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Abstract: Urban areas with trees provide several ecosystem services to citizens. There is a growing
interest in ecosystem services for the removal of air pollutants such as particulate matter. The objective
of this paper is to show a study on the variation of intercepted particulate matter concentration
(IPMC) by tree leaves in the megacity of Bogotá (Colombia). The relationship between IPMC and
PM2.5 concentrations observed in air quality stations in two urban zones with different air pollutions
was studied. Influences of climate and leaf morphology variables on IPMC were also analyzed. The
species under study were Ligustrum-lucidum, Eucalyptus-ficifolia, Tecoma-stans, Callistemon-citrinus,
Lafoensia-acuminata, and Quercus-humboldtii. The results showed that leaf IPMC decreased as the
PM2.5 concentration increased. Species that best described this trend were Ligustrum-lucidum and
Lafoensia-acuminata. These two species also showed the largest IPMC in their leaves. Indeed, species
that showed the largest leaf area were those with the highest IPMC. On average, it was observed that
for each 5.0 µg/m3 increase in PM2.5 concentration the IPMCs of the species Ligustrum-lucidum and
Lafoensia-acuminata decreased by 33.6% and 23.1%, respectively. When wind speed increased, there
was also an increase in PM2.5 concentrations and a reduction in the leaf IPMCs.

Keywords: air pollution; leaf morphology; particulate matter; PM2.5; urban trees

1. Introduction

Urban areas with trees provide various ecosystem services to citizens [1]. In this re-
gard, there is a growing interest in ecosystem services for the removal of air pollutants such
as particulate matter (PM), nitrogen dioxide (NO2) and ozone (O3), and carbon dioxide
sequestration (CO2) [2,3]. The PM is the main component of anthropogenic air pollution,
comprising a mixture of heavy metals, minerals, black coal, polycyclic aromatic hydro-
carbons, and other toxic substances [4]. When PM has been released into the atmosphere,
possibly one of the most effective ways to eliminate it from the environment is through
vegetation [5,6]. There are studies that demonstrate the ability of deciduous trees and
shrubs to accumulate PM over their leaves during or at the end of the growing season [7].
Unfortunately, these plants lose their leaves for a certain period in the year, suggesting that
in cities where high PM concentrations are emitted, evergreen species might be the most
suitable option [8].

Due to their ability to accumulate contaminants on leaves and bark, plants have been
used to monitor environmental quality in urban areas [9]. The high leaf surface area and
the transpiration process of the plants allow the adsorption and absorption of PM and
gaseous contaminants [10]. It is also suggested that urban vegetation may play a significant
role in improving air quality [3,11]. For example, researchers reported that the presence
of trees in Wuhan (China) caused a decrease in PM10 concentrations between 7–15% [12].
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Similarly, there are studies that displayed a 30% reduction in PM (<100 m) in Shanghai
(China) [13]. Other researchers also reported that tree cover in London (United Kingdom)
probably removed between 0.70–1.40% of annual PM10 [14]. This study also concluded
that an increase between 20–30% of urban tree coverage would possibly increase the PM10
interception by 1.10–2.60%.

The vegetation effects on urban air quality may be less evident than originally envis-
aged due to the complex relationships between vegetation structure and climate conditions,
which affect the dispersion and deposition of pollutants [15]. Thus, it is necessary to
investigate under what circumstances and at what scale the vegetation can capture the
greatest amount of PM to improve urban air quality, and under what circumstances the
vegetation does not have or even has a negative effect on air quality [8,16]. The specific tree
characteristics such as plant structure, plant height, leaf surface, leaf area index, and leaf
microstructure are important [17,18]. Similarly, climate parameters such as rainfall, wind
speed, turbulence, and air humidity are significant factors to consider, which interact with
the accumulation capacity of PM on the leaves [19]. During periods of dry climate, particles
can be intercepted and resuspended by leaves depending on wind speed; and during
rainy periods, the particles can be washed and transferred to the ground [20,21]. This
suggests that a load of solids intercepted and resuspended by vegetation would possibly
be a function of the PM concentration, particle size and shape, climate conditions, and
leaf morphology.

The objective of this paper is to show a study on the variation of intercepted particulate
matter concentration (IPMC) by trees of the megacity of Bogotá (Colombia). In this regard,
the possible relationship between IPMC of the leaves and particulate matter concentrations
(TSP, PM10, and PM2.5) observed in air quality monitoring stations is studied. The best
existing tree species in relation to their IPMC are also identified. Lastly, the influences of
climate and leaf morphology variables on IPMC are studied. This study will be important
to deepen knowledge about the influence of trees on improving air quality in urban areas.

2. Materials and Methods
2.1. Study Sites

The two study sites were selected in Bogotá city (Colombia) from their historical PM10
concentrations and for their proximity to air quality monitoring stations. The first study
site (Zone 1: 4◦35′42′′ N; 74◦08′52′′ W) corresponded to a section of the South Highway
(Figure 1), which historically associated the highest daily concentrations of PM10 in Bogotá
city (annual average = 81 µg/m3). This was based on the information reported by the air
quality monitoring network of Bogotá city (RMCAB) [22]. The second study site (Zone 2:
4◦39′19′′ N; 74◦04′57′′ W) corresponded to a sector of Simón Bolívar Park, which has
historically been characterized by associating the lowest daily concentrations of PM10 in
the city center (annual average = 38 µg/m3). This second study site was selected as a
possible standard of the background PM10 concentrations in the city. Each study site had
equipment to measure PM10 and PM2.5, and only Zone 1 had equipment to measure total
suspended particles (TSP < 100 µm). The air quality stations were located at a distance
between 36–360 m from the sampled trees. The study areas had a tropical mountain climate
(cold climate), characterized by an average daily temperature between 13.3–14.3 ◦C and
wide hourly temperature variations (between 7.2–19 ◦C). The average altitude of the study
sites was 2580 m.a.s.l. The monitoring stations of RMCAB also had equipment to measure
temperature, rainfall, and wind speed.

The sampling area in Zone 1 was 500 m long and 70 m wide (35,000 m2). At a
400 m radius, land use in this area was industrial and commercial, and the predominant
surface coverages were impervious (87.7%) and vegetated (9.66%). The sampling area
in Zone 2 was 350 m long and 35 m wide (12,250 m2). At a 400 m radius, the land use
predominant in this area was of buildings (i.e., recreational, sports, and cultural), and
the predominant coverages were vegetated (74.4%) and impervious (20.7%) (Figure 1).
The road of Zone 1 had the following characteristics: Concrete pavement, average traffic
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density = 60,800 vehicles/day, average speed = 35 km/h, and five lanes in each direction.
The traffic composition was as follows: Cars = 47.7%, buses = 41.6%, and heavy vehicles
= 10.7% [23]. During the study period, no tree maintenance work (pruning and washing)
was carried out in the two sampling zones.
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2.2. Sample Collection

From the tree inventory of the study areas obtained from the Botanical Garden of Bo-
gotá (http://sigau.jbb.gov.co/SigauJBB/VisorPublico/VisorPublico, accessed on 6 Febru-
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ary 2020), digital mapping was developed by field verification of the presence of species
and trees to be sampled. Thus, species with a population greater than 10% were then
selected [25]. This is in relation to the total number of individuals inventoried in each
study area. Individuals who died or with a high degree of defoliation, those who had a
total height of less than 2.0 m and those with a starting height of the crown greater than
2.0 m were excluded [6,8]. Namely, in this study, the sampling height was 2.0 m. Hence, a
sample size of 6 species and 143 trees was obtained for the two study areas (Zone 1 = 108
trees and 4 species; Zone 2: 35 trees and 2 species). The species sampled in Zone 1 were
as follows: Ligustrum lucidum (N = 45 trees), Eucalyptus ficifolia (N = 12 trees), Tecoma stans
(N = 22 trees), and Callistemon citrinus (N = 29 trees). The species sampled in Zone 2 were
as follows: Lafoensia acuminata (N = 16 trees) and Quercus humboldtii (N = 19 trees).

Sample collection in each study area was done twice a week (Wednesday and Sun-
day), between 9:00–11:00 a.m. The selection of trees was done using a random systematic
sampling model [26]. This sampling model was appropriate for studies where the pop-
ulation was spatially arranged in an organized manner. The following variables were
considered in this random sampling model: Systematic jump (k = N/n), total population
by species (N), number of individuals to be sampled by species (N = 2), and a random
number among the first ‘k’ in a list of all population elements (h). Thus, this systematic
sampling of ‘n’ elements allowed the selection of the sample consisting of the following
elements: h, h + k, h + 2·k, . . . , h + (n − 1)·k. This led to the selection of 12 trees per
day (Zone 1 = 8; Zone 2 = 4) during the six months of the sampling period (576 trees in
total). For each tree selected, 16 healthy leaves of different sizes were collected from the
most exposed branches, four in each cardinal direction and at a 2.0 m height [6,27]. The
samples were deposited independently in a previously labeled Ziploc bag (date, zone,
species, and individual number). Subsequently, the bags were then stored in a refrigerator
at 4 ◦C for transport to the laboratory [8]. A total of 9216 leaves were collected for analysis
during the sampling period. On two occasions, during the study period, leaves were
collected at different heights (1.5, 2.0, 2.5, and 3.0 m) for the four tree species detected in
Zone 1 (Ligustrum lucidum, Eucalyptus ficifolia, Tecoma stans, and Callistemon citrinus). In
each sampling, 16 healthy leaves of different sizes were collected by species, in the most
exposed branches and with direction to the roadway.

Finally, the PM sampling system (TSP, PM10, and PM2.5) was composed of continuous
monitoring equipment by means of beta-ray attenuation. The sampling protocol followed
the guidelines established by the U.S. Environmental Protection Agency: EPA/625/R-
96/010a-IO-1.2 [28]. This information was obtained from RMCAB, which is operated
by the Environmental Secretariat of Bogotá city (http://201.245.192.252:81/home/map,
accessed on 6 February 2020). The information of temperature, rainfall, and wind speed
also was obtained from RMCAB.

2.3. Laboratory Analysis

The IPMC determination of the leaves of each tree was carried out using an adaptation
of the gravimetric method [6,8,29]. The 16 leaves collected by each tree were washed (three
times) with deionized water using a 750 cm3 manual pump. A brush of soft and thin bristles
was also used to release the PM attached to the leaves. The Ziploc bags for transporting
samples were also washed with deionized water. The washing water was deposited in
a 110 mL bottle. This bottle was previously washed with deionized water, dried (105 ◦C
for 20 min), weighed, and labeled. The PM in dilution was placed in a forced-air stove at
105 ◦C for 72 h. After this time, the bottle was removed from the stove and placed at rest
in a desiccator until room temperature was reached. The bottle weight with dry PM was
determined using a four-digit analytical balance. The difference in weight between the
bottle with and without PM allowed determining the amount of solid material intercepted
for each tree (µg).

After removing PM from the leaves, they dried at room temperature for two hours.
The leaves were scanned (HP Deskjet 3510) at a 1200 ppp resolution using a 1.0 mm grid as

http://201.245.192.252:81/home/map
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a reference. The area of each leaf (cm2) was determined using a binary scale (black and
white) and with the ImageJ V.1.45 software [30]. The total leaf area sampled from each tree
was calculated as the sum of 16 leaves collected. This allowed calculating the amount of
PM intercepted per leaf surface area in each tree (IPMC in µg/cm2). Four individuals per
species were also selected for each sampling to determine the following leaf morphological
characteristics [31]: Maximum leaf length, maximum leaf width, and leaf area. The type
of leaf surface was determined using a stereoscope. The leaf shape was determined by
calculating the relationship between the leaf length and the leaf length from the base to the
widest part of the leaf. The classification of the leaf shape was carried out according to the
criteria proposed by Quiroz and Soria [32].

2.4. Information Analysis

The non-normality of data series (PM2.5, PM10, TSP, IPMC, climate, and leaf morpho-
logical) was verified by a Shapiro-Wilk test (p-value < 0.05). A Spearman’s correlation
analysis was also performed between IPMC (µg/cm2) and PM2.5 concentrations measured
by the RMCAB stations (µg/m3). Regression models for these two variables were also
developed (linear, exponential, potential, and logarithmic). In addition, the influence of
temperature (◦C), rainfall (mm), and wind speed (m/s) on IPMC (µg/cm2) were analyzed
using Spearman’s correlation coefficient (rs). Correlation analyses were also performed
with respect to the leaf morphological variables. In this study, the scale used to interpret
Spearman’s correlation coefficient results was as follows: Very weak = 0.10, weak = 0.25,
medium = 0.50, considerable = 0.75, very strong = 0.90, and perfect = 1.0 [33]. Possible
differences in IPMC and leaf morphological characteristics between tree species were as-
sessed by a Friedman’s test. The variation in IPMC with respect to sampling height in the
tree species considered was also studied and regression models were developed (linear,
exponential, potential, and logarithmic). All previous analyses were performed under three
time scales: daily, weekly, and monthly. The information for these last two timescales was
generated by moving averages. Statistical analyses were carried out with 95% confidence
and using the SPSS V.18.0 software.

3. Results and Discussion
3.1. PM Interception

On average, during the study period, results showed a daily concentration of PM2.5
and PM10 of 25.4 and 73.8, and 13.2 and 21.3 µg/m3 in zones 1 and 2, respectively. There
was also a very strong direct correlation between PM2.5 and PM10 concentrations in Zone 1
(rs = 0.923, p-value < 0.001, N = 49). The correlation between PM2.5 and TSP concentrations
was direct, between medium and considerable (rs = 0.723, p-value < 0.001, N = 49). Thus,
the results suggested that PM2.5 and PM10 were the representative size fractions in terms
of air quality to study the IPMC by urban trees. From a literature review in the Scopus and
Google Academic databases (keywords: PM2.5, PM10, and trees; and between 2009–2019),
it was displayed that the citation frequency of PM2.5 as a representative air quality fraction
exceeded between 1.40 and 1.27 times the citation frequency of PM10, respectively. In this
study, PM2.5 was selected as the main size fraction in terms of air quality to study the
IPMCs by urban trees. The daily trend in Zone 2 between PM2.5 and PM10 concentrations
was similar (rs = 0.929, p-value < 0.001, N = 49).

On a daily basis, the results showed on average the following order in the quantity
of leaf PM in Zone 1: Ligustrum lucidum (823 ± 210 µg/cm2) > Eucalyptus ficifolia (791 ±
242 µg/cm2) > Tecoma stans (625 ± 127 µg/cm2) > Callistemon citrinus (396 ± 73.4 µg/cm2).
A Friedman’s test showed significant differences in the quantity of leaf PM between the
species of Zone 1 (p-value < 0.001, N = 42). In Zone 2, the order in the quantity of leaf
PM was as follows: Quercus humboldtii (91.3 ± 31.4 µg/cm2) > Lafoensia acuminata (75.7 ±
35.1 µg/cm2). A Friedman’s test also showed significant differences in the quantity of leaf
PM between the species of Zone 2 (p-value = 0.008, N = 42). The quantity of leaf PM in
Zone 1 was 6.56 times higher compared to Zone 2 (Figure 2). The PM2.5 concentrations
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showed a similar trend. PM2.5 concentration in Zone 1 was 1.92 times higher than the
concentration observed in Zone 2. Indeed, the results suggested that areas with higher
PM2.5 concentrations also showed the highest quantity of leaf PM. The above findings did
not consider the variation in time of the PM quantity accumulated on the leaves. Namely,
these findings simply corresponded to a comparative analysis between the pollution level
and the quantity of leaf PM observed in the two study zones. On this matter, researchers
indicated that pollution level and the quantity of leaf PM2.5 were positively correlated [11].
Other researchers reported that the saturation isothermal remanent magnetization (SIRM)
of leaves was at least four times higher in the vicinity of main roads and industrial zones
than in parks and residential zones. These researchers used this technique (SIRM) to study
the distribution of PM in an urban tropical environment [34].

Forests 2021, 12, x FOR PEER REVIEW 6 of 14 
 

 

Friedman’s test showed significant differences in the quantity of leaf PM between the spe-
cies of Zone 1 (p-value < 0.001, n = 42). In Zone 2, the order in the quantity of leaf PM was 
as follows: Quercus humboldtii (91.3 ± 31.4 µg/cm2) > Lafoensia acuminata (75.7 ± 35.1 
µg/cm2). A Friedman’s test also showed significant differences in the quantity of leaf PM 
between the species of Zone 2 (p-value = 0.008, n = 42). The quantity of leaf PM in Zone 1 
was 6.56 times higher compared to Zone 2 (Figure 2). The PM2.5 concentrations showed a 
similar trend. PM2.5 concentration in Zone 1 was 1.92 times higher than the concentration 
observed in Zone 2. Indeed, the results suggested that areas with higher PM2.5 concentra-
tions also showed the highest quantity of leaf PM. The above findings did not consider 
the variation in time of the PM quantity accumulated on the leaves. Namely, these find-
ings simply corresponded to a comparative analysis between the pollution level and the 
quantity of leaf PM observed in the two study zones. On this matter, researchers indicated 
that pollution level and the quantity of leaf PM2.5 were positively correlated [11]. Other 
researchers reported that the saturation isothermal remanent magnetization (SIRM) of 
leaves was at least four times higher in the vicinity of main roads and industrial zones 
than in parks and residential zones. These researchers used this technique (SIRM) to study 
the distribution of PM in an urban tropical environment [34]. 

  
(a) (b) 

Figure 2. Diagram of boxes and whiskers for daily IPMCs of the species under study. 

In each study zone, the variation in time of the PM quantity accumulated on the 
leaves was analyzed. In this analysis, three time scales were considered: daily, weekly, 
and monthly. The monthly time scale was the one that showed the best results during this 
analysis. The results showed an inverse correlation between IPMC and PM2.5 concentra-
tions observed at air quality monitoring stations. In Zone 1, results showed the following 
order of precedence from a correlation analysis with Spearman’s coefficient: Ligustrum 
lucidum (rs = −0.707; p-value < 0.001, n = 42) > Eucalyptus ficifolia (rs = −0.607; p-value < 0.001, 
n = 42) > Tecoma stans (rs = −0.468; p-value = 0.002, n = 42) > Callistemon citrinus (rs = −0.458; 
p-value = 0.002, n = 42). In Zone 2, the order of precedence was as follows: Lafoensia acu-
minata (rs = −0.667; p-value < 0.001, n = 42) > Quercus humboldtii (rs = −0.530; p-value < 0.001, 
n = 42). Thus, the findings suggested that IPMC decreased as the PM2.5 concentration in-
creased over time (Figure 3). Namely, the leaf surface available in the trees for PM inter-
ception was possibly decreasing as the PM2.5 concentration increased over time. In this 
study, PM2.5 was the size fraction that showed the best correlations with the IPMCs, com-
pared to PM10 and TSP. Studies on leaf surface saturation with PM have been scarce. Nev-
ertheless, some researchers reported that PM accumulation on new leaves was rapid and 
reached a high quantity within 4–7 days under a high level of PM exposure. In addition, 
these studies reported that PM accumulation on the leaves did not increase continuously, 
on the contrary, the PM accumulation tended towards an equilibrium condition possibly 

Figure 2. Diagram of boxes and whiskers for daily IPMCs of the species under study.

In each study zone, the variation in time of the PM quantity accumulated on the
leaves was analyzed. In this analysis, three time scales were considered: daily, weekly,
and monthly. The monthly time scale was the one that showed the best results during this
analysis. The results showed an inverse correlation between IPMC and PM2.5 concentra-
tions observed at air quality monitoring stations. In Zone 1, results showed the following
order of precedence from a correlation analysis with Spearman’s coefficient: Ligustrum
lucidum (rs = −0.707; p-value < 0.001, N = 42) > Eucalyptus ficifolia (rs = −0.607; p-value <
0.001, N = 42) > Tecoma stans (rs = −0.468; p-value = 0.002, N = 42) > Callistemon citrinus
(rs = −0.458; p-value = 0.002, N = 42). In Zone 2, the order of precedence was as follows:
Lafoensia acuminata (rs = −0.667; p-value < 0.001, N = 42) > Quercus humboldtii (rs = −0.530;
p-value < 0.001, N = 42). Thus, the findings suggested that IPMC decreased as the PM2.5
concentration increased over time (Figure 3). Namely, the leaf surface available in the trees
for PM interception was possibly decreasing as the PM2.5 concentration increased over
time. In this study, PM2.5 was the size fraction that showed the best correlations with the
IPMCs, compared to PM10 and TSP. Studies on leaf surface saturation with PM have been
scarce. Nevertheless, some researchers reported that PM accumulation on new leaves was
rapid and reached a high quantity within 4–7 days under a high level of PM exposure. In
addition, these studies reported that PM accumulation on the leaves did not increase con-
tinuously, on the contrary, the PM accumulation tended towards an equilibrium condition
possibly due to the effect of rainfall and wind speed [35,36]. In other words, the IPMC
tended to decrease over time.

Additionally, monthly regression models were developed between IPMC and PM2.5
concentration. Linear, exponential, potential, and logarithmic regression models were
tested. The results showed that the potential model was the best fit (Figure 3). The
findings suggested that the species Ligustrum lucidum and Lafoensia acuminata were the
best correlated with PM2.5 concentrations in zones 1 and 2, respectively. Indeed, the
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analysis with Pearson’s coefficient showed medium to considerable relationship between
IPMC and PM2.5 concentrations for these two species: Ligustrum lucidum (rs = −0.707;
p-value < 0.001) and Lafoensia acuminata (rs = −0.667; p-value < 0.001). These species
could be used as possible indicators of PM2.5 pollution at each of these study zones. On
average, it was observed that in Zone 1 during the highest PM2.5 concentration (33 µg/m3)
the IPMCs tended to decrease 5.15, 2.51, 1.55, and 2.20 times for the species Ligustrum
lucidum, Eucalyptus ficifolia, Tecoma stans, and Callistemon citrinus, respectively. Reductions
in the IPMCs in Zone 2 during the highest PM2.5 concentration (27 µg/m3) were 12.8
and 4.0 times for the species Lafoensia acuminata and Quercus humboldtii, respectively. The
results suggested that species with the highest IPMC under average conditions of PM2.5
concentration were those with the greatest decreased in their IPMC during periods of
increased in PM2.5 concentration (see maximum and minimum IPMC in Table 1). The
results also suggested that local environmental authorities should implement a periodic
tree-washing plan to increase their IPMC and thus contribute more effectively to improving
air quality in the study areas.
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Figure 3. Monthly IPMCs and PM2.5 concentration in air quality stations. Zone 1: Ligustrum lucidum, Eucalyptus ficifolia,
Tecoma stans, and Callistemon citrinus. Zone 2: Lafoensia acuminata and Quercus Humboldtii.

Additionally, the findings showed monthly that IPMC tended to decrease to a mini-
mum level. This minimum level was evidenced during the maximum PM2.5 concentrations
observed in the study areas. Namely, possibly during this minimum IPMC level, the
saturation with PM of the leaf surface was reached (Figure 3). In the zone of highest
PM2.5 pollution (Zone 1: 21–33 µg/m3), the minimum IPMC levels per species had the
following order of precedence: Tecoma stans (436 µg/cm2) > Eucalyptus ficifolia (415 µg/cm2)
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> Ligustrum lucidum (249 µg/cm2) > Callistemon citrinus (210 µg/cm2). In the zone with the
lowest PM2.5 concentration (Zone 2: 7–27 µg/m3), the findings were as follows: Quercus
humboldtii (31.3 µg/cm2) > Lafoensia acuminata (9.68 µg/cm2). To better analyze this trend,
the maximum and minimum IPMCs were studied, which occurred during the periods of
lower and higher PM2.5 concentrations, respectively. In this regard, effective IPMC was
determined as the difference between the maximum and minimum IPMCs. The results
showed that possibly the best species to intercept PM in zones 1 and 2 were Ligustrum
lucidum and Lafoensia acuminata, respectively. These two species had an effective IPMC of
1032 µg/cm2 (80.6%) and 114 µg/cm2 (92.2%), respectively (Table 1).

Table 1. Monthly average IPMCs for species under study (potential model).

Zone. Species Maximum IPMC Minimum IPMC Effective IPMC Effective IPMC (%)

1 Ligustrum lucidum 1281 249 1032 80.6
Eucalyptus ficifolia 1043 415 628 60.2

Tecoma stans 675 436 239 35.4
Callistemon citrinus 461 210 251 54.4

2 Lafoensia acuminata 124 9.68 114 92.2
Quercus Humboldtii 125 31.2 93.8 75

Note. IPMC in µg/cm2.

On a monthly basis, the results suggested on average that for each 5.0 µg/m3 increase
in PM2.5 concentration the IPMCs of the species Ligustrum lucidum and Lafoensia acuminata
decreased by 33.6% and 23.1%, respectively. The rates between the IPMCs and PM2.5
concentrations were −94.7 and −7.57 µg/cm2 for each µg/m3, respectively. In relation
to PM10, the results suggested that a 10 µg/m3 increase in its concentration would result
in a decrease of 28.8% and 31.8% in IPMC of the species Ligustrum lucidum and Lafoensia
acuminata, respectively. Indeed, the rates between the IPMCs and PM10 concentrations were
similar compared to PM2.5. This is possibly due to the very strong correlation observed
between PM2.5 and PM10 concentrations (rs = 0.923, p-value < 0.001, N = 49).

During the study period, leaves were collected at different heights for the four species
selected in Zone 1 (between 1.5 and 3.0 m). These leaves were collected in direction of the
roadway. The results showed a similar trend in the variation of IPMC with the sampling
height for all species. Namely, the largest IPMC was observed for the sampling height
closest to the road surface (1.50 m) and subsequently the IPMCs tended to decrease as the
sampling height increased (Figure 4). On average, IPMC at 1.50 m was 5.13 times higher
compared to IPMC at 3.0 m. In this study, the findings suggested that PM mobile emission
sources were possibly located at a height less than or equal to 1.50 m (i.e., vehicle exhaust).
The PM from road traffic also comes from other sources such as brake wear, tire wear, and
vehicle-induced resuspension of road dust [37]. The results also suggested that the PM
resuspension phenomenon had a greater effect for heights less than or equal to 1.50 m, and
that it decreased with the height.

Additionally, regression models were developed to study the decrease in IPMC with
sampling height in Zone 1 species. Linear, potential, logarithmic, and exponential models
were tested. The results suggested the exponential model as the one that best explained
this trend (R2 ≥ 0.83). The average rates between IPMC and sampling height were −308
(Ligustrum lucidum), −298 (Eucalyptus ficifolia), −204 (Tecoma stans), and −163 µg/cm2 for
every 1.0 m of height (Callistemon citrinus). The species that had the lowest IPMC were
those that showed the least decrease in their PM interception capacity with the sampling
height (Table 1). On average, in Zone 1 the species that least decreased its IPMC with the
sampling height was Callistemon citrinus (65.0% to 3.0 m). The other species comparatively
showed a similar decrease with the sampling height (average: 86.5% to 3.0 m) (Figure 4). In
this study, the results also suggested that the predominant use of trees with a crown start
height between 1.50–2.00 m could be more effective in intercepting PM on urban roads.
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3.2. Climate Influence

The monthly influence of the following climate variables on IPMC was studied:
Temperature, rainfall, and wind speed. The climate variables that best correlated with
IPMC in Zone 1 were in order of precedence temperature (rs ≤ −0.771, p-value < 0.001,
N = 49) and wind speed (rs ≥ 0.358, p-value< 0.001, N = 49). In this zone, there were
no significant correlations between IPMC and rainfall (Table 2). In Zone 2, there were
significant correlations in order of precedence with temperature, rainfall, and wind speed.
In this study, the results suggested that the possible indicator climate variables of IPMC
were in order of precedence temperature and wind speed.

The findings showed that the relationship between IPMC and temperature was in-
verse. In contrast, the relationship between IPMC and wind speed was direct. The results
also showed that when the wind speed increased, PM2.5 concentrations were also increased
(Table 2). Namely, possibly during these periods of increase in wind speed the PM resus-
pension phenomenon was more intense, which probably generated an increase in PM2.5
concentrations in the study zones. Some researchers also reported the intensification of PM
resuspension phenomenon during periods of wind speed increase. During these periods,
there was an increase in PM concentrations [38,39]. Other researchers reported that it was
possible to disaggregate the PM10 concentrations into one component that was diluted
when the wind speed increased and another component that increased with the wind
speed. This latter component was attributed to wind-induced resuspension processes and
was associated with fine PM (≤2.5 µm) [40]. The results showed that these increases in
PM2.5 concentrations were also associated with a decrease in IPMCs. In other words, when
wind speed was increased in the study zones there was a reduction in IPMCs. Possibly,
during these episodes of high PM2.5 concentrations and wind speeds, the leaves reached
their minimum level of IPMC due to a reduction in the leaf surface available to intercept
atmospheric particles (Figure 3).

Finally, differences between the study areas in relation to rainfall were observed. It is
important to mention that during the study period it was under the influence of a moderate
‘El Niño’ phenomenon [41]. On average, and on a multi-year basis, rainfall during the
study period decreased by 53.1% (dry period). The results showed that in the zone of high
PM2.5 pollution (Zone 1), there was no correlation between IPMC and rainfall. On the
contrary, in the zone of low PM2.5 pollution (Zone 2), there was a correlation between IPMC
and rainfall (Table 2). These findings could suggest that during ‘El Niño’ phenomenon
periods the rainfall did not have enough intensity to wash off the PM intercepted by the
leaves in areas of high PM2.5 pollution. However, in areas of low PM pollution, rainfall
possibly had a direct effect on the washing of particles intercepted by the leaves, and thus
on their IPMC. On this matter, researchers indicated that the amount of PM2.5 on leaves
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was not necessarily reduced during rainfall events and that higher rainfall intensity could
reduce the cycle length (PM accumulation and removal) and enhance the PM2.5 wash-off
efficiency [21].

Table 2. Correlation (rs) between IPMCs and climate variables considered.

Zone 1
Ll Ef Ts Cc PM2.5 R Vv T

(µg/cm2) (µg/cm2) (µg/cm2) (µg/cm2) (µg/m3) (mm) (m/s) (◦C)

Ll (µg/cm2) 1
Ef (µg/cm2) 0.858 ** 1
Ts (µg/cm2) −0.14 −0.293 1
Cc (µg/cm2) 0.671 ** 0.807 ** −0.019 1

PM2.5 (µg/m3) −0.613 ** −0.537 * −0.471 * −0.526 * 1
R (mm) 0.217 0.09 −0.25 0.091 0.410 * 1

WS (m/s) 0.481 * 0.444 * 0.119 0.504 * −0.724 ** −0.455 * 1
T (◦C) −0.893 ** −0.774 ** −0.002 −0.771 ** 0.544 * −0.371 * −0.455 * 1

Zone 2
Qh La PM2.5 R Vv T

(µg/cm2) (µg/cm2) (µg/m3) (mm) (m/s) (◦C)

Qh (µg/cm2) 1
La (µg/cm2) 0.918 ** 1

PM2.5 (µg/m3) −0.478 * −0.544 * 1
R (mm) 0.558 * 0.701 ** 0.0851 1

WS (m/s) 0.358 * 0.378 * −0.860 ** −0.148 1
T (◦C) −0.803 ** −0.854 ** 0.301 * −0.752 ** −0.094 1

Note: ** = significance < 0.001, * = significance < 0.05, Ll = Ligustrum lucidum, Ef = Eucalyptus ficifolia, Ts = Tecoma stans, Cc = Callistemon
citrinus, Qh = Quercus humboldtii, La = Lafoensia acuminata, R = Rainfall, WS = Wind speed, and T = Temperature. In bold, significant
correlations between IPMCs and climate variables considered.

3.3. Leaf Morphology Influence

In order to study the possible relationship between IPMC and leaf morphology, the
following parameters were considered: leaf area (LA), maximum leaf length (MLL), max-
imum leaf width (MLW), leaf shape, and leaf surface type. In relation to LA, the results
showed on average the following order of precedence in Zone 1: Ligustrum lucidum (30.6
± 3.07 cm2) > Eucalyptus ficifolia (23.8 ± 4.00 cm2) > Tecoma stans (18.0 ± 2.44 cm2) > Cal-
listemon citrinus (2.52 ± 0.33 cm2). This sequence coincided with the order of precedence
observed for IPMC (Table 3). In other words, the results suggested a direct relationship
between IPMC and the leaf area of the tree species studied. An analysis with Spearman’s
coefficient showed correlations of medium to considerable between IPMC and LA in Zone 1
(rs = 0.728, p-value < 0.001, N = 114). In Zone 2, the correlations between IPMC and LA
were not significant (p-value = 0.218, N = 61). Although in this zone, a direct relationship
between IPMC and LA was comparatively observed. The findings suggested that in the
zone of highest PM2.5 pollution there was a direct relationship between IPMC and LA and
that in the zone of lowest PM2.5 pollution, this relationship was not significant. Indeed,
this relationship was apparently conditioned by the PM pollution degree of the study area.
In this regard, researchers reported that the morphological parameters based on leaf area
were the most significant during the study of PM interception capacity (dry deposition
rate) [17].

On average for Zone 1, the results suggested that the species Ligustrum lucidum,
Eucalyptus ficifolia, Tecoma stans, and Callistemon citrinus had an effective IPMCs of 4302 and
633 µg per exposed leaf, respectively. In Zone 2, the effective IPMCs for the species Quercus
humboldtii and Lafoensia acuminata were 3442 and 1820 µg per exposed leaf, respectively
(Tables 1 and 3). Indeed, these differences in the IPMCs were associated with the LAs of
each tree species. However, these differences in the IPMCs were possibly also due to the
different levels of PM2.5 pollution in the zones under study. Zone 1 showed the highest
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degree of PM2.5 pollution, and probably because of this, the species located in this area
showed the highest effective IPMCs compared to the species in Zone 2.

Table 3. Average leaf morphology of the tree species under study.

Zone 1

Species IPMC LA
MLL (cm)

MLW MLL/MLW Shape Surface(µg/cm2) (cm2) (cm) Ratio

Ll 823 ± 210 30.6 ± 3.07 9.14 ± 4.02 4.40 ± 1.94 2.08 ± 0.92 Oval to
oval-lanceolate Smooth

Ef 791 ± 242 23.8 ± 4.00 10.7 ± 3.07 3.57 ± 1.02 3.00 ± 0.86 Oval-lanceolate Smooth
Ts 625 ± 127 18.0 ± 2.44 8.81 ± 0.31 3.81 ± 0.14 2.31 ± 0.08 Elliptical-lanceolate Corrugated
Cc 396 ± 73.4 2.52 ± 0.33 5.73 ± 0.23 0.50 ± 0.02 11.5 ± 0.46 Lanceolate Pubescent

Zone 2

Qh 91.3 ± 31.4 30.2 ± 4.50 9.84 ± 0.42 3.01 ± 0.13 3.27 ± 0.14 Elliptical-lanceolate Pubescent
La 75.7 ± 35.1 19.4 ± 2.30 8.50 ± 0.31 3.47 ± 0.13 2.45 ± 0.09 Elliptical Smooth

Note: Ll = Ligustrum lucidum, Ef = Eucalyptus ficifolia, Ts = Tecoma stans, Cc = Callistemon citrinus, Qh = Quercus humboldtii, La = Lafoensia
acuminata, LA = Leaf area, MLL = maximum leaf length, and MLW = maximum leaf width.

The results showed through Friedman’s test that there were significant differences in
the MLL/MLW ratio between the species considered in Zone 1 (p-value < 0.001, N = 64).
Moreover, the findings showed significant differences between the IPMCs in this zone
(p-value < 0.001, N = 42). The results comparatively suggested that species with high
magnitudes in the MLL/MLW ratio tended to show the lowest IPMC (Table 3). This was
the case of Callistemon citrinus in Zone 1 (MLL/MLW = 11.5 ± 0.46), which showed an
MLL/MLW ratio of 5.53, 3.83, and 4.98 times higher compared with Ligustrum lucidum,
Eucalyptus ficifolia, and Tecoma stans, respectively. This species was also the only one
that showed a lanceolate leaf shape in Zone 1. Some researchers reported that this leaf
morphology characteristic was crucial for capturing PM [42].

Additionally, the results showed by Friedman’s test that there were significant differ-
ences in the MLL/MLW ratio between the species considered in Zone 2 (p-value < 0.001,
N = 64). Similarly, the findings showed significant differences between the IPMCs of tree
species in this zone (p-value = 0.008, N = 42). However, in this zone, a comparatively high
magnitude in the MLL/MLW ratio was not observed among the species under study to
explain the differences observed in IPMC. Probably the difference that could explain the
largest IPMC of Quercus humboldtii compared to Lafoensia acuminata was its pubescent and
non-smooth leaf surface (Table 3). For example, researchers indicated that the smooth
leaves might have a higher PM wash-off level than rough leaves [5]. For smooth leaf
surfaces, long duration-low intensity rainfall could increase PM removal rate while for
rough leaf surfaces, short duration-high intensity rainfall could achieve a larger removal
rate using the same amount of total rainfall [43].

4. Conclusions

The findings of this study show the following conclusions:

• The urban zones with the highest PM2.5 concentration also show the highest PM
concentrations on exposed leaves of the trees. On average, PM concentrations on
leaves in the zone of highest PM2.5 pollution (daily concentratioN = 25.4 µg/m3) are
6.56 times higher compared to the zone of lowest PM2.5 pollution (daily concentra-
tioN = 13.2 µg/m3).

• The IPMC decreases as the PM2.5 concentration increases over time (potential trend).
Namely, the leaf surface available in trees for PM interception is likely to decrease as
the PM2.5 concentration increases. The species that best describe this trend in the zones
of highest and lowest PM2.5 pollution are Ligustrum lucidum and Lafoensia acuminata,
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respectively. These two species are also those that show the largest effective IPMCs in
their leaves (80.6% and 92.2%).

• On average, it is observed that for each 5.0 µg/m3 increase in PM2.5 concentration the
IPMCs of the species Ligustrum lucudum and Lafoensia acuminata decrease by 33.6% and
23.1%, respectively. The IPMC also decreases with the leaf location height in the tree
(exponential trend). Overall, the IPMC of the leaves located at 1.50 m from the ground
is 5.13 times higher compared to the leaves located at a 3.0 m height. This trend is
possibly associated with the location of PM emission sources on the roadways (e.g.,
vehicle exhaust height) and with the intensity of PM resuspension phenomenon from
the surface road, which is generated by the vehicle turbulence and high wind speeds.

• The results show that when wind speed is increased in the study areas, there is an
increase in PM2.5 concentrations and a reduction in the IPMCs. During these episodes,
the leaves may reach their minimum level in IPMC because of a reduction in the leaf
surface available for intercepting atmospheric particles.

• In the zone of highest PM2.5 pollution, a direct relationship of medium to considerable
is observed between IPMC and LA of the species under study. Indeed, tree species
that show the greatest LA are those with the highest IPMC. The results comparatively
suggest that species with high magnitudes in the MLL/MLW ratio tend to show
the lowest IPMC. This is the case of Callistemon citrinus, which has on average an
MLL/MLW ratio of 11.5.
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