map of the
biological impact of air pollution over the study area. Lichens have been successfully used
to biomonitor biological impacts of air pollution in urban [27], rural [28], and industrial [29]
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areas and even indoors [30]. Notwithstanding the great potential of this approach, lichen
biomonitoring techniques are underexploited for EJ assessment, with just a few scientific
contributions: A first study was carried out in Dunkerque agglomeration, an industrial
and densely populated area (Northern France), by [11], using lichens as bioaccumulators
of PTEs. The authors collected samples of native lichens from tree trunks in 60 sampling
stations and then compared the bioaccumulation values with the socio-economic status
of the population at a very fine level. A second study was carried out by [31] in an area
with a municipal solid waste incinerator in Northern Italy. In that case, the authors used
lichen transplants following a specific sampling design in order to maximize the sampling
effort around the incineration plant. Their findings showed both the biological impact of
air pollution and the air quality disparities occurring in the area. Both studies ([11,31])
showed how the lichen biomonitoring provided detailed spatial data of air pollution that
were translated into a reliable map of air quality disparities. However, in both cases, the
authors only used the “distribution-based” approach, while the main emission sources of
air pollution were just hypothesized (industries and the incinerator plant). In our opinion,
anovel and more complete approach is possible by including the “distribution-based” and
the “proximity-based” approaches in the same study of EJ assessment.

The aim of this study is to propose an approach in which the versatility of lichen
biomonitoring techniques is used to overcome the methodological issues in EJ assessment,
starting from already published data of lichen biomonitoring campaign. In particular, we
test: (i) the “distribution-based” approach by matching the distribution of air contamination
measured through lichens with the socio-economic characteristics of the population; and
(if) the “proximity-based” approach by considering the socio-economic characteristics of the
population that lives in the surrounding area of the main emission sources of air pollution,
detected through lichen biomonitoring.

2. Materials and Methods
2.1. Dataset

For this study, we have used already published data of a lichen biomonitoring study
carried out in Milan, Northern Italy, using the lichen species Evernia prunastri (L.) Ach.
as a bioaccumulator of PTEs [32]. The details of the lichen biomonitoring procedure are
reported in [32]. In brief, lichen samples were collected in an unpolluted area of Tuscany
(Central Italy, coordinates: 43°07'31.47" N, 11°2143.85” E) in December 2018 and exposed
for 3 months at 50 sampling sites (three lichen bags for each station) in the city of Milan.

After the exposure, the content of Al, As, Cd, Cr, Cu, Fe, Pb, Sb, and Zn was measured
by ICP-MS. The samples showed a significant bioaccumulation of Cr, Cu, Fe, Sb, and Pb.
The element concentrations served to elaborate the Pollution Factors and the Contamination
Index. The Pollution Factors highlighted the spatial patterns of specific contaminations
(details below), while the Contamination Index (CI) was calculated as the geometric mean
of the bioaccumulated elements according to (1) (an extensive description is reported
in [31]) to describe the overall contamination of the study area.

CL’ = VECell X ECelZ X... ECeln (1)

where CI; is the Contamination Index in the ith site; EC = Exposed-to-Control ratio; that
is, the concentration (ppm) in the exposed sample on the concentration (ppm) of the
control sample. Those elements with a median EC > 1 in the whole area and an EF > 10
(EF = Enrichment Factor—an index that considers the soil contribution to the final concen-
tration found in lichen samples, see [31]) were considered for the elaboration of the EC in
each sampling site.

A scheme of the workflow is reported in Figure 1.
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Figure 1. Figure shows the workflow of the work. Lichen biomonitoring was carried out in the city of
Milan by [32] disentangling the main emission source of air pollution. This study focuses on the even
distribution of environmental benefits and hazards, combining socio-economic deprivation and the
results of the lichen biomonitoring study already carried out.

This study [32] has been selected for the following reasons:

- The sampling effort was homogeneous all across the city, with a high number of
sampling sites (50 sites over 181 km?) (Figure 2). Therefore, a reliable representation
of the city as a whole is provided, and the match with socio-economic variables is not
spatially biased by the clustering of the observations. Moreover, the high number of
sampling sites allows for a fine-grained map of the results over the area.

- It outlined the main sources of airborne PTEs in Milan and provided spatial patterns
of pollution. Namely, a first pollution factor (F1) identified non-exhaust emissions
from vehicular traffic and railway lines (Figure 3b), while a second pollution factor
(F2) identified the activity of an industrial area located in the northern part of the city,
especially a former glasswork factory, as the main emission source (Figure 3c). The
details about the statistical method and the individuation of the emission sources are
reported in [32].

- It provided a “general contamination” (Contamination Index, CI) distribution over

the city of Milan, elaborated on the basis of all the bioaccumulated elements taken as a
whole. These data are used here to apply the distribution-based approach (Figure 3c).
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- Milan urban area is a typical European city; thus, it could be representative of the
dynamics occurring in Europe as well as in other large Western cities (see further).
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Milan Municipal Area

T T T
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Figure 2. Study area. On the left, we depict Italy and the details of the Lombardy Region. On the
right, we provide the particulars of Milan municipality with main roads, railways, and residential

land use in evidence.

@ A

Figure 3. Milan municipality is represented with the spatial elaboration of Pollution Factors and
Contamination Index from [32]. Spatial distribution of the Factors and the CI were elaborated through
deterministic method of Inverse Distance Weighting (IDW) on the basis of the bioaccumulated PTEs.
(a) Contamination Index, (b) Factor 1: main roads and railways, (c) Factor 2: glasswork, (d) railway
lines, (e) network of main roads of Milan, (f) location of the glasswork factory. Figures from [32],
with permission.

2.2. Study Area

Milan is among the most important Italian cities for its central role in the economy
of the country. It hosts 1.4 million inhabitants and 1 million city users every day in an
area of 181 km?2. This city represents a model case study for the assessment of EJ in
urban areas because, in the past century, it went through radical changes in its economy,
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shifting from an industry-based to a service-based economy. The great transformations
modified the urbanistic assets as well as the social organization, with a decrease in primary
industry workers and an increase in tertiary industry ones, thus carrying new needs and
requirements for the life of citizens. These processes are still ongoing, and the city is facing
a fast modernization, periphery renewal, and an increase in green areas [33]. Indeed,
Milan is among the most polluted cities in Europe by PM; 5 due to the dense industrial
and residential land use in which it is embedded, underpinned by a humid-continental
climate that favors air stagnation and thermal inversions, literally keeping air pollution
over the area for long periods. The air pollution problem has been addressed by local
administrations in many ways, e.g., blocking vehicular traffic on certain days, increasing
pedestrian and low-traffic areas, and preventing the most-polluting vehicles from entering
the city center. These great changes caused an increase in house prices and the cost of
living, pressing the people’s movement into the city, according to their needs and economic
possibilities. Based on these features, it is reasonable to hypothesize that wealthier groups
tend to live in better areas for air quality and the presence of services, which are more
expensive, while the disadvantaged groups occupy lower-quality areas both for services
and air quality.

2.3. Evaluating the Socio-Economic Status in the Milan Urban Area

To assess if socio-economic status is a determinant factor for the air quality expe-
rienced, we elaborated a socio-economic deprivation index at the smallest spatial scale
available for the city, i.e., the census unit scale. Census units in Milan are ~6000 and are
not homogeneous in size and number of inhabitants, but they are the basis for regional
management. Demographic data were taken from the Italian National Institute of Statistics
(ISTAT), and they were available for the census campaign of 2011 [34]. The socio-economic
deprivation index (SDI) was elaborated following the method proposed by [35] considering
the following factors: unemployment rate, school degree, population density, number of
family members, and house renting (Table 1). The index is calculated as the sum of all the
ratios within each census unit. For example, the “Low Schooling” parameter was calculated
as follows:

(n of illiterate + n of literate + n of people with primary and secondary school)/
total of the population of the given census unit.

Accordingly, all the other ratios were calculated and then summed together.
We excluded from the elaborations all the census units with no inhabitants and those
with missing parameters, obtaining a final number of ~5500 census units.

Table 1. Indicators used for the description of the socio-economic deprivation index at the level of
census units.

Area Indicator Parameters and Elaboration

Rate of illiterate + literate + primary
Education Low schooling and secondary school /n the
population with 6 and more years
Unemployed people in total
work force
Rate of families that stay in rental
Income housing Owning houses properties /n the total number

of families

Rate of families with five members
Family composition Numerosity of families + families with six or more members
/n the total number of families
Total population /n total surface of
inhabited houses

Exclusion from employment Unemployment

Overpopulation Density
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2.4. Environmental Justice

On the basis of the lichen biomonitoring results described in [32], we were able to test
both the main approaches for EJ assessment, i.e., the proximity-based and the distribution-
based approaches.

2.4.1. Proximity-Based Approach

The proximity-based approach was used taking into account the distance (m) from the
main pollution sources that emerged from the lichen biomonitoring study: railway lines,
main roads, and industry.

The distance to major roads and railways was calculated from the centroid of each
census unit to the closest railway line and major roads, separately. Then, the distances were
sorted into deciles and the median of each decile was correlated as a response variable
with the median of the respective deciles of socio-economic status using the Spearman
correlation coefficient.

For the industry, a different approach was used. Since the contamination was mostly
concentrated in a specific area, was the most industrialized, and had a clear hotspot
corresponding to a glasswork factory, we shaped four different distance classes starting
from the glasswork factory, namely 0-250 m, 250-500 m, 500-1000 m, and 1000-2000 m
(Figure 4). For each class, the median SDI was calculated. Differences between SDI values
within classes of distance were checked using Kruskal-Wallis, ANOVA, and the Conover—
Iman test for pos-hoc comparisons.

; o
B Classwork Factory ™ 500-1000 m W “‘ ) ‘ A
0 et B o 012 3 4km
L 250500 m [ >2Km ), 123

Figure 4. Visualization of the distance classes within the industrial area described by the lichen
biomonitoring study.

2.4.2. Distribution-Based Approach

The overall contamination pattern in the study area, as emerged from the lichen
biomonitoring survey, was used to run the distribution-based approach. To find a rela-
tionship between socio-economic status and air pollution exposure, we assigned to each
census unit a value of contamination, calculated as the mean of the values of all the pixels
of the contamination raster inside the polygons of census units using the Zonal Statistics
geoprocessing tool of QGIS. In this way, for each unit, we obtained both the SDI and the
CI. To describe the possible relationship between CI and SDI, we used the quantile regres-
sion method. Quantile regression has the advantage of estimating conditional quantile
functions, thus providing a suitable method for describing the different responses across
quantiles of the distribution of the response variable [36,37]. This method does not require
any assumption about the normality of the residuals and is especially robust to extreme
values and outliers, allowing us to describe the complex relationship between the variables.
In EJ assessment, this method is experiencing an increasing interest [9,12]. We choose to
take CI as the independent variable and SDI as the dependent one. This choice was driven
by the fact that main pollution sources are, at the moment, quite stable, and we assume that
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people live and are distributed in the city according to their economic possibilities. Also, in
this case, variables were sorted into deciles. An Ordinary Least Square (OLS) regression
was run to check for differences between the methods. All statistical evaluations were run
using the free R software (R Core Team, Vienna, Austria, 2022. Version 4.0.3), package
quantreg [38].

3. Results

The socio-economic deprivation index was elaborated for each census unit and then
sorted into quantiles; its distribution is reported in Figure 5.

Census Units (ca 6000)
Low deprivation

B Moderate low
deprivation

B Moderate deprivation

B Moderate high
deprivation

B High deprivation
No data

A

012 3km

—_——

Figure 5. For each census unit, a value of SDI was elaborated and reported in the map sorted
into quantiles.

3.1. Proximity-Based Approach

Features of the SDI within the Milan urban area are reported in Table 2. The mean
SDI value for Milan city is 0.82, not considering that the industrial area SDI decreases at
0.81—a value that is significantly (p < 0.05) different from the SDI calculated for the indus-
trial area only (0.87). Within this area, the distance classes showed significant differences
in SDI values. The highest deprivations emerged at 500-1000 m (1.06) and 250-500 m
from the glasswork factory. Then, after increasing the distance, the deprivation signifi-
cantly decreases (0.91 for 1-2 km from the glasswork), until it reaches the mean value of
Milan (0.82).

Table 2. Features of SDI in the Milan area as a whole, without the industrial area, only in the industrial
area, and for the distance classes from the industrial area. * = statistically (p < 0.05) significant
difference between the SDI of the Milan area and that of the industrial area. Different letters indicate
statistically (p < 0.05) significant differences among distance classes within the industrial area.

Area SDI
Milan (n = 5567) 0.82
Milan (w/o industrial area n = 3981) 0.81
Industrial area (total, n = 1586) 0.87 *
<250 mt from glasswork (1 = 27) 0.84
250-500 mt (1 = 39) 1.02 be
500-1000 m (n = 145) 1.06 €
1-2 km (n = 485) 0.91°

>2 km, inside the industrial area (n = 890) 0822
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The results of the proximity-based approach are reported separately for the two main
pollution profiles. The relationship of SDI with distance from major roads and railways as
the result of a linear model is shown in Figure 6. A positive and robust (R? = 0.8) relationship
with distance from major roads emerged (Figure 6a), indicating that in the proximity of
the main communication routes, the deprivation tends to be smaller, while disadvantaged
groups live far (>500 m) from main roads. Opposingly, a still robust (R? = 0.79) trend
emerged for the distance from railway lines (Figure 6b), with higher SDI values in those
census units surrounding (<500 m) these infrastructures and increasing the wellness of the
population with increasing distances.

af

Pl S . .
.| RP=079 /

400

0 500 1000 1500 2000 200 .
distance from major roads (m)

distance from railways (m)
(a) (b)

Figure 6. (a) Linear relation between the distance from major roads and SDI. (b) linear relation
between distance from railways and SDI values.

3.2. Distribution-Based Approach

The results of the quantile regression for the distribution-based approach (Table 3)
show a significant influence of the contamination over the SDI in almost all quantiles.
In particular, for the first four quantiles, a positive relationship emerged, while from
the seventh onward, a negative relationship was evident between the variables. Thus,
increasing the contamination in the less-deprived population, there is just a slight increase in
deprivation, while in the most-deprived groups, as contamination increases, the deprivation
tends to decrease.

Table 3. Summary results of OLS and quantile regressions of CI with SDI (* = p < 0.05). In brackets
are the values of the adjusted R?.

OLS 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
CI —0.06* 0.03* 0.05* 0.04 * 0.02* 0.01 —0.01 —-0.05* —0.11* —0.29*%
Adjusted R? (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.02) (0.03) (0.06)
Constant 1.51* 0.91* 0.92 * 1.03 * 1.14* 1.24* 1.37 % 1.57 * 1.85* 2.67 *
Adjusted R? (0.04) (0.03) (0.03) (0.03) (0.03) (0.04) (0.04) (0.05) (0.07) (0.15)
Observations 5567
R? 0.0002
Adjusted R? 0.002

Residual Std. Error

0.41 (df = 5565)

4. Discussion

In this work, we tested the use of lichen biomonitoring techniques for Environmental
Justice assessment at the urban scale. In particular, we applied the most common ap-
proaches used in EJ studies, i.e., proximity-based and distribution-based, on the basis of a
lichen biomonitoring study of air pollution [32]. Indeed, the proximity analysis considers
just the presence and distribution of pollution sources, assuming personal exposures are
correlated to source proximity [39-41] while the distribution-based approach usually refers
to coarse-grained data of air pollution from the few scattered monitoring equipment, that
scarcely match the EJ assessment requirements [22]. Comparing the two methods, ref. [16]
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concluded that proximity analysis could be a good predictor of exposure only in some
cases and only if flexibility is used, thus highlighting the great uncertainty related to this
method. Despite some attempts to incorporate the two methods by including emission
data to select the more impacting sources for the successive proximity analysis [42], the
lack of fine-grained distribution maps hampers a real matching between methods; thus,
more comprehensive methods are required in order to overcome these shortcomings [18].

The workflow suggested in this study is promising. Firstly, the lichen biomonitoring
study [32] provided a high-resolution map of air pollution thanks to the high number of
sampling sites scattered within the city. In fact, compared to other studies using physical-
chemical monitoring devices, the lichen biomonitoring campaign described in [32] provided
a density of 0.28 monitoring sites per km? (50 sampling sites/181 km?), while [21] had just
0.014 monitoring sites per km? in Hong Kong (15 monitoring sites/1106 km?). Moreover,
ref. [22] had, among the investigated cities in their study in the Czech Republic, the highest
number of monitoring devices in Praha with a density of 0.030 monitoring sites per km?
(15 monitoring sites in 496 km?), and ref. [23] had 0.006 monitoring devices per km? in Sao
Paulo (9 monitoring sites/1521 km?). Thus, our air quality biomonitoring network was ca.
20 times denser than in Hong Kong, 45 times denser than in Sao Paulo, and 9 times denser
than in Praha. Secondly, the selection of the emission sources for the proximity analysis
was data-driven from the distribution of pollutants, and their disentanglement in emission
profiles provided useful information about the type of pollution. One pollution profile, in
fact, was related to industry and linked to the industrial history of the city (the glasswork
factory was dismissed in 2004), while the other profile was linked to modern pollution by
vehicle non-exhaust emissions. Separating the pollution profiles allowed for a deeper and
more specific assessment of exposure inequalities between population groups. Following a
data-driven approach, this method is unbiased, not based on arbitrary knowledge of the
territory, and successfully combines the two traditional methodologies.

Our findings from the proximity analysis around the glasswork factory showed signif-
icant differences in SDI values with distance. In particular, census units within the higher
concentration area of the pollution profile related to industrial emissions, and the so-called
“industrial area” showed a higher SDI than the rest of Milan (0.87 and 0.81, respectively),
being in line with the theory of the disproportion of environmental hazards where disad-
vantaged groups live [43]. Considering the distance classes within the industrial area, an
interesting trend was found: the closest census units showed no significant differences
with the others, while SDI values increase significantly up to 1000 m [1.06], then decrease
until they reach the Milan mean (0.82). These results further confirm the theory that disad-
vantaged groups experience a higher concentration of polluting sources [6,44]. However,
the debate about “who came first: the pollution or the deprivation” is still open, and very
rarely it is possible to have a reliable answer [45]. Still, to have a complete picture, one
should study the evolution in time of both socio-economic deprivation and urban assets,
and this is not always feasible due to the lack of data. It is reasonable to assume that, in our
case, people living in this area are the former workers of the factory, who have remained
there after industrial closure.

Performing the proximity analysis on the basis of main roads and railways, different
and opposite results emerged. Even though both are sources of non-exhaust emissions,
it seems that they are differently perceived by citizens. The SDI values are lower closest
to the main roads, and they increase with distance, suggesting that house prices and life
quality in general are higher near main roads. These results are apparently in contrast
to what is commonly shown in the literature—that exposure to traffic-related pollution
is higher in disadvantaged groups (e.g., [31,46,47]). However, we hypothesize that the
urbanistic history of Milan could explain this result since the city went through radical
transformations and a conurbation process in the past century [33], recalling workers from
other towns and villages that occupied mainly the peripheries and were certainly less
served by communication routes to the center. Opposingly, both the administrative and
representative buildings as well as houses of wealthier groups are historically located along
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the main communication routes connecting to the city center, which now are congested
by vehicles (~670,000 vehicles/day circulate into the city). Our results are consistent with
those of [48], who studied the traffic exposure of people in Rome (Italy), concluding that
medium-high-income populations live closer to main roads and vehicular traffic than
disadvantaged ones. They also found a similar explanation of the different proximity
by considering the urbanistic history of the city and its organization. In particular, they
observed that out of the city center, where the communication routes are less linked to the
historic center, the trend was the opposite, i.e., the wealthier population tended to live far
from the main roads, corroborating the hypothesis of the closeness to the connections to
the city center and services. The positive relationship between road traffic exposure and
advantaged neighborhoods was also reported for the city of Paris [49], where wealthier
groups were closer to vehicular traffic and its noise, further pinpointing urbanistic history
as a key factor. Other authors reported similar results, for example, ref. [22] in the Czech
Republic; ref. [50] in New York City; ref. [51] in Toronto; and [52] in the Ontario region.
At a wider scale, ref. [53] in a cross-national study conducted in Europe reported that
wealthier countries suffer more from air pollution than the poorest, while [54] evaluated the
association between ethnic composition and industrial air emissions in the United States,
finding that the regions with the higher rate of industrial activity were also those with the
higher income for households. This alignment in the results across cities worldwide could
be a key factor in E]J assessment evolution but also in the understanding of what people
search for more—environmental quality or life quality—which, given the reported results,
are still very distant. The use of cars and access to communication routes seem to be an
important added value to the quality of life of city inhabitants.

The opposite situation emerged from the relationship between railways and SDI: in
this case, a significant positive correlation emerged, indicating that the closest census units
to the railways are also the most deprived. These results are not surprising, since the
proximity to railways carries also a disturbance of noise, significantly reducing house
prices [55], and in addition, the railway stations are perceived by the population as dan-
gerous places, further reducing their neighborhood attractiveness [56]. Environmental
Justice studies confirm this trend, showing that deprived groups are usually more exposed
to railway noises [9,57-59]. Moreover, when considering just the emissions, ref. [57] in
Florida showed that a significant reduction in emissions by trains and on-road sources
would significantly reduce environmental inequalities. However, emissions from railways
are hardly considered in EJ studies [60]. Our findings indicate that emissions from railways
are as important as noise, suggesting that they should be taken into account for EJ and air
pollution policies.

Through the data-driven proximity analysis, we can assume that people living within
1 km from the industrial area and those living closer to railways are at risk of living the
so-called “triple jeopardy” [13]—a combination of a poor environment, poor economic
conditions, and the heavier consequences that these factors have on them than the wealthier
population. Therefore, these areas should be addressed by specific management policies.

The distribution-based approach treated the contamination as a whole, without any
difference between source or type of pollution, but evaluated the exposure of residents
to the overall contamination. By considering the effects of contamination on different
quantiles of deprivation, significant differences emerged. In particular, the increase in
contamination has a positive effect on SDI in the first quantiles (the less-deprived groups),
while it has a negative relationship with the most-deprived groups. This result indicates
that among the very wealthy groups, mainly located close to the city center, probably
the closeness to main roads and noise is de-selected, while more calm neighborhoods are
preferred. Contrastingly, among the deprived groups, mainly located away from the city
center, the proximity to communication routes and facilities increases house prices or recalls
people with higher economic possibilities.

However, some considerations can be noted. Firstly, we considered just the urban
area of Milan, without the densely urbanized context in which the city is embedded. This
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choice removed the evaluation of air pollution in the surroundings, which could be higher
or similar to that in the city; therefore, the effective exposure of deprived groups, especially
in the outskirts, could be underestimated. But, for the same reasons, facilities, services,
and deprivation status could change greatly in the close surroundings of our study area,
and for a complete view of Milan city, it is necessary to enlarge the evaluation of EJ to
remove this “margin” effect. Secondly, the elaboration of SDI was performed on the basis
of the census campaign of 2011, while the lichen biomonitoring was carried out in 2019;
thus, some significant mismatch between the periods is possible. Moreover, in the present
study, the need for a longitudinal approach over the years emerged, given the emergence
of “past” pollution from industries. It would thus be informative to compare the changes
in SDI over time, keeping the emission sources that emerged through lichen biomonitoring.
Another consideration should be made about the development of the urban areas and
the air quality perception of (and the relevance of air quality for) citizens. Moreover, to
obtain a more accurate view of the E] phenomenon, a deeper analysis should be carried out
considering the residential versus personal exposure to air pollution, linked to transport
to the workplace, as tested in [9]. The spatial elaboration of the biological impact of air
pollution should also be improved by considering spatial autocorrelation, as stressed
in [58], where it is demonstrated that a great distortion can occur when this factor is not
considered, leading to unreliable estimates. Due to the complexity of an urban area, many
other elements should be considered in the future for a more complete EJ assessment, i.e.,
noise, proximity to the services, proximity to green areas, and house prices, for example.
Even though the sampling design of the lichen biomonitoring was homogeneous in the area,
it was not elaborated for the EJ assessment; thus, it should be implemented considering
the specific aim. Although the approach we presented is promising for EJ assessment, the
scarcity of similar studies is a limitation for the comparison of the results, and more studies
should be carried out in order to verify and test the models and improve the approach.
From our findings, it appears that air quality is not preferred over comfort, since those
people with higher economic possibilities tend to live near roads and communication routes.
On the other hand, better air quality is followed by a lack of services and communication
routes. This is a challenging point for the sustainable development of cities, recalling the
need for a better distribution of services, but also the decongestion of roads and abatement
of vehicular traffic.

5. Conclusions

In this work, we proposed an effective approach to overcome the dichotomy between
the proximity-based and the distribution-based approaches for Environmental Justice as-
sessment at an urban scale using the data from a lichen biomonitoring survey. In particular,
the data-driven selection of the emission sources allowed us to incorporate effective res-
idential exposure to pollution into the proximity analysis. Thanks to these methods, it
was possible to observe the classical relationship between industries (and railways) and
higher deprivation status, but also a new pattern of air pollution exposure inequalities, by
considering main roads, to which the wealthier are more exposed. The quantile approach
satisfactorily described the complex relationship between SDI and CI, demonstrating that,
at the moment, higher pollution is related to higher economic possibilities and better
life quality, while better air quality is still related to the scarcity of services. Future re-
search should consider the effect of time since the EJ conditions change with the natural
re-organization of the city and its inhabitants.

The approach we proposed here could have important implications in urban planning
and management since it highlights the most vulnerable fragments of the population, becom-
ing a tool for administration to better address specific economic and environmental policies.
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