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Abstract 
Urban trees, integral to urban environments, demonstrate intricate responses to atmospheric pollutants like particulate matter 

(PM), tropospheric ozone (O3), and carbon dioxide (CO2). Notably, O3 induces oxidative stress in leaf tissues, while PM, 

consisting of fine airborne particles, interacts with urban trees through foliar deposition. This interaction is particularly 

interesting as tree canopies are highly effective filters, capturing and accumulating PM on their surfaces. 

The present study focused on silver birch, small-leaved lime, and Norway maple seedlings responses to elevated O3 and CO2 

with and without PM. Maple seedlings exhibited the highest stem height increment, followed by lime and birch. Elevated O3 

and CO2 without PM led to substantial height increments for lime and maple. Elevated O3 and CO2 without PM increased the 

total polyphenols in lime and maple leaves but decreased the content of total flavonoids in birch and lime leaves. 

Our findings underscore the adaptability of lime and maple seedlings to elevated O3 and CO2, positioning them as promising 

species for urban environments in the face of changing climates. Birch, while exhibiting biochemical changes, demonstrated 

less pronounced growth responses. This studyʼs insights into the intricate interactions between urban trees and multiple 

pollutants, particularly the species-specific responses, are of significant value for urban planning and environmental 

management. 
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Introduction 

Urban trees, integral components of the urban 

environment, exhibit complex responses to atmospheric 

pollutants such as particulate matter (PM), tropospheric 

ozone (O3) and carbon dioxide (CO2). Globally, 

tropospheric O3 and PM stand out as the foremost air 

pollutants affecting plants, as highlighted by numerous 

studies (EEA, 2019; IPCC, 2019; Yeung et al., 2019; 

Shahid et al., 2019; Zhao et al., 2020; Oksanen & 

Kontunen-Soppela, 2021). The O3 infiltrates leaf tissues, 

instigating oxidative stress and provoking distinct 

physiological responses. The PM, encompassing fine 

particles suspended in the air, interfaces with urban trees 

through foliar deposition. Tree canopies act as effective 

filters, capturing and accumulating PM on their surfaces 

(Currie & Bass, 2008; Mondal & Singh, 2022). Plant 

stomata, especially those on leaves, absorb or sequester 

gaseous air pollutants such as CO2 (Nowak & Dwyer, 

2007; Nowak et al., 2013; Baraldi et al., 2019). Elevated 

CO2 concentrations can induce a stimulation of 

photosynthesis. Complicating matters, plants in polluted 

regions face simultaneous exposure to unpredictable 

combinations of factors, creating multiple stress 

situations. For example, the PM deposition on leaves 

disrupted stomatal leaf exchanges, decreasing CO2 

assimilation and water exchange (Singh et al., 2020; 

Singh, 2021).  

The aim of the study was to evaluate stem height growth, 

total polyphenols, and flavonoid content as early 

indicators of three deciduous tree species: silver birch 

(Betula pendula Roth), small-leaved lime (Tilia cordata 

Mill.), and Norway maple (Acer platanoides L.). It 

investigated the response of these species to artificially 

induced exposure to elevated O3 and CO2 concentrations 

with and without PM.  

 

Materials and Methods  

One-year-old seedlings of silver birch, small-leaved  

lime and Norway maple were grown in pots, the 

substrate of which contained the optimum nutrition 

and watering. Seedlings were kept in the open field for 

a year before the start of the simulation experiment. 

Selected, visually healthy, two-year-old seedlings 

were placed in the chambers and treated with (i) PM + 

180 ppb O3 + 650 ppm CO2, (ii) 180 ppb O3 + 650 ppm 

CO2, (iii) PM and (iv) control for ten weeks. There 

were 21 seedlings of each species per treatment.  

The height (cm) of seedlings was measured at the 

beginning of the experiment and ten weeks after the 

birch, lime, and maple seedlings had grown under 

simulated conditions in the chambers.  

For the analysis of total polyphenols (TPC) and total 

flavonoid content (TFC), leaf samples were collected in 

three biological replicates for each tree species from four 

treatments at the end of the vegetation season. Three 

composite samples (replicates) were made from each tree 

species for each treatment. For one composite leaf 

sample, 4–6 leaves were taken from three seedlings. 

Quantifying amounts of TPC and TFC was performed 

spectrophotometrically using a SpectroStar Nano 

microplate reader (BMG Labtech, Offenburg, 

Germany) and 96-well microplates. TPC was 

determined using the Folin–Ciocalteu reagent 

according to a modified methodology (Lowry et al. 

1951). TPC is expressed as micrograms of gallic acid 

equivalent to one gram of fresh mass (mg/g): 

 

Concentration (mg/g) = (C × V)/m (1), 

 

Here, C is the concentration obtained from the 

calibration curve (mg/mL), V is the extract volume (ml), 

and m is the weight of fresh biomass extracted (g). 

TFC was estimated by forming a flavonoid-Al (III) 

complex (Chang et al., 2002). TFC is expressed as 

micrograms of the quercetin equivalent in one gram of 

fresh biomass (mg/g): 
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Concentration (mg/g) = (C × V)/m  (2), 

 

Here, C is the concentration obtained from the 

calibration curve (mg/mL), V is the extract volume 

(ml), and m is the weight of raw biomass extracted (g). 

 

For statistical analysis, Lilliefors and Kolmogorov–

Smirnov tests checked the normality of the variables. 

The Kruskal–Wallis analysis of variance (ANOVA) 

test was used to ascertain the significant differences 

between the treatments. The means are presented with 

the standard error of the mean (±SE). Statistical 

analyses were conducted using the Statistica 12.0 

software, and a level of significance of p < 0.05 was 

chosen in all cases. 

 

Results and Discussion 

In all treatments and the untreated control, the maple, 

followed by lime and birch seedlings, showed the 

mean increment in stem height, which was 51-76 cm, 

23-27 cm, and 9-11 cm, respectively ‘Figure 1ʼ. 

Elevated O3 and CO2 without PM caused a slightly 

larger height increment for lime and a 1.5 times larger 

height increment for maple seedlings. PM exposure 

without elevated O3 and CO2 slightly reduced the stem 

height growth for lime seedlings.  

 

 
 

Figure 1. Stem height increment of silver birch, small-

leaved lime, and Norway maple seedlings. Experimental 

treatments include exposure to Particulate Matter (PM), 

elevated O3 and CO2, and the controls. Different letters 

show statistical significance of the difference between 

the treatments at p < 0.05.  

 

The highest TPC in the control seedlings was found in 

birch leaves (3.1 mg GA g-1) and maple (2.8 mg GA g-

1) ‘Figure 2ʼ. The PM treatment and exposure to 

elevated O3 and CO2 did not change the TPC in the 

lime and maple leaves. The elevated O3 and CO2 

concentrations without PM caused significantly higher 

TPC in the leaves of lime (33%) and maple (11%). 

Compared to the control, the mean TPC of birch leaves 

was significantly reduced by about 30% when treated 

with elevated O3 and CO2. 

 

 
 

Figure 2. Total polyphenol content (TPC) in leaves of 

silver birch, small-leaved lime, and Norway maple 

seedlings. Experimental treatments include exposure to 

Particulate Matter (PM), elevated O3 and CO2, and the 

controls. Different letters show statistical significance of 

the difference between the treatments at p < 0.05.  

 
Among the seedlings of different tree species, the 

highest TFC ranging between 0.78 and 1.14 mg QA g-

1 of fresh weight was found in birch leaves ‘Figure 3ʼ. 

The PM and elevated O3 and CO2 treatment resulted in 

a significant 31-37% decrease in TFC in birch and lime 

leaves. Compared with untreated controls, mean TFC 

decreased by 1.4-1.5 in birch seedlings after exposure 

to elevated O3 and CO2, irrespective of PM treatment. 

The mean TFC slightly decreased in lime seedlings 

after exposure to elevated O3 and CO2 with PM 

treatment.  

 

 
 

Figure 3. Total flavonoid content (TFC) in leaves of 

silver birch, small-leaved lime, and Norway maple 

seedlings. Experimental treatments include exposure to 

Particulate Matter (PM), elevated O3 and CO2, and the 

controls. Different letters show statistical significance of 

the difference between the treatments at p < 0.05.  

Elevated CO2 enhances plant growth by improving 

photosynthetic carbon assimilation, though prolonged 

exposure may lead to photosynthetic down-regulation, 

especially under nutrient-limiting conditions. Previous 

studies noted that elevated CO2 concentrations cause 
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more intensive plant growth followed by higher 

productivity (Ainsworth & Long, 2005), while O3 

causes phytotoxic effects on vegetation (Agathokleous 

et al., 2018). The CO2 and O3 could negatively affect 

plant growth (Ashmore, 2005; Karnosky et al., 2005; 

Wittig et al., 2009).  

Summarising, lime seedlings exhibited notable 

increases in height when subjected to elevated levels 

of O3 and CO2, demonstrating a significant degree of 

tolerance in terms of biochemical parameters. This 

adaptability and growth responses make this species 

well-suited for urban environments. Maple seedlings 

also experienced heightened growth under elevated O3 

and CO2 conditions, showcasing adaptability despite 

variations in specific biochemical responses. The 

overall growth performance suggests that maple could 

be a valuable species for urban landscapes. In 

environments with elevated CO2 levels due to 

changing climates, lime displayed increased height 

increments and exhibited biochemical resilience under 

elevated O3 and CO2 conditions. Similarly, maple 

demonstrated height increments under elevated O3 and 

CO2. These two species emerge as promising 

candidates for growing in urban territories under 

higher CO2 concentrations. 

 

Conclusions  

1. The short-term effect did not thoroughly evaluate 

how urban tree seedlings would respond to 

stressful conditions caused by increased PM, O3 

and CO2 concentrations.  

2. Norway maple seedlings, which increased in 

height under elevated O3 and CO2 despite varying 

biochemical responses, showed potential for 

adaptation to simulated urban environmental 

conditions. Among the studied species, small-

leaved lime seedlings appeared to have a higher 

biochemical resistance to simulated conditions 

than silver birch and could be more adaptable to 

urban environments.  
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