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Abstract

Particulate matter and ozone, which affect human and environmental
health, are the atmospheric pollutants most frequently exceeding the national
standards in Chilean cities. The objective of this work was to assess the effect
of both pollutants on the native urban tree Quillaja saponaria Molina leaves.
Batches of ten individuals of Q. saponaria were located close to nine official
pollution monitoring stations, belonging to the Air Quality Monitoring Network
of the Metropolitan Region of Santiago, Chile. Morpho-anatomical traits of
Q. saponaria leaves were analyzed after twelve months of exposure to the
environmental condition. There is a significant positive relationship between
leaf area and particulate matter, while stomata width and palisade thickness
decreased. Leaf traits were independent of ozone concentration. Therefore,
particulate matter changed some morpho-anatomical traits, and affects the
physiological functioning of the tree. These findings are important to take better
decisions for urban planning and to improve the air quality of cities.
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Introduction

One of the main problems affecting quality of life in urban cities
is anthropogenic atmospheric pollution produced by atmospheric
aerosols or particulate matter (i.e. mainly particulate matter of <2.5
and <10 pm in aerodynamic diameter, namely PM2.5 and PM10,
respectively), inorganic and organic gaseous compounds. There
is increasing awareness and concern about the negative effects of
pollution on human health, ecosystems, visibility, infrastructure, as
well as economic and social welfare. A direct relationship has been
established by WHO between exposure to high concentrations of
coarse and fine particles and the levels of mortality and morbidity of
the population [1].

In several cities worldwide, the use of urban vegetation (trees,
shrubs and grasses) has been integrated as part of programs, policies
and measures for the reduction of pollutant concentration and for
human health protection [2,3,4]. This reduction can occur directly
by deposition on the tree surface and/or by stomatal uptake of
atmospheric pollutants [5]. Plants exhibit a large foliage area per unit
volume, increasing the probability of interception and deposition
that varies substantially depending on particle size and leaf roughness
[6]. Particle deposition can also be increased by the presence of
epicuticular waxes in which become stuck or immersed [7,8].

Trees can grow in places with high levels of pollutant concentration
and accumulate organic and inorganic chemical species in their cells.
The response of each plant species to a particular type of pollutant is
different depending on a set of environmental conditions [9,10]. Leaf
functional traits are reliable markers that show significant variations
between plants, as well as among different biotic and abiotic stressors
(11].

Particulate matter contains solid and liquid particles of different

origins, sizes, shapes and chemical composition that can cause
diverse effects on plants and ecosystems [12]. The presence of PM
on leaves has an adverse effect on plants, mainly by limiting the
amount of light reaching the mesophyll, which is reflected, reducing
the amount of absorbed photosynthetic active radiation [13,14]. The
biological effects of PM deposited on the leaves may increase acidity,
salinity, nutrient content, trace metal content and change surfactant
properties of leaves [12].

Tropospheric ozone can also cause adverse effects on vegetation.
The reactions of ozone and the internal components of leaves can lead
to the formation of reactive oxygen species leading to oxidative stress
and damage to plants [15]. As a strong oxidant, ozone causes several
types of visible lesions including chlorosis and necrosis [16,17],
affects the metabolic processes of the plant that leads to reduction of
carbon assimilation [18], growth [19], foliar area [20] and stomatal
control [21,22]. In addition, ozone pollution can induce programmed
cell death, accelerate senescence and weaken the defense against pests
and diseases [23-25].

Santiago (33 * 26’16 “S 70 * 39°01” W) is the capital city of Chile
located in the Maipo river basin, in the central valley (400 to 1200 m
asl), between the Andes to the east, and the Coastal mountains to the
west. The population of Santiago isabout40.5% (7,112,808 inhabitants)
of the country’s population [26]. Santiago shows high concentrations
of PM and O, which generates effects on the socioeconomic and
environmental ecosystems. High PM concentration levels usually
occur in the autumn-winter months mediated by poor ventilation
conditions, sometimes producing critical episodes (concentrations
2-3 times over national quality standard). Anthropogenic emissions
(volatile organic compounds and nitrogen oxides in the basin)
generate ozone in the summer months [27]. In addition, population
growth and urban expansion have replaced agricultural lands and
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Table 1: Location of the air quality monitoring station where batches of 10 plants of Quillaja saponaria were grown from September 2014 to July 2016. Period of
exposition at each monitoring station. Mean values and standard deviation for air relative humidity RH (%) and air temperature T (‘'C) from the official monitoring

stations for the period between November 2014 and January 2016.

Monitoring station MS-Q MS-C MS-CN MS-EB MS-PO MS-I MS-LC MS-PA MS-LF
Latitude () -33.365804 -33.49289 | -33.433109 | -33.547125 @ -33.464154 | -33.422224 | -33.376764 | -33.591352 | -33.516618
Longitude () -70.748223 -70.719399 | -70.732085 | -70.666158 | -70.660778 | -70.651177 | -70.523249 | -70.594763 | -70.588072
Pots distance to MS (m) 93 55 10 66 702 48 4 2 6
N’ of exposition days 416 386 415 384 415 415 415 389 393
Mean spring-summer RH 52.3+18.3 59.9+20.9 53.1+19 53.6+18.7 53.7+19.3 54.2+20.1 54.3+20.3 55.2+17.9 51.7+18.3
Mean autumn-winter RH 61.6+19.3 65.7+21 61.4+19.3 58.9+19.5 61+19.8 58.3+21 54.4+22.2 57.5+19.6 58.3+19.4
Mean spring-summer T('C) 19.8+6.56 20.2+5.9 19.1+6.6 18.8+6.72 19.1+6.72 21+6.14 19.5+5.93 18+6.31 21.9+6.4
Mean autumn-winter T('C) 13+6.4 15+4.98 12.6+6.19 12.546.26 12.6+6.26 14,9454 15+5.71 12.3+5.81 11.746.42

MS-C: Cerrillos; MS-CN: Cerro Navia; MS-EB: El Bosque; MS-I Independencia; MS-LC: Las Condes; MS-LF: La Florida; MS-PA: Puente Alto; MS-PO: Parque

O’Higgins and MS-Q: Quilicura. Source: SINCA 2018.

natural habitats [28] negatively affecting the air quality, decreasing
vegetation cover and increasing temperatures [29].

Models predict that urban vegetation, mainly trees, can reduce
PM and some gases [30-32]. Experimental research shows that PM
retention is species specific [33-35], having a beneficial effect on the
population. However, the effect on morpho-anatomical traits of air
pollution on plants has been less studied.

The aim of this work is to assess the effect of PM and ozone on
morpho-anatomical traits of the native species Quillaja saponaria
Molina. Hernandez and Villasefior [36] report that this a native
evergreen tree with an abundance of 3.48% in the native urban green
infrastructure of Santiago city (13.52%).

Materials and Method

Plant material

Pots of ten two-years-old plants (around 1.5 m tall) of Q. saponaria
(QS) from the nursery of the Facultad de Ciencias Forestales y de la
Conservacion de la Naturaleza, Universidad de Chile, were located in
November-December 2014 near (2-700 m) nine official Monitoring
Stations (MS) within network for the Metropolitan Region of
Santiago, Chile. Plants for this experiment originate from seeds of a
single population and genetic background. For each station, random
plants were selected that had the same initial size. The MS included
in this study were (Table 1): Cerrillos (MS-C), Cerro Navia (MS-CN),
El Bosque (MS-EB), Independencia (MS-I), Las Condes (MS-LC), La
Florida (MS-LF), Puente Alto (MS-PA), Parque O’Higgins (MS-PO)
and Quilicura (MS-Q), located between 481 masl (west) and 785 masl
(east) [37]. From each individual plant, ten fully expanded leaves
from the upper third of the upper canopy were harvested between
November 2014 and January 2016. All plants were exposed to the
environmental conditions of the corresponding monitoring station
(temperature, humidity, radiation) and regular irrigation.

Morpho-anatomical traits

The Leaf Area (LA) and the Leaf Perimeter (LP) from each foliage
sample were measured using scanned images (HP Scanjet 3670) and
processed using IMAGE] (National Institute of Health, USA). For
epidermal traits, three leaves from each individual were selected at
each MS. To observe the adaxial and abaxial epidermis, the central
third of each selected leaf was diaphanized using a modification of

the protocol proposed by Dizeo de Strittmatter [38], replacing the
use of alcohol with sodium hypochlorite for greater separation of the
epidermis. The morpho-anatomical variables studied were: Adaxial
Stomata Length (L-ADA), Abaxial Stomata Length (L-ABA), Adaxial
Stomata Width (W-ADA), Abaxial Stomata Width (W-ABA),
Adaxial Stomatal Density (D-ADA) and Abaxial Stomatal Density
(D-ABA). Twenty epidermis samples for each MS on the diaphanized
preparations were photographed with a Carl Zeiss Axiostar light
microscope with an attached Canon digital camera. The length and
width of the stomata were observed with magnification 40X and
measured using the IMAGE] program. The stomatal density was
measured as the number of stomata within 1 mm?* using IMAGE]
on images with magnification 10X from each epidermis sample
according to the protocol proposed by Dunlap and Stettler [39].

The thickness of the epidermal tissue and the mesophyll
components were determined on one leaf from each of four individual
QS from each station. The central third of each leaf was analyzed and
stored in 70% ethanol to obtain permanent histological sections of 15
pm thickness with a rotating Wetzlar microtome using the method
proposed by Johansen [40]. The morpho-anatomical variables studied
were: Leaf Thickness (LT), Epidermis Thickness (ET), Mesophyll
Thickness (MT), Parenchymal Palisade Thickness (PPT) and Spongy
Parenchymal Thickness (SPT). Cross sections obtained from five
samples of each MS were observed and photographed in a Carl Zeiss
Axiostar light microscope coupled with a Canon digital camera using
10X lens. To measure tissue thickness, the IMAGE] was used.

Concentrations of pollutants and environmental variables
values

The official validated records of concentrations (PM2.5, PM10 and
Ozone), Relative Humidity and Temperature reported by Sistema de
Information Nacional de Calidad de Aire, SINCA [41] were used. The
values of all variables correspond to the period between November
2014 and January 2016 and were downloaded from each of the nine
monitoring stations included in the study. On the other hand, two
seasons (spring-summer and autumn-winter) were considered to
calculate the number of days that exceeded the daily national quality
standard of PM2.5 (50 ug/m’, 24h) and PM10 (150 ug/m’, 24h).

Statistical analysis

Variables were tested for normality and homogeneity of variance,
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Figure 1: Mean values and standard deviation for total concentrations of
PM2.5, PM10 and O, and for the Summer-Spring (SS) and Autumn-Winter
(AW) season obtained from the official monitoring stations for the period
between November 2014 and January 2016. The number of days over the
daily standard of PM2.5 (¢) and PM10 (m) are also indicated. Monitoring
stations: MS-C: Cerrillos; MS-CN: Cerro Navia; MS-EB: EI Bosque; MS-I
Independencia; MS-LC: Las Condes; MS-LF: La Florida; MS-PA: Puente
Alto; MS-PO: Parque O’Higgins and MS-Q: Quilicura.

and transformations were made as necessary to meet the underlying
statistical assumptions of the models used. A one-way ANOVA was
applied to analyze the differences between the monitoring stations,
which, when significant, was followed by a multiple comparisons
Tukey Test in order to identify specific differences among pairs of
stations. The Pearson correlation coefficient was used to assess the
strength and direction of relationships/ linear regression between
the morpho-anatomical variables and pollutant concentrations
for spring-summer and autumn-winter periods. The analyses were
performed using R [42].

Results

Particulate matter and ozone concentrations across
monitoring stations

Table 1 shows the mean values and standard deviation for relative
humidity (%) and temperature (‘C) data registered by the official
monitoring stations belonging to SINCA for the spring-summer and
the autumn-winter seasons. Figure 1 shows total concentrations of
PM2.5, PM10 and O, and seasonal concentration values (summer-
spring and autumn-winter) obtained from the official monitoring
stations. Also the number of days exceeding the daily standards of
PM2.5 and PM10 for the studied period are indicated. Note that the
highest number of critical episodes occur during the studied period.
The Ministry of Environment reported 48, 51 and 42 critical episodes
for PM2.5, and 12, 27 and 2 for PM10, for the years 2014, 2015 and
2016 [43]. MS-Q and MS-CN, located in the west and north-west
sector of the Santiago valley, reported highest values PM2.5 and
PM10 concentration in autumn-winter months, respectively. On
the other hand, MS-PA even MS-LC, located in the east sector of the
valley, exhibited the highest concentrations of ozone in the spring-
summer months.

Observed differences in morpho-anatomical variables
across monitoring stations

Morpho-anatomical traits ranged from 317.7 to 819.1 mm? for
leaf area; 5.58 to 12.35 um for adaxial and abaxial stomata widths and
8.84 and 28.03 um for epidermis thickness. Significant differences
(p<0.05) were observed in the morpho-anatomical variables of
leaves of QS among different MS. Foliar perimeter significantly (F =
2.446, p<0.05) differed between MS-EB (largest) compared to MS-I
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Figure 3: Box plots of stomata traits values for Q. saponaria. a) adaxial
(above) stomata length (L-ADA). b) abaxial (below) stomata length (L-ABA).
c¢) adaxial stomatal density (D-ADA), and d) abaxial stomatal density (D-ABA).
Different letters (a, b, c) indicate significant differences (p<0.05) between
Monitoring Stations (MS). MS-C: Cerrillos; MS-CN: Cerro Navia; MS-EB: El
Bosque; MS-I Independencia; MS-LC: Las Condes; MS-LF: La Florida; MS-
PA: Puente Alto; MS-PO: Parque O’Higgins and MS-Q: Quilicura.

(smallest), with all other MS data falling between these two extremes
(Figure 2). For stomatal characteristics, the L-ADA was largest in MS-
PA and smallest in MS-EB (Figure 3a), while L-ABA was largest in
MS-T and smallest in MS-EB and MS-CN (F = 2.502, p<0.05) (Figure
3b). D-ADA was largest in MS-LF and smallest in MS-C, MS-EB
and MS-PO (F = 10.64, p<0.001) (Figure 3c). D-ABA was largest in
MS-LF and smallest in MS-CN, MS-1, and MS-Q (F = 2.567, p<0.05)
(Figure 3d).

Figure 4 shows thickness of leaves, mesophyll, palisade and
spongy parenchyma from samples across MS. Significant differences
were observed in the leaf thickness (F = 4.134, p<0.01) (Figure 4a), in
the thickness of the mesophyll (F = 4.2005, p<0.01) (Figure 4b), and in
the thickness of the palisade parenchyma (F = 3.361, p<0.01) (Figure
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Figure 4: Box plots of thickness traits values for Q. saponaria. a) Leaf
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Figure 5: Linear relationships between morpho-anatomical traits of Q.
saponaria and particulate matter across monitoring stations, a) Relationship
between leaf area and the number of days exceeding the national standard
for PM10; b) Relationship between adaxial stomata width and mean autumn-
winter PM2.5; c) Relationship between parenchymal palisade thickness and
the number of days exceeding the national standard for PM10.

Monitoring stations (MS): MS-C: Cerrillos; MS-CN: Cerro Navia; MS-EB: El
Bosque; MS-I Independencia; MS-LC: Las Condes; MS-LF: La Florida; MS-
PA: Puente Alto; MS-PO: Parque O’Higgins and MS-Q: Quilicura.

4c). MS-PA and MS-LF show the highest thickness of the palisade
parenchyma and MS-C and MS-PO as the smallest ones. The spongy
parenchyma thicknesses significantly differ across the MS (F = 3.518,
p<0.01) being greatest in MS-PA and smallest in MS-C and MS-PO
with all other MS situated between these two extremes (Figure 4d).
Other leaf traits did not show significant differences among MS.

Association between morpho-anatomical variables and
PM and ozone pollution

Statistically significant linear associations were found between
morpho-anatomical variables: leaf area, stomatal width and palisade
parenchyma thickness of QS leaves, and PM10 and PM2.5 (Figure
5). Ozone concentration did not correlate to any morpho-anatomical
variable. Figure 5a shows a positive relationship between leaf area and
the number of days exceeding the daily standard of PM10 (r = 0.758,
p<0.05); on the other hand, Figure 5b shows a negative relationship
between stomata width and PM2.5 values in the autumn-winter
months (r = -0.706, p<0.05). Similarly, Figure 5c shows a negative
relationship between the palisade parenchyma thickness and the
number of days exceeding the national daily standard for PM10 (r
= -0.730, p<0.05). The Pearson correlation analysis indicates that
palisade parenchyma thickness also correlates negatively with mean
value of relative humidity during autumn-winter (r = -0.732, p<0.05),
while other variables did not present significant correlations. The
number of days exceeding the daily standard of PM10, Ydiez et al.
[44] showed that variables derived from relative humidity contributed
differently to the models (Generalized Additive Models, GAMs),
having a higher effect on PM coarse (PM10-2.5) than on PM2.5, and
exhibiting both negative and positive relationships.

Discussion

The significant relationship between PM and morpho-anatomical
traits of QS leaves found in this study is consistent with reports
for several tree species [45-54, 10]. There is scarce information for
this native species. No relationship was observed between ozone
concentrations and the morpho-anatomical traits in this tree, as
shown for other species at physiological and biochemical levels [55-
57].

The observed pattern shows negative relationship between the
higher concentrations of PM2.5 and the stomata width; the reason
for this may that smaller stomata sizes contribute to better control
of absorption of contaminants, however this can also increase
obstruction and reduce photosynthesis, as reported by Pourkhabbaz
etal. [46] and eventually growth [58], as PM can obstruct leaf stomata,
affecting gas exchange and altering the physiological activity of the
plant. The PM deposited on the leaf surface [59] could lead to stomata
closure or affect interception of PAR radiation by the leaf, therefore
reducing photosynthetic rates. Particles can also be located in the
openings of the stomata, as reported for Q. saponaria, Schinus molle
L., Olea euroapaea L. and Melia azedarach L., urban trees in Santiago
[59], where they reduce the intensity of transpiration, negatively
affecting the heat tolerance of the plant [60, 61].

The important concentrations of PM associated to the MS-C
respond to the lowest values of palisade parenchyma thickness and
the largest leaf area. Thicker leaves have a higher cellular chlorophyll
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density and higher photosynthesis capacity per area unit than thinner
leaves. Thin, but larger leaves (as seen in other species), would allow
a higher interception of light [62]. The individual plants of MS-C and
others growing in places with similar characteristics may present
similar changes to those observed in the species studied, that is,
a greater capture of light. Singh et al. [54] report the influence of
polluted environments over leaf thickness as an important factor
controlling stomatal function, reflecting the adaptive plasticity of
plants to cope with severe environmental conditions.

According to indications by Singh et al. [54], changes at
physiological,
structural and functional changes in the plant. In this study, changes
in the morpho-anatomical traits observed in QS may result in
relevant changes for tree growth and survival. Leaf anatomical traits
may mediate the photosynthetic performance of Q. saponaria (with
greater photosynthetic capacity than Cryptocarya alba (Mol.) Looser
and Lithraea caustica (Mol.) Hool. et Arn, both native and evergreen
species), which is related to mesophyll conductance limitations, and
therefore PM could also affect this photosynthetic variable [62].
Among native trees, other species with similar requirements could
be subjects of study to promote an increase of their use in the public
green infrastructure of the cities of Chile with Mediterranean climate
[64].

morphological and biochemical levels induce

The response of leaf characteristics to environmental factors is
species-specific and related to the protective or adaptive mechanisms
of plants [65]. Analysis of plant traits can help in the selection of tree
species to enhance the resilience of urban forests [66]. In addition,
more complex relationships may become apparent when the
pollution variables are mixed, showing an interaction of synergistic
or antagonistic effects between them. For better air quality, the health
of trees and the species used in urban trees should be considered.

Conclusion

A positive relationship between leaf area and number of days
exceeding the national daily standard for PM10 was found; also a
negative relationship was observed between stomata width and the
mean PM2.5 in the autumn-winter season and the palisade thickness
and the number of days exceeding the national daily standard for
PMI0. In this study period many days above national dayly standards
and several critical episodes are included. Therefore, particulate matter
induced specific morpho-anatomical trait changes of Q. saponaria
that affect structural leaf properties and could generate modifications
in the normal biological functions and the ecosystemic services of
the tree. The foliar perimeter, stomata length and stomata density
of adaxial and abaxial epidermis, thickness of leaves, mesophyll,
palisade parenchyma and spongy parenchyma from individuals
of Q. saponaria presented differences, under the same irrigation
conditions, between the monitoring stations. This finding indicates
an effect of the local urban environmental growing condition on these
morpho-anatomical traits. This information should help taking better
decisions for urban planning and to improve air quality of cities.
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