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Abstract

The activity of plants in an urban environment is under stress due to multiple environmental factors that have an adverse effect
on their growth, productivity and reproductive capacity. Our hypothesis considers that any process of environmental stress can be
detected early through the chlorophyll and ROS production analysis. The objective was to evaluate the lipid oxidative damage and
the photosynthetic pigment content in leaves of Morus alba in two urbanistically contrasting sites in the urban area of Mendoza
(Argentina). Ten trees were randomly sampled per site (micro-town and park). In each sample, 10 leaves were randomly collected,
including the entire canopy. Each determination included 10 repetitions per site. Considering that M. alba is a deciduous species,
leaf collection was made at the beginning of summer, when an important exposition period of leaves to many environmental factors
has passed. The chlorophyll content analysis results effective in evaluating the answer to environmental stress under urban condi-
tions. The relationship chlorophyll a and b showed significant differences among sites, minor in the micro-town, implying a decrease
of chlorophyll a in relation to chlorophyll b, a possible indicator of damage by photo-oxidation. The results suggest the generation of
oxidative stress due to accumulation of H2O2 in leaves, affecting cell structures, as evidenced by the major malonaldehyde content.

Key Words: Urban-Stress, Photosynthetic Pigments, Ros, Bioindicator.

Introduction

The adverse environmental conditions that are typical of ur-
ban areas present multiple challenges for plants, affecting their
physiology, growth and survival. In rapidly growing cities, high
levels of atmospheric pollution and constant changes in soil
and water quality create continuous stress for vegetation [1-4].
Plants respond to these stress factors through physiological and
biochemical adaptations that aim to maintain their integrity and
functioning; however, these responses are also affected depend-
ing on the intensity and persistence of the pollutant [5, 6]. Pol-
lution in urban areas typically includes a combination of organic
and inorganic compounds, such as heavy metals, hydrocarbons,
and fine particles, which have harmful effects on plant cellular
structures and limit their basic functions, including photosyn-
thesis, consequently plants tend to lose photosynthetic capacity
and reduce the chlorophyll content in leaves [7-11]. This phe-

nomenon is particularly evident in countries with high urbaniza-
tion and industrial development rates, where urban growth and
agricultural-industrial activity exert pressure on the plant envi-
ronment [12-18]. This trend is not an exception in Argentina,
where most environmental pollution issues are linked to mobile,
industrial and agricultural sources [19, 20]. Specifically, in the
Mendoza region, urban pollution is intensified by vehicular traf-
fic and agro-industrial practices, which emit large amounts of
gases and particulate pollutants, exposing vegetation to chronic
stress conditions [21-23].

In plants, the photosynthetic pigment content, especially chlo-
rophyll, is a variable that allows for evaluating their response
to pollution, as these pigments are directly related to the plants'
ability to perform photosynthesis and adapt to environmental
conditions; when plants are subjected to stress conditions the
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carotene/chlorophyll total increases due to a greater synthesis of
carotene than chlorophyll [24-27]. Chlorophyll a is the main pig-
ment for light capture in photosynthesis, while chlorophyll b and
carotenoids perform accessory and photoprotective roles [28].

It has been observed that plant exposure to environmental pol-
lution reduces chlorophyll a content, which decreases photosyn-
thetic efficiency and affects biomass production, in addition to
altering the ratio between chlorophyll a and b, which may indi-
cate oxidative damage in foliar cells [29-35]. Under such condi-
tions, the plant's capacity to respond to stress is limited, weak-
ening its role in the urban ecosystem [36, 37]. In aerobic plant
metabolism, ROS (reactive oxygen species) are produced to use
oxygen as the final electron acceptor. Oxygen to be reduced pro-
duces its singlet activated form (O21) or by transference of one,
two or three electrons, forming a superoxide radical (02.-), per-
oxide of hydrogen (H202) or the hydroxyl radical (HO=-), mol-
ecules produced due to normal cellular metabolism, and that un-
der normal cellular conditions are rapidly metabolized [38, 39].
Atmospheric pollution also promotes the production of reactive
oxygen species, such as hydrogen peroxide (H-0:). At elevated
concentrations, these can cause lipid peroxidation and cellular
membrane damage, which affects the overall health of plants and
limits their capacity to regenerate [40, 41]. Cellular production
of ROS is stimulated as a response to these metabolic imbalanc-
es generated by a stress condition that breaks the cellular homeo-
stasis if the intracellular concentration of ROS is not controlled
the direct consequence is damage to cellular structures due to
peroxidation of lipids, proteins and NDA components oxidation
[42-45]. In plants, ROS are produced in several cellular com-
partments, principally in chloroplasts and mitochondria, by the
efflux of e~ from the chain conveyor to O2.

Although all ROS are highly reactive, each has different prop-
erties and reactions with different molecules. The H202 is rela-
tively stable and does not react easily with lipids, carbohydrates
or NDA, but can inactivate enzymes through oxidation of thiol
groups In this context, hydrogen peroxide has been established
as an effective marker of cellular damage, and its increase in
plants exposed to urban stress is an indicator of oxidative stress
generation and the potential effects of pollution). In order to pre-
vent cellular damage, plants adopt various defense strategies,
such as the seuestration of heavy metals by fitoquelatins and/or
metallotioneines, compartmentalization in vacuoles, exclusion
and inactivation by means of organic compound secretion [46].

Another strategy used by plants is the ROS detoxification
mechanisms, including the synthesis of non-enzymatic metab-
olites that capture free radicals, such as glutathione, flavonoids,
a-tocoferol, among others [47]. One of the best-known stress
markers and easy to determine is the peroxidation of membrane
lipids, a technique widely applied in the study of plants [48-
50]. This technique consists in the detection of lipid peroxides
through the content of malonaldehyde (ADM) generated by the
oxidation and enzymatic degradation of polyunsaturated fatty
acids in cells.

Stress factors elicit diverse responses in plants that support simi-

lar adverse conditions in urban areas to those experienced in lab-
oratory, so the urban environment offers opportunities without
cost and restrictions.

Morus alba was chosen for this study due to its ecological and
physiological characteristics, making it a suitable model for
evaluating urban stress. M. alba is a fast-growing species that
has adapted well to urban areas due to its tolerance to pollution
and its capacity to regenerate after pruning, making it common
in cities like Mendoza, where it is often exposed to high levels
of pollution and intensive management practices. This species
showed moderate resistance to air pollution, with an APTI (air
pollution tolerance index) value of 14.08, an index derived of
the total chlorophyll, relative water content, pH, and ascorbic
acid content of leaf extract, and is therefore recommended for
urban planting.

The white mulberry is known for its ability to withstand various
abiotic stress conditions, making it an excellent bioindicator of
atmospheric pollution [51, 52]. Additionally, previous research
has shown that this species exhibits detectable changes in chlo-
rophyll content and ROS accumulation when exposed to envi-
ronmental stress conditions, making it ideal for urban ecology
studies focused on air quality and environmental monitoring
[53-56].

This study hypothesizes that analyzing chlorophyll content and
ROS production in M. alba leaves can provide early detection of
urban stress impacts. Specifically, it is expected that differences
in chlorophyll a and b content, as well as in hydrogen perox-
ide levels, will reflect the degree of environmental stress in sites
with varying pollution levels in Mendoza city. The study aims
to evaluate lipid oxidative damage and photosynthetic pigment
content in M. alba leaves at two contrasting sites in Mendoza: a
high-traffic urban micro-town and a park with less human inter-
ference. Through this approach, M. alba is proposed as a reliable
bioindicator for environmental quality monitoring in urban ar-
eas, offering a scientific tool to improve environmental manage-
ment strategies and select suitable plant species for urban green
space planning.

Materials &Methods

Study Area

The study was conducted in the metropolitan area of Mendoza,
Argentina, located at 32° 50' 11.7" S - 68° 45' 22.5" W and 32°
59" 52.7" S - 68° 52' 19.2" W. This region has an arid climate
characterized by an annual precipitation of 234.7 mm and an
annual average temperature of 16.8 °C, with maximum tempera-
tures reaching 43 °C in summer and minimums of -9 °C in win-
ter [57, 58]. The predominant winds come from the south and
southeast, influencing the dispersion of atmospheric pollutants
and local microclimatic conditions, factors that can affect the
health and development of urban vegetation.

The urban ecosystem of Mendoza presents semi-desert condi-
tions, where urban forestry consists almost exclusively of exotic
species planted along sidewalks, in parks, and in areas close to
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the city. This urban forest, irrigated by ditches, includes approx-
imately 10 to 12 trees per block, providing a green structure that
partially mitigates urban stress. One of the predominant species
in this region is Morus alba, a deciduous, monoecious plant with
alternate, serrated leaves containing laticifers channels, adapted
to urban environments due to its tolerance to pruning and mod-

| Argentina

Mendoza

Study area

erate pollution. For the study, two contrasting urban sites were
selected: the micro-town, the high-activity core of Mendoza
with multiple stress sources such as heavy vehicular traffic and
periodic pruning, and the General San Martin Park, a 500-hect-
are area with little traffic and no pruning interventions, located
approximately 8 km from the center (Figure 1).

Urban gradient

micro-town boundary

San Martin
Park boundary

Figure 1: Sampling Areas in Mendoza Province

Leaves Sampling

Ten randomly selected M. alba trees were sampled at each site
(micro-town and park). For each tree, 10 leaves were randomly
collected from the entire canopy to ensure a representative sam-
ple of the environment's effects on the tree structure. Sampling
was conducted in early summer, a period with environmental
stability and when leaves have already been exposed to the char-
acteristic environmental factors of each site, allowing for an as-
sessment of the accumulated impact of urban stress. Each site
included 10 replicates to enhance the statistical robustness of the
results. The collected leaves were stored at -24 °C until analysis,
approximately 15 days after collection, to preserve their condi-
tion and reduce the degradation of photosynthetic and oxidative
compounds.

Determination of Photosynthetic Changes and Oxidative
Damage Indicators

To quantify photosynthetic pigment content, chlorophyll con-
centration was determined using an adaptation of the Vernon

(1960) technique. For the analysis, 0.1 g of fresh leaf material
was immersed in 15 ml of an 80% (v/v) ethanol solution and
heated at 100 °C for 15 minutes in a thermostatic bath, allow-
ing efficient pigment extraction without damaging the molec-
ular structure. The maximum absorbances of chlorophyll a,
chlorophyll b, and carotenoids were measured at wavelengths
of 665, 650, and 450 nm, respectively, in a spectrophotometer.
Data were expressed as mg of chlorophyll per gram of fresh
weight. To calculate pigment concentrations, the modified Ver-
non and MacKinney formula was applied: Chlorophyll a=11.63
(DO665) -2.39 (DO650); Chlorophyll b=20.11 (DO650) - 5.18
(DO665); Total chlorophyll = Chlorophyll a + Chlorophyll b;
Carotenoids = 0.02 (DO450).

Hydrogen peroxide (H-0-) quantification, as an oxidative stress
indicator, was conducted using the Alexieva technique. For this,
0.1 g of fresh leaves were homogenized in a mortar with 0.1%
trichloroacetic acid (TCA) in a 1:10 (w/v) ratio. The extract was
centrifuged at 12000 g for 15 minutes, and the supernatant was
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used for measurements. The reaction mixture contained 160 pl
of leaf extract supernatant, 160 pl of a 100 nm potassium phos-
phate buffer (pH 6.8), and 680 pul of a 1 M KI solution. The blank
consisted in TCA 0.1% in absence of extract. The reaction was
incubated in darkness for one hour, and absorbance was mea-
sured at 390 nm. The presence of H20: in the medium reacts
with silver iodide in an acidic environment, releasing iodine
(I2), which generates a yellow coloration detectable spectro-
photometrically. H-O: concentration was expressed in nmol per
gram of fresh weight, using a calibration curve obtained from a
1 nmol H:O: standard solution.

Oxidative lipid damage, measured as concentration of thiobarbi-
turic acid reactive substances (TBARs), was quantified follow-
ing the Heath & Packer methodology. This technique allows the
detection of malondialdehyde (MDA), a compound generated by
lipid peroxidation that reflects the degree of cellular damage un-
der oxidative stress conditions. For the analysis, 0.1 g of leaves
were homogenized in 20% TCA (1:10 w/v), and the extract was
centrifuged at 12000 g for 15 minutes; 500 ul of the superna-
tant were taken and mixed with 500 ul of 20% TCA containing
0.5% thiobarbituric acid (TBA). The samples were incubated in
a water bath at 95 °C for 25 minutes and then quickly cooled in
an ice bath, followed by centrifugation at 9000 g for 6 minutes.
Absorbance was measured at 532 nm, with turbidity correction
at 600 nm. Results were calculated using the MDA molar extinc-
tion coefficient (155 nM*-cm™) and expressed in nmol of MDA
per gram of fresh weight.

Statistical Analysis

The obtained data were analyzed using INFOSTAT version 8.0
statistical software [59]. An analysis of variance (ANOVA) was
performed, followed by Duncan’s multiple comparison test, with
a significance level set at p < 0.05 to identify significant differ-
ences between treatments. Normality and homogeneity of vari-
ances were evaluated using the Shapiro-Wilk and Levene tests,
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respectively, ensuring the validity of the results and the robust-
ness of the analysis.

Results and Discussion

The analysis of photosynthetic pigments in M. alba exposed to
varying urban environmental conditions revealed significant
variations in chlorophyll content and reactive oxygen species
(ROS) production, notably in the urban micro-town site. These
results suggest that the urban environment, characterized by
high atmospheric pollution and microclimatic variations, gen-
erates considerable stress in plants. This stress is reflected in the
observed adaptations and damage to their photosynthetic struc-
ture and pigment composition. Such physiological responses are
key to understanding how urban plants adapt or are impacted in
environments exposed to multiple stress factors, such as heavy
traffic and pollutant emissions, especially in cities in arid regions
like Mendoza.

Chlorophyll Content and Chlorophyll a/b Ratio

Figure 2 presents data showing a marked increase in total chlo-
rophyll content in M. alba leaves from the micro-town area com-
pared to those from the park site. This increase in chlorophyll
content suggests that urban stressors may stimulate chlorophyll
synthesis as a compensatory response to heightened environ-
mental challenges, such as high light exposure and pollution
levels, which can otherwise impair photosynthetic efficiency
[60]. A closer examination reveals that the chlorophyll a/b ratio
is significantly reduced in the micro-town site, with values of
1.04 compared to 1.3 in the park (Figure 3). This reduction in the
chlorophyll a/b ratio is a noteworthy adaptive response that has
been documented in other studies on urban plants [61, 62]. It is
thought to occur due to increased chlorophyll b synthesis, which
can support plants under conditions of photic stress and pollu-
tion by enhancing the capture of light across a broader spectrum
[63, 64].

- Micro-townsite
M Parksite

B

chlorophyll b

|

chlorophyll a

Figure 2: Chlorophyl Content in Leaves of M. Alba (n=10). Different Words Indicate Significant Differences Among Treast-
ments (p<0.05)
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In general, chlorophyll a is the primary pigment responsible for
capturing light and converting it into energy during photosyn-
thesis, while chlorophyll b functions as an accessory pigment.
Chlorophyll b captures light at wavelengths that chlorophyll a
does not absorb efficiently, thereby extending the spectrum of
light usable for photosynthesis. The lower chlorophyll a/b ratio
in the microcenter site may reflect an increase in chlorophyll b

relative to chlorophyll a, suggesting an adaptive strategy in M.
alba to maximize light absorption in environments with intense
photic and oxidative stress (Figure 3). This strategy can enhance
photosynthetic efficiency by capturing additional light energy,
which is crucial in urban settings where factors such as particu-
late pollution can filter and scatter light.

Relationa/b

PARK SITE

MICRO-TOWN
SITE

AR A e

b=

0.00 0.20 0.40

0.6e0

I I I |
0.80 1.00 1.20 1.40

Figure 3: Relation Between Chlorophyl a and b, According Treatments. Different Words Indicate Significant Differences
Among Treatments (p<0.05)

Moreover, this decrease in the chlorophyll a/b ratio may also
signify a response to specific urban pollutants, such as ozone
(O5) and nitrogen oxides (NOy), commonly found in areas with
high vehicular traffic. These pollutants are known to impact the
photosynthetic machinery directly, leading to oxidative stress
and photooxidative damage that can impair chlorophyll function
[65]. For instance, Demmig-Adams found that elevated ozone
levels can lead to chlorophyll degradation and a corresponding
rise in chlorophyll b, a change which helps mitigate damage
to photosystem II under high oxidative conditions. Similarly,
Moreno observed in Platanus hispanica, a tree commonly found
in urban environments, that the chlorophyll a/b ratio was sig-
nificantly lower in sites with high pollution, indicating that this
ratio can serve as an early marker of environmental stress and
pollution-induced damage.

This shift in pigment composition, with an increased proportion
of chlorophyll b relative to chlorophyll a, supports the hypothe-
sis that M. alba adjusts its photosynthetic apparatus to counteract
the challenges of urban pollution and intense light exposure. The
observed chlorophyll response in M. alba not only underscores
its adaptability but also aligns with findings from other urban
studies, where changes in chlorophyll ratios serve as indicators

of environmental stress. For example, Yousafzai noted that ur-
ban plants like Ficus carica showed increased chlorophyll b lev-
els under high pollution, suggesting that this shift is a conserved
mechanism across different species subjected to urban stressors
[66].

Carotenoid Content and its Relationship with Total Chlorophyll
The results indicate that, although there were no statistically sig-
nificant differences in carotenoid content between the two sites,
a slight increase was observed in the micro-town compared to
the park (Figure 4). This increase in carotenoids, although mod-
est, is noteworthy as it may suggest an adaptive mechanism in
M. alba for dealing with urban stressors. Carotenoids are essen-
tial pigments with multifaceted roles in plant stress physiology.
Not only do they assist in light capture as accessory pigments,
they also serve as protective agents by dissipating excess ener-
gy and scavenging reactive oxygen species (ROS), which can
accumulate under stress conditions like high light exposure and
pollution [67, 68]. The ability of carotenoids to quench singlet
oxygen and other ROS helps protect cell membranes from oxi-
dative damage, preserving cellular integrity and function under
adverse conditions.

Page 5 of 11
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Figure 4: Carotene Content in Leaves of M. Alba L. Data Represent the Mean and the Standard Error (n=10). Different
Words Indicate Significant Differences Among Treatments (p<0.05)

Interestingly, while carotenoid content increased, the carotenoid/
total chlorophyll ratio was slightly lower in the micro-town
(0.0009) than in the park (0.0012). This subtle reduction could
imply that, even in a high-stress environment, M. alba main-
tains a balance between chlorophyll and carotenoids to sustain
its photosynthetic activity. Plants in urban areas often undergo
adaptive adjustments in pigment composition, enabling them to

optimize light harvesting while simultaneously countering ox-

idative stress. A lower carotenoid/chlorophyll ratio in the mi-

cro-town may reflect a strategy to allocate resources towards

chlorophyll synthesis, which supports the primary photosynthet-

ic function, while still maintaining sufficient carotenoid levels
for protective purposes (Figure 5)
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Figure 5: Carotene/Chlorophyl Total Relationship, According Treatments. Different Words Indicate Significant Differences
Among Treatments (p<0.05)

Recent research provides further support for the protective role
of carotenoids in urban environments. Talebzadeh & Valeo
demonstrated that carotenoids often work in tandem with chlo-
rophyll b to stabilize the photosynthetic apparatus under envi-
ronmental stress conditions, including high levels of ozone and
airborne particulate matter commonly found in urban settings.
In particular, chlorophyll b and carotenoids may provide a syn-

ergistic effect that allows plants to manage light more efficiently
and protect against photooxidative damage. The ability of carot-
enoids to act as natural antioxidants is especially crucial under
elevated pollution conditions, as seen in studies of Ficus carica
conducted by Yousafzai, where plants exposed to high urban
pollution exhibited increased carotenoid concentrations [69].
This increase was interpreted as an adaptive response to coun-
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teract the oxidative stress induced by urban pollutants.

In the case of M. alba, the slightly lower carotenoid/chlorophyll
ratio observed in the micro-town suggests that, despite the high-
stress conditions, the plant prioritizes chlorophyll production to
sustain photosynthetic performance while maintaining stable ca-
rotenoid levels for cellular protection. This balance highlights
M. alba’s adaptability in urban environments, where sustaining
photosynthetic efficiency amidst oxidative stress is vital for sur-
vival.

Overall, the carotenoid response observed in M. alba underscores
the critical role of these pigments in enabling plants to endure
urban stressors. This adaptive trait not only points to the plant's
resilience but also affirms the utility of carotenoid-to-chloro-
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phyll ratios as a physiological marker of plant health in urban
ecosystems.

Hydrogen Peroxide (H20:) Production and Lipid Oxidative
Damage

H:0: production was significantly higher in the micro-town than
in the park, suggesting a higher level of oxidative stress in the
urban center (Figure 6). Hydrogen peroxide is a common ROS
that, under stress conditions, can accumulate to harmful levels
in plant cells, causing lipid peroxidation and, ultimately, com-
promising the integrity of cell membranes. The accumulation of
H:0: in the micro-town supports the hypothesis that the plant's
antioxidant defenses are insufficient to counter ROS production
in a high-pollution environment as confirmed by the elevated
malondialdehyde (MDA) levels observed in the same site.
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Figure 6: Hydrogen Peroxide Production (H202) in M. Alba Leaves. Data Indicates the Media and Standard Deviation
(n=10). Different Words Indicate Significant Differences Among Treatments (p<0.05)

The highest oxidative damage in leaves was found in the mi-
cro-town site. This was significantly different from the park site,
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which had less damage (Figure 7).
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Figure 7: Lipidic Peroxidation in Leaves. Different Words Indicate Significant Differences Among Treatments (p<0.05)
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MDA is a direct indicator of lipid oxidative damage and a widely
used marker for lipid peroxidation [70]. Elevated MDA levels in
the microcenter suggest that M. alba in this site is experiencing
significant structural damage to its cell membranes due to expo-
sure to atmospheric pollutants. This interpretation is consistent
with studies conducted in urban areas with high vehicular traf-
fic levels, where ROS generated by pollutants such as NO: and
Os have been observed to cause considerable oxidative stress in
plants highlighted that MDA accumulation is a reliable indicator
of chronic oxidative stress in plants exposed to polluted environ-
ments, supporting the use of this measure to assess the health of
urban vegetation [71-73].

In a recent study by it was found that exposure of M. alba and
Ligustrum lucidum to urban environments with high particulate
matter and sulfur compound loads led to an increase in H.O: pro-
duction and a rise in MDA levels, affecting their photosynthesis
and cellular integrity. These findings align with the results of our
study and reinforce the importance of using oxidative stress indi-
cators such as H-0. and MDA to assess the impact of pollution on
urban vegetation [74].

The results obtained in this study have important implications
for managing urban vegetation in highly polluted environments.
M. alba exhibited a series of physiological adaptations to urban
stress, such as adjustments in the chlorophyll a/b ratio and a slight
increase in carotenoids, which suggests an adaptive capacity to
moderate pollution conditions. However, the elevated levels of
H20: and MDA indicate that, although the species can withstand
some degree of pollution, the chronic accumulation of pollutants
overwhelms the plant's antioxidant defenses, causing oxidative
damage and limiting its longevity and photosynthetic effective-
ness in densely polluted urban environments [75].

The choice of M. alba as a bioindicator in this study is particularly
relevant in arid cities where urban vegetation not only fulfills an
aesthetic function but also an ecological one, helping to mitigate
the effects of climate change and improve air quality [76]. The
chlorophyll a/b ratio, carotenoid content, and H2O2 and MDA lev-
els in this species allow for an accurate assessment of the impact
of atmospheric pollution on its physiology and offer a practical
and effective methodology for monitoring urban tree health.

Conclusion

This study provides an in-depth view of the physiological re-
sponses of M. alba to urban environmental stress in the metro-
politan area of Mendoza, highlighting its potential as a bioindi-
cator of environmental quality in cities with high atmospheric
pollution. The analyses of photosynthetic pigments and oxidative
stress markers in M. alba leaves revealed significant adaptations
in chlorophyll and carotenoid content, as well as an increase in
reactive oxygen species (ROS) production and lipid damage in
the urban microcenter [77]. These findings suggest that while M.
alba exhibits physiological mechanisms to adapt to the adverse
urban environment, its antioxidant defense capacity may be over-
whelmed in areas with high pollution levels. The reduction in the
chlorophyll a/b ratio and the tendency to increase chlorophyll b

synthesis in the microcenter reflect an effort to optimize light cap-
ture and mitigate photooxidative damage, a response that has been
documented in other species subjected to environmental stress in
densely populated cities.

The elevated production of hydrogen peroxide (H20:) and sig-
nificant levels of malondialdehyde (MDA) in the microcenter
reinforce the hypothesis that M. alba’s antioxidant defenses are
insufficient to counteract oxidative damage in high-exposure en-
vironments. These markers provide direct evidence that the ur-
ban setting imposes chronic stress, potentially compromising the
structural and functional integrity of plants over the long term.
This study underscores the importance of utilizing M. alba as a
bioindicator in urban green space planning, as its sensitivity to
pollution and adaptive responses can yield valuable insights for
managing and mitigating the effects of air pollution on urban veg-
etation.

Our results underscore the potential of M. alba as a bioindicator
for monitoring urban environmental quality. The plant’s physio-
logical adaptations and vulnerabilities make it an effective mea-
sure of air pollution impact. In particular, the chlorophyll a/b ratio,
carotenoid content, H.O: production, and MDA levels in M. alba
leaves offer practical and accessible indicators for assessing urban
plant health. The use of M. alba in urban green planning can con-
tribute to more informed decisions that enhance urban resilience
and ecological balance. However, it is clear that chronic pollution
levels may exceed the adaptive capacity of species, resulting in
oxidative damage that could affect their long-term survival and
the functionality of their ecosystems in densely populated urban
areas [78-80].

Future studies should explore how different urban species respond
to similar environmental stressors, with a focus on identifying
species with higher resilience to urban pollutants. Additionally,
examining seasonal variations and extended exposure effects
on M. alba could offer further insights into its adaptability and
provide a stronger basis for sustainable urban forestry practices.
Overall, our study reinforces the relevance of bioindicators like
M. alba for urban environmental health monitoring and supports
the implementation of evidence-based management strategies to
mitigate the ecological impacts of urbanization.
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