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A B S T R A C T   

The coronavirus disease (COVID-19) has had a great global impact on human health, the life of people, and 
economies all over the world. However, in general, COVID-19́s effect on air quality has been positive due to the 
restrictions on social and economic activity. This study aimed to assess the impact on air quality and metal 
deposition of actions taken to reduce mobility in 2020 in two different urban locations. For this purpose, we 
analysed air pollution (NO2, NO, NOx, SO2, CO, PM10, O3) and metal accumulation in leaves of Tilia cordata 
collected from April to September 2020 in two cities in northern Spain (Pamplona-PA and San Sebastián-SS). We 
compared their values with data from the previous year (2019) (in which there were no mobility restrictions) 
obtained under an identical experimental design. We found that metal accumulation was mostly lower during 
2020 (compared with 2019), and lockdown caused significant reductions in urban air pollution. Nitrogen oxides 
decreased by 33%− 44%, CO by 24%− 38%, and PM10 by 16%− 24%. The contents of traffic-related metals were 
significantly reduced in both studied cities. More specifically, significant decreases in metals related to tyre and 
brake wear (Zn, Fe, and Cu) and road dust resuspension (Al, Ti, Fe, Mn, and Ca) were observed. With these 
results, we conclude that the main reason for the improvement in urban air pollutants and metals was the 
reduction in the use of cars due to COVID-19 lockdown. In addition, we offer some evidence indicating the 
suitability of T. cordata leaves as a tool for biomonitoring metal accumulation. This information is relevant for 
future use by the scientific community and policy makers to implement measures to reduce traffic air pollution in 
urban areas and to improve environmental and human health.   

1. Introduction 

The increasing urbanization and concentration of human activities 
around cities has led to a worsening in urban air quality during recent 
decades (Grigoratos et al., 2014). Industrial activities are associated 
with gaseous pollutants and particulate matter emissions containing 
heavy metals, but urban transportation is also a significant contributor, 
and both negatively affect the lives and health of humans living in cities 
(World Health Organization, 2016). However, during the spring and 
summer of 2020 the lockdown measures imposed due to the outbreak of 
a novel coronavirus disease 2019 (COVID-19) offered a unique oppor
tunity to assess the contribution of urban traffic to air pollution. 

In December 2019, COVID-19 was described in Wuhan, China (Guan 
et al., 2020). From this date, COVID-19 has spread rapidly across the 
globe (World Health Organization, 2020), becoming a serious threat to 
all of humankind (Wang et al., 2020). After the first cases were 

confirmed in Spain at the end of January 2020, the numbers of cases and 
deaths increased quickly over the following weeks and months (NCE, 
2020; Guirao, 2020), especially in the study area (Navarre and Basque 
Country) (Redondo-Bravo et al. 2020). Considering its highly contagious 
characteristics, COVID-19 has presented an extreme challenge to 
different countries, who have implemented different strategies 
depending on social, economic, and political factors (Han et al., 2020). 
Containment measures such as social distancing, quarantine, and 
isolation were among the most widely adopted to control the disease 
outbreak. The Government of Spain declared a state of emergency along 
with a lockdown on March 15th, 2020, including restricted social con
tact, the closing of restaurants, shops, and a large number of companies 
(Tobías et al., 2020; Briz-Redón et al., 2021). These measures were even 
stricter during the period March 30th to April 13th, when non-essential 
activities were prohibited. Because positive results were observed, on 
May 4th the lockdown restrictions were gradually relaxed until the 
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majority of the restrictions in most of the country were removed by June 
21st with the end of the state of emergency. During the first wave of the 
COVID-19 pandemic and in response to its high severity, the Spanish 
lockdown was one of the strictest, along with China and Italy (Papan
dreou et al. 2020). 

Due to the drastic reduction in economic and social activities, several 
studies have suggested that lockdown has dramatically improved air 
quality worldwide (Ambade et al., 2021; Bherwani et al., 2020; Gautam, 
2020; Kumari and Toshniwal, 2020; Muhammad et al., 2020; Xu et al., 
2020; Fan et al., 2021). In Spain specifically, nitrogen dioxide (NO2), 
sulfur dioxide (SO2), carbon monoxide (CO), ozone (O3), and particulate 
matter (PM) with diameters ≤ 10 µm (PM10) have varied significantly in 
a number of cities following the lockdown implemented during the 
COVID-19 outbreak (Martorell-Marugán et al., 2021; Tobías et al., 2020; 
Baldasano, 2020; Gautam, 2020). This temporal reduction in air pol
lutants, due mainly to urban traffic restriction, was a great opportunity 
to study and understand pollution sources and their impacts and con
sequences for air quality in cities worldwide, and this information could 
be employed by policymakers and authorities to develop effective and 
efficient future strategies to alleviate urban pollution levels. 

However, most of these studies are based on satellite global data of 
air pollution caused by gaseous contaminants and particulate matter 
(PM) (Habibi et al., 2020), and studies at the local level monitored with 
ground-based stations in cities are still scarce and limited to gaseous 
contaminants and PM. This is a relevant issue, as ground-based data 
represents the pollution that people experience directly (Habibi et al., 
2020) and this is severely affected by meteorological conditions (Bal
dasano, 2020). Besides, the majority of studies have been limited to or 
close to the most critical period of lockdown and did not continue after 
the restrictions were removed. Other urban contaminants like metals 
(Rai, 2016; Li et al., 2017; Soba et al., 2021) have not been given much 
attention in these studies. Recently, air pollutants (PM10, NO2, O3) 
(Marquès et al., 2021) together with heavy metal exposure (Skalny et al., 
2020) have been proposed as a relevant risk factor for COVID-19 and 
other respiratory infectious diseases, thus prompting the direct or indi
rect monitoring of these pollutants in populated areas during the 
COVID-19 outbreak. Only a few studies so far have examined these 
contaminants: (i) the study in Milan of Altuwayjiri et al. (2021) deter
mining the presence of six redox-active metals with filters; and (ii) a 
study of the deposition of eight metals on a moss (Pleurosium shreberi) at 
several of sites in the industrial/urban metropolitan area of Moscow 
during June 2020 (Yushin et al., 2020). 

Ground-based stations provide useful and almost real-time air 
quality information, but these are mainly for gaseous contaminants. 
Indeed, the use of these stations (in terms of numbers and spatial dis
tribution) to monitor PM deposition and metals is restricted by their 
high cost (Aničić et al., 2011) and impact on the aesthetics of the urban 
environment. As a complement and/or alternative to these traditional 
chemical air pollution assessment methods, biomonitoring tools have 
recently gained interest specially using trees due to their unique char
acteristics. Foliar metal profiling is representative of atmospheric metal 
deposition (El-Khatib et al., 2020) and is proposed as an efficient bio
monitoring method for urban pollution assessment with some advan
tages such as low cost, and if widely distributed, better recording of 
spatial air quality and appropriate for long time accumulation of pol
lutants (Smodǐs et al., 2004; Tomašević et al., 2004; Doganlar et al., 
2012, Martín et al., 2018). On the other hand, some limitations of bio
monitoring are related to morphological structures, physiology and 
chemical composition of biological matrices can affect pollutant depo
sition (Jiang et al., 2018). Toxicity caused by pollutants and the 
non-ubiquitous presence of on plant species in urban gardens can limit 
its use for comparative studies of geographically diverse cities. Among 
urban trees, species of the native Eurasian genus Tilia are planted 
ubiquitously in city streets and parks, and previous studies by our group 
indicated an appropriate species to cope with air pollution in urban 
areas (Soba et al., 2021). Other studies (Piczak et al., 2003; Tomašević 

et al., 2004; Aničić et al., 2011; Serbula et al., 2013; Kalinovic et al., 
2017) also use of these species to monitor heavy metal pollution in 
cities. 

This study takes into account some of the limitations of other studies 
in assessing the temporary impact of COVID-19 restrictions at a local 
level from the lockdown to the end of summer on gaseous contaminants 
including ozone and PM, and on metal deposition. Additionally it ex
plores the suitability of biomonitoring of trees in their role as essential 
and ubiquitous elements of any urban landscape. With this in mind, we 
hypothesized that due to the reductions in car use during COVID-19 
lockdown, a decrease in air-borne heavy metals occurred and that this 
change could be measured by using urban tree leaves as biomonitoring 
tools. Therefore, to take advantage of the opportunity offered by this 
unprecedented situation and considering that Spain imposed and strict 
lockdown, and we conducted a previous study during 2019 in two cities 
with different edaphoclimatic conditions and traffic flow (San Sebastián 
and Pamplona), the main objective of the present work was to study 
urban air pollution changes by comparing data from the same periods in 
2019 and 2020 in terms of metal accumulation in urban tree leaves in 
two locations. To our knowledge, no previous studies have reported the 
use of foliar metal profiling as an indicator of changes in air pollutants 
due to COVID-19 lockdown. 

More specifically our objectives were to: (i) quantify potential 
improvement in air quality assessing gaseous levels of air pollutants 
during and after lockdown and during the preceding year; ii) quantify 
reductions in metal accumulation on T. cordata leaves due to traffic 
restriction; (iii) identify the source of traffic-related metals (pipeline 
emissions, tyre and brake wear, dust resuspension); (iv) determine the 
influence of meteorological conditions on urban air pollution during 
COVID-19 lockdown; (v) and assess the overall traffic impact on urban 
air quality. 

2. Materials and methods 

2.1. Study area 

The study was conducted in two different cities in northern Spain in 
the Autonomous Communities of Navarre (Pamplona, herein PA; 
42º48’46’’N 1º38’48’’W) and the Basque Country (San Sebastián, herein 
SS; 43º19’09’’N 1º58’44’’W) (Fig. S1). The populations of the two cities 
were: PA (201,653 people) and SS (187,415 people) (Instituto Nacional 
de Estadística, 2019). The two cities were chosen for their similar pop
ulation and because they have very different traffic flow, climatic and 
socio-economic characteristics. On the one hand, PA is an interior con
tinental city in the transition between Atlantic and Mediterranean cli
mates and, on the other hand, SS is a coastal and very touristic city with 
a temperate Atlantic climate and a precipitation regime double that of 
PA. In both cities, two high traffic-density streets were chosen for foliar 
sampling: Avenida del Ejército (PA) and Paseo del Árbol de Gernika (SS). 

2.2. Air pollution, traffic density, and meteorological data 

For air pollution concentrations and weather variables, this study 
compiled data daily from monitoring stations in PA (Gobierno de Nav
arra) and SS (Gobierno Vasco, 2020). The air pollution data included 
daily atmospheric concentration levels of NO2, NO, NOx, SO2, CO, PM10, 
and in the case of PA, also O3. Daily levels of CO (in mg/m3), NO2 (in μg/ 
m3), NO (in μg/m3), NOx (in μg/m3), PM10 (in μg/m3), O3 (in μg/m3), 
and SO2 (in μg/m3) for each station and day from March 1st-September 
30th, 2019 and March 1st-September 30th 2020 were collected from the 
online portal of the Navarre Government (https://gobiernoabierto. 
navarra.es/es/open-data/datos/calidad-del-aire-navarra) and from the 
online portal of the Basque Country in SS (https://opendata.euskadi. 
eus/catalogo/-/calidad-aire-en-euskadi/). 

Taking into account the different lockdown phases of the COVID-19 
outbreak in Spain (see Introduction section), the pollutant levels were 
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analysed as three periods in 2019 and 2020: strict lockdown (March 15th 

to May 3rd, 50 days), relaxed lockdown (May 4th to June 21th, 49 days) 
and normality (after lockdown; June 22th to September 30th, 100 days). 

Traffic density data were obtained from the City Council of Pam
plona and San Sebastián. In both cases, the point of measurement was in 
the same street and near to the selected sampling point. 

Daily meteorological data were downloaded for the same periods 
from the online portal of the Navarre Goverment in PA (http://meteo. 
navarra.es/estaciones/estacion.cfm?IDestacion=455) and from the on
line portal of the Basque Country in SS (https://opendata.euskadi.eus/ 
./-/estaciones-meteorologicas-lecturas-recogidas-en-2019/). The mete
orological stations closest to the cities were chosen to obtain the mete
orological variables of interest: average, maximum, and minimum 
temperature (◦C), precipitation (mm), wind speed (km/hr), irradiation 
(W/m2), and atmospheric pressure (hPa). 

2.3. Sampling 

In the two locations, leaves were sampled from deciduous small- 
leaved lime (T. cordata) during the sampling period of April-October 
in 2019 and 2020. In each city, a street with high traffic density was 
chosen for foliar sampling (Avenida del Ejército in PA and Paseo del 
Árbol de Gernika in SS). Collection of the samples was carried out ac
cording to the standardized protocol exactly as described in Soba et al. 
(2021). In brief, for each location six replicates were taken for each 
sampling time, each comprising five healthy fully developed leaves 
randomly detached from a height of 2.0–2.5 m above the ground while 
wearing polyethylene gloves to avoid contaminating the samples, which 
were then rapidly transported to the laboratory. Once in the laboratory, 
samples were dried at 65ºC for 48 h and stored under a low-humidity 
atmosphere until grinding and further analysis to estimate absorbed 
and deposited pollutants. 

2.4. Element analyses 

With the aim of a comprehensive view of leaf anthropogenic 
contamination, the presence and concentrations of a range of elements 
(i.e., Al, B, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, P, Rb, Si, S, Sr, Ti, Tl, and 
Zn) were analysed in leaf samples that previously had been ground to a 
fine powder. For the mineral concentration analysis, 20 mg of material 
and 5 ml of nitric acid-hydrogen peroxide (33%) (4:1) were digested in a 
microwave digestion system for 20 min at 220ºC. After digestion, sam
ples were diluted with 20 ml of ultrapure water. The analysis was carried 
out at the ionomic service of the Centre for Edaphology and Applied 
Biology (Murcia, Spain) using ICP/OES (inductively coupled plasma/ 
optical emission spectrometry, iCAP 6500 Duo, Thermo Fisher Scienti
fic, Waltham, USA). Calibration curves were generated using standard 
stock solutions at different concentrations. The detection limit for all 
metals was established at 0.01 mg kg-1. 

2.5. Statistical analysis 

Statistical analyses were performed with IBM SPSS Statistics for 
Windows, Version 20.0. (IBM Corp. Armonk, NY, USA). Statistical dif
ferences between measurements of the different locations and years 
were evaluated with analyses of variance (ANOVA). All data were tested 
for normality (Kolmogorov-Smirnof test) and homogeneity of variances 
(Levenés test). Tukey post hoc tests were used to determine statistical 
differences between locations. To study correlations between the vari
ables, Pearson correlation analyses were calculated. For ANOVA and 
Pearson correlation analysis, the results were considered to be signifi
cant when p < 0.05. Principal component analysis (PCA) for the two 
cities and years was conducted using STATGRAPHICS Centurion XV 
(StatPoint, Inc., Warrenton, VA, USA) software. 

3. Results and discussion 

3.1. Traffic density across the cities and lockdown and meteorological 
effects on pollutant levels 

Assessment of the average traffic flow in a regular year (2019) 
indicated that San Sebastián (SS) had almost double the traffic of 
Pamplona (PA), with 11,000 and 6,500 vehicles/day respectively 
(Fig. 1). During the strict lockdown (March 15th to May 3rd; Fig. 1) the 
traffic flow greatly decreased 82% in SS and 77% in PA. At this point, the 
difference in traffic flow between the two cities was at its lowest, with 
only 485 vehicles/day difference between them (traffic flow remained 
higher in SS). During the relaxed lockdown (May 4th to June 21th) the 
traffic flow increased progressively, but the number of vehicles/day and 
the slope was always higher in SS. Finally, during the third phase (May- 
October) the traffic flow recovered to values similar to those of the 
previous year (2019). Interestingly, the expected reduction in traffic 
flow was very different between the cities since it was negligible in PA 
but SS showed a great reduction due to the low mobility observed to 
tourist locations. 

Data provided by ground-based monitoring stations allowed us to 
assess the impact of the lockdown measures on gaseous contaminants 
and PM in two northern Spanish cities. In general, higher pollutant 
concentrations (NOx, CO, and PM10) were found in SS during both years 
and all phases (Table S1) when compared to PA, which is in accordance 
with the observed higher traffic rates (Fig. 1). We analysed the per
centage variations in pollutant levels between 2019 and 2020 and their 
statistical significance for each city and each of the lockdown phases. 
The results are shown in Table 1. This exploratory analysis showed 
significant variations in pollutant levels across different types of lock
down in Spain. As expected, and in accordance with previous local 
studies in Spain (Sicard et al., 2020; Tobías et al., 2020; 
Martorell-Marugán et al., 2021; Briz-Redón et al., 2021), levels of NO2, 
NO, and NOx during the lockdown in both cities were temporarily and 
substantially reduced with the variation ranging from − 41 to − 45% for 
PA and − 33 to − 41% for SS (Table 1). Compared with the previous 
year, levels of O3 were reduced only during the strict lockdown, and 
these reductions were only significant in SS (− 17%). Reductions in these 
pollutants were expected due to their close correlation with traffic 
emissions (Choi et al., 2009; Tobías et al., 2020); nevertheless, consid
ering that the numbers of vehicles during the strict lockdown were quite 
similar in the two cities (Fig. 1), a more drastic reduction in traffic flow 
occurred in SS and consequently greater reductions in pollutants in SS 
should be expected. We observed greater differences in SS for other air 
pollutants associated with traffic such as CO with − 24% in PA and 
− 38% in SS, and for PM10, which is a parameter closely related to heavy 

Fig. 1. Traffic density (vehicles/day) in the sampling points in Pamplona and 
San Sebastián during the leaf collecting periods in 2019 and 2020. 
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metal pollution (Sternbeck et al., 2002; Lough et al., 2005; Hu et al., 
2012) (Table 1). In any case, these reductions were lower than re
ductions observed in other more populated cities in Spain such as 
Madrid and Barcelona (Baldasano, 2020; Briz-Redón et al., 2021). 

During the relaxed lockdown phase (2nd phase) and after lockdown 
(3rd phase), the benefits of reductions in air pollution were only signif
icantly in PA, which was likely due to the faster recovery rates in SS 
traffic flow (Fig. 1). Nonetheless, during the 3rd phase a significant 
decrease in PM10 was observed in both cities (Table1). Contrary to the 
other pollutants in PA, the levels of ground-level ozone increased during 
the 3rd phase, whereas in SS the levels decreased during the strict 
lockdown but remained similar to 2019 values during the 2nd and 3rd 

phases. Significant increases in ozone levels across the globe during 
2020 were also observed (Habibi et al., 2020, Sicard et al., 2020) and 
this effect could be related to decreased ozone titration due to a sus
tained decline in NO production (Huang et al., 2018). Indeed, the sus
tained decline in NOx in PA during the three studied phases, in contrast 
to SS, could help to explain the observed differences. Similarly, in a 
multi-city study carried out during the Spain lockdown, Briz-Redón et al. 
(2021) only showed significant increases in O3 in two of the 11 studied 
cities. Such results have major implications for public health, mainly in 
respiratory illnesses, and the vulnerability to COVID-19 deserves much 
more attention if traffic management regulation in cities is modified. In 
fact short- and long-term exposure to O3 is associated with cardiovas
cular and respiratory mortality (Doherty et al., 2017). Also, it is known 
that chronic or short-term exposure to O3, NOx and PM10, as possible 
carriers of viruses or bacteria has a significant negative impact on the 
human immune system and the pathogenesis of severe respiratory in
fections (Zoran et al., 2020). 

Although these pollutants are related to traffic emissions, other 
natural and anthropogenic sources (industrial sources, shipping and 
dockyard emissions, construction works, dust re-suspension) should not 
be discarded (Martorell-Marugán et al., 2021). Consequently, attrib
uting specifically or quantifying the effect of lockdowns to changes in air 

pollutants are not always possible because other factors might have 
influenced the observed changes, such as meteorological conditions 
(Baldasano, 2020) and/or long-distance transport of air pollutants. For 
instance, both locations were also selected for their contrasting climatic 
characteristics. While PA is located in the transition between the Med
iterranean and Atlantic climate zones, SS has a typical Atlantic climate. 
Therefore, to better understand the influence of several meteorological 
parameters on air pollutants a correlation analysis was performed be
tween these multiple variables during the study periods of 2019 and 
2020 (Table 2). While highly positive correlations were found in 2019 
between daily temperatures (average, maximum and minimum) and 
daily NOx, CO and PM10 concentrations, their correlation was not sig
nificant and it was even negative in 2020. Air temperature has been 
previously positively correlated with the concentration of CO and NOx 
(Ghahremanloo et al., 2021), O3 (Varotsos et al., 2019) and PM10 
(Radzka, 2020). However, in 2020, the temperature in both cities was 
higher than in 2019, indicating that other environmental factors may 
have been responsible for the decrease in air pollutants levels during 
2020. The trend in the rest of the meteorological covariates did not align 
with changes in the studied air pollutants. Therefore, we can conclude 
that meteorological factors were not responsible for the significant re
ductions in NOx, CO and PM10 levels in the atmosphere during the 
spring and summer of 2020, and that the extent of the reductions in 
these two cities is consistent with the severity of the lockdown and the 
associated dramatic reduction in social and economic activities, which 
in turn were mainly related to the great decrease in urban traffic (Fig. 1). 
Finally, the slight increase in O3 (8%; P = 0.045) observed in PA after 
lockdown (Table 1), could not be explained by meteorological factor, 
NOx levels or traffic flux and, therefore, another factor (or combination 
of factor) could be behind this specific increase. 

3.2. Effect of lockdown on foliar metal profiling 

Most studies carried out so far to assess the lockdown effect on air 

Table 1 
Percentage of variation in daily atmospheric concentration levels of NO2, NO, NOx, PM10, CO, SO2, and O3 between 2019 (normality) and 2020 (COVID-19 lockdown) 
at two sites (Pamplona and San Sebastián) for three periods of time: strict lockdown (March 15th to May 3rd, n = 50 measures); relaxed lockdown (May 4th to June 21th, 
n = 49 measures) and Normality (June 22th to September 30th, n = 100 measures). The coefficients in bold showed significant differences between years for the same 
period.  

Location Pamplona San Sebastián 

Periods/Atmospheric levels Strict lockdown Relaxed lockdown Normality Strict lockdown Relaxed lockdown Normality 

NO2 -45.41** -37.02** -26.52** -33.14** -10.83 3.16 
NO -41.98* -43.58** -37.29** -41.07** -17.84 -13.98 
NOX -44.25** -38.71** -29.42** -36.02** -13.67 -4.84 
PM10 -8.39 13.77 -16.44* -24.20** 3.32 -22.52** 
SO2 4.22 -11.57 3.02 13.36* 5.96 6.36 
CO -24.56** -25.69** -3.37 -38.25** 14.66* 6.83 
O3 -8.50 8.05 8.29* -16.64** 6.41 -0.04 

Asterisks indicate significant differences: * p < 0.05, **p < 0.01. 

Table 2 
Pearson correlation coefficients between air pollutants (NO2, NO, NOx,PM10, CO, SO2, and O3) and meteorological variants (average temperature (Ave. Tª), maximum 
temperature (Max. Tª), minimum temperature (Min. Tª), precipitation (Precip.), radiation (Radiat), wind velocity (Wind), and pressure (Pressure). Data from Pamplona 
and San Sebastián between March 15th and September 30th are shown. Correlations for 2019 and 2020 are presented separately. The coefficients shown in bold are 
significant. n = 199 measures.   

Ave. Tª Max. Tª Min. Tª Precip. Radiat. Wind Pressure  

2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 
NO2 ,368** -,212** ,404** -,271** ,265** -,161* -.010 -.105 .159 -.266 -.152 .131 .227 .212 
NO ,402** -.008 ,372** -.067 ,342** .013 ,258** -.096 .192 -.038 -.019 .053 .203 ,375** 

NOx ,405** -.121 ,408** -,185* ,320** -.083 .131 -.108 .185 -.190 -.089 .103 .228 ,304* 
PM10 ,570** -.131 ,488** -.102 ,495** -.154 -.055 -,245** ,360* ,342* ,164* .154 ,283* .148 
SO2 -.056 ,219** ,191* ,253** -,172* .112 .057 -.017 .250 .189 -,285** -,174* .114 -.070 
CO ,651** -.047 ,401** -.118 ,642** .010 -.034 -.059 ,376** .061 ,292** ,279** ,447** -.082 
O3 -.071 -.129 -,389** -.209 ,361** -.061 -,303* -.268 .021 .167 ,501** ,755** .011 -.264 

Asterisks indicate significant differences: * p < 0.05, **p < 0.01. 
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quality were performed on gaseous pollutants and there is a lack of 
studies on other urban pollutants, such as metals, that severely affect 
human health. To this end, we assessed changes in urban pollution due 
to COVID-19 lockdown and the concentrations of 18 elements were 
analysed (Al, B, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, P, Rb, Si, S, Sr, Ti, Tl, 
and Zn). Furthermore, we carry out this study by analysing metal 
accumulation in T. cordata leaves to test the suitability of T. cordata as a 
valid methodology to biomonitor urban metal pollution. The multiele
ment analyses were performed by ICP/OES spectrometry. The mean 
concentrations of metals as determined by ICP/OES of T. cordata leaves 
from two different cities in Spain and during the 2019 and 2020 growing 
seasons are shown in Table 3. The foliar concentrations of the different 
analysed metals were in accordance with the average values reported in 
the literature for Tilia spp. (Tomašević et al., 2004, Aničić et al., 2011; 
Aničić et al., 2011; Sawidis et al., 2011; Kalinovic et al., 2017; Soba 
et al., 2021). Even though both cities are similar in population, the 
concentrations of the majority of elements (Al, Cr, Cu, Fe, Pb, Rb, Ti and 
Zn) were higher in SS than PA, and only Mn and Sr were in higher 
concentration in PA (Table 3 and Fig. 2). These observations are in 
accordance with the higher atmospheric pollutant contents measured by 
monitoring stations in this city (Table 2) and the higher traffic density of 
SS (Fig. 1) when compared to PA. Similar to the results for the gaseous 
contaminants (Table 1), the percentage of reduction in the elements was 
higher in PA (27%) than in SS (19%) (Table 3) and this seems to indicate 
that both types of pollutants come from traffic-related sources. Likewise, 
the percentage of variation between years was also calculated for each 
location. The biggest difference between years was observed for five 
metals whose contents significantly reduced during 2020 in both cities: 
Al, Cu, Fe, Mn and Zn. Additionally, Sr in PA and Pb and Ti in SS also 
showed reduced concentrations in 2020 (p < 0.05). As reported previ
ously (Wåhlin et al., 2006; Bretzel and Calderisi, 2006; Adamiec et al., 
2016; Martín et al., 2018; Soba et al., 2021), all of these heavy metals 
have traffic-related origins. The accumulation trends for these metals in 
both cities for the period March to October 2019 and 2020 are shown in 
Fig. 2. A progressive accumulation of metals during the growth and 
development of leaves was observed, and corresponded to the accu
mulation of particles on the leaf surface, but metal accumulation was 
mostly lower along the studied period during 2020. 

Urban emissions of heavy metals related to traffic can be defined by 
three different sources: (a) vehicle exhaust emissions, (b) vehicle non- 
exhaust emissions (i.e., tyre abrasion and brake wear), and (c) dust 

resuspension from the roadway (Lough et al., 2005; Wang et al., 2021). 
Vehicle exhaust emissions are associated with Zn, Pb, Ni, and Cr 
(Johansson et al., 2009; Men et al., 2018). Metals like Zn, Cu and Pb 
have been associated with dust from tyre abrasion (Schauer et al., 2006; 
Hjortenkrans et al., 2007; Adamiec et al., 2016) with Zn being the most 
abundant heavy metal from tyre wear (Adamiec et al., 2016). In addi
tion, Fe, Zn and Cu (Adachi and Tainosho, 2004; Johansson et al., 2009; 
Grigoratos and Martini, 2015), but also other metals such as Al, Ca, Mn, 
Ti, and Pb have been reported to originate from brake wear (Adachi and 
Tainosho, 2004; Hjortenkrans et al., 2007; Kukutschová et al., 2011). 
Finally, Al, Ca, Fe, Mg, Mn, and Ti are all typical geological marker el
ements, suggesting that resuspension controls their aerosol abundance 
(Sternbeck et al., 2002; Wang et al., 2021). 

To reduce the complexity of the multivariate data and identify pat
terns, principal component analysis (PCA) was performed (Fig. 3). The 
PCA revealed that the first two principal components explained 61.3% of 
total variation between years and locations. The loading plot revealed 
that the metals Al, Zn, Cu and Fe, strongly correlated with both tyre and 
brake wear from traffic origins, are grouped and explained part of the 
variation observed in PC1 (38,31%) (Fig. 3). Furthermore, correlation 
analysis showed that Zn had the highest correlation with Cu and Fe 
during 2019 (r > 0.5; p < 0.01); however, the same correlations were 
slightly lower or not significant (Fe-Zn) during 2020. This indicates a 
common origin (in this case from brakes and tyres) and a reduction in 
the source during 2020 (probably from reduced traffic due to the lock
down (Fig. 1)) as indicated by the reduction in the three metals in both 
cities during 2020 and the lower correlation when compared with the 
previous year. On the other hand, PC2 (22.97% of the total variance) 
was in part determined by content of Sr, Mn, B, Mg and Fe. A remarkable 
decrease of Fe, Sr, Mn and Mg was observed mainly in Pamplona during 
pandemic lockdown. 

By using PCA, the traffic-related origin of these metals was validated. 
PCAs were conducted separately for the two growing seasons to illus
trate the relationships between the analysed elements (Tables 4, 5). In 
our analysis we found stronger correlations between elements during 
the 2019 growing season 2020 (Tables 4 and 5). Metals related to traffic 
pollution (Al, Cr, Cu, Fe, Mn, Pb, Ti, Zn) were always significantly 
correlated during 2019 (only Mn-Pb and Mn-Ti were not significant). On 
the other hand, during 2020 the correlation was lower or not significant 
between these traffic-related elements. All this suggests that the main 
source of urban pollution, in this case traffic emissions, were greatly 

Table 3 
Average values and percentage of variation in foliar elements (Al, B, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, P, Rb, Si, S, Sr, Ti, Tl and Zn) between 2019 and 2020 in 
Pamplona and San Sebastián, Spain. Data correspond to the mean of five replicates±SE. The coefficients in bold show significant differences for the elements between 
years in each city.  

Location Pamplona San Sebastián 

Year 2019 2020 Dif. 2019 2020 Dif. 
Al (mg/Kg) 94.1 ± 6.21 75.2 ± 6.00 -20.14** 184.5 ± 15.28 141.3 ± 6.36 -23.38** 
B (mg/Kg) 68.16 ± 10.95 64.84 ± 3.44 -4.86 63.78 ± 4.00 62.43 ± 4.11 -2.11 
Ca (g/100 g) 1.94 ± 0.13 1.43 ± 0.08 -26.05** 2.31 ± 0.12 2.01 ± 0.08 -12.94* 
Cr (mg/Kg) 1.78 ± 0.18 1.98 ± 0.25 11.27 2.11 ± 0.27 2.56 ± 0.48 21.33 
Cu (mg/Kg) 8.98 ± 0.36 7.48 ± 0.38 -16.66** 9.50 ± 0.28 8.70 ± 0.32 -8.42* 
Fe (mg/Kg) 277.8 ± 18.68 149.5 ± 8.18 -46.19** 282.9 ± 25.32 222.6 ± 9.88 -21.3* 
K (g/100 g) 0.97 ± 0.04 1.14 ± 0.04 18.27** 0.75 ± 0.08 0.68 ± 0.03 -10.06 
Mg (g/100 g) 0.47 ± 0.02 0.25 ± 0.01 -48.03** 0.30 ± 0.01 0.33 ± 0.01 7.74 
Mn (mg/Kg) 70.5 ± 3.25 59.05 ± 2.22 -16.24** 53.92 ± 2.06 40.94 ± 2.14 -25.46** 
Na (g/100 g) 0.02 ± 0.00 0.03 ± 0.00 30.27** 0.16 ± 0.02 0.11 ± 0.01 -29.03** 
Pb (mg/Kg) 1.01 ± 0.10 1.09 ± 0.10 6.80 1.78 ± 0.19 1.38 ± 0.09 -22.55** 
P (g/100 g) 0.14 ± 0.01 0.17 ± 0.01 17.90 0.14 ± 0.00 0.14 ± 0.00 2.33 
Rb (mg/Kg) 4.57 ± 0.32 5.53 ± 0.27 20.78* 6.17 ± 0.44 5.61 ± 0.34 -9.05 
Si (g/100 g) 0.07 ± 0.00 0.08 ± 0.01 12.49 0.11 ± 0.01 0.15 ± 0.01 45.39** 
S (g/100 g) 0.30 ± 0.01 0.23 ± 0.01 -21.75** 0.16 ± 0.00 0.17 ± 0.00 1.54 
Sr (mg/Kg) 267.6 ± 23.98 138.3 ± 7.03 -48.30** 112.8 ± 7.16 108.1 ± 5.15 -4.13 
Ti (mg/Kg) 6.27 ± 0.66 5.01 ± 0.70 -20.09 11.75 ± 0.96 9.63 ± 0.45 -18.04** 
Tl (mg/Kg) 12.12 ± 0.63 13.98 ± 1.35 15.35 10.68 ± 1.02 11.61 ± 1.28 8.74 
Zn (mg/Kg) 28.11 ± 1.41 24.19 ± 1.11 -13.95** 31.03 ± 1.42 24.82 ± 0.69 -20.03** 

Asterisks indicate significant differences: * p < 0.05, **p < 0.01. 
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Fig. 2. Differential effects of location (Pamplona and San Sebastián) and year (2019 and 2020) on heavy metals related to traffic and/or industrial emissions. Data 
correspond to the mean of five replicates±SE. Results of two-way ANOVA are shown in the upper part of each panel (P < 0.05). NS, not significant. 
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Fig. 3. Graphic representation of principal component analysis (PCA) and scatter plot distribution of the different elements in Pamplona and San Sebastián during 
the leaf collecting periods in 2019 and 2020 (April-September). Five replicates were examined per location and sampling point. 

Table 4 
Pearson correlation coefficients between elements (Al, B, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, P, Rb, Si, S, Sr, Ti, Tl and Zn) measured by ICP/OES in leaves of 
T. cordata during the 2019 vegetative season in Pamplona and San Sebastián. The shade of red/blue indicates the strength of the negative/positive correlation, 
respectively; dark red/blue to light red/blue indicates stronger to weaker correlations.  

Asterisks indicate significant differences: * p < 0.05, ** p < 0.01. 
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reduced during 2020. 
Al, Fe and Ti deserve special attention because their correlations 

were always highly positive in both years (p < 0.01; Tables 4–5), again 
indicating a common origin for the metals. Likewise, when we looked at 
decreases in metal contents in both locations between 2019 and 2020, 
the same three elements were observed (although the decrease in Ti was 
not significant in PA) (Table 1). Elements such as Si, Ca, Mn, Al, Fe and 
Ti have been proven to have a crustal origin (Sternbeck et al., 2002; 
Wang et al., 2021) and therefore this decrease in Al, Fe and Ti can be 
attributed mainly to a decrease in the tyre-shear resuspension of crustal 
materials due to the lower traffic intensity during the lockdown. Also, 
the multiple strong correlations (r > 0.7; p < 0.01) observed between 
Ca/Fe, Si/Al and Si/Ti reinforce this theory. The observed significant 
decrease in Mn content in both cities during 2020 may have the same 
crustal origin as suggested in previous works (Sternbeck et al., 2002; 
Wang et al., 2021); however, the low correlation between this metal and 
Al, Ti and Si during 2019 make us cautious about their common origins. 

Calcium is a component of detergent additives included in common 
engine oil (Cadle et al., 1997). The reduction in Ca in both locations 
during 2020 and the positive correlations with traffic-related metals 
such as Ca/Al, Ca/Fe, Ca/Pb, Ca/Ti and Ca/Zn during 2019 that were 
absent in 2020 suggest that traffic as well as concrete in road dust 
resuspensions are possible sources. 

The strontium content in T. cordata leaves from PA during 2019 was 
more than five times the levels in reference plants established by Pais 
and Jones (2000), and almost three times the levels observed during 
2020 (Table 1; Fig. 2). High Sr contents have been reported recently in 
other cities in northern Spain, suggesting an edaphic origin of the 
contamination (Soba et al., 2021). In our case, the same seems to be true 
due to the high correlation between Sr with Ca and S observed during 
2019 (Table 4). A high correlation between Sr and Ca has been observed 
previously in Tilia leaves (Doganlar et al., 2012; Soba et al., 2021), and a 
significant correlation between absorption of Sr and S has also been 
identified in plants (Yan et al., 2020), the authors suggested that plant 
absorb more S to reduce Sr toxicity and migration. Therefore, this is 
indicating edaphic Sr contamination in PA rather than air pollution, 
especially during 2019. 

In summary, the present work takes advantage of the opportunity 
offered by the unprecedented COVID-19 lockdown. This has allowed us 
to study urban air pollution in the same locations for two years with 
traffic density as a variable factor. As a result, reduction in air pollutants 
(NOx, CO and PM10) together with heavy metal in urban tree leaves (Al, 
Ca, Cu, Fe, Mn, Zn) were measured during COVID-19 lockdown in 
comparison with the same period in the previous year. After statistical 
analysis of climatic parameters, traffic density, years, lockdown severity 
and different pollutants and metals measured by monitoring stations and 
in tree leaves, we conclude that the main cause for the improvement in 
urban air pollutants and metals was a reduction in the use of the cars in 
response to the containment measures to control the disease outbreak. 
The selected urban locations, although similar in size, present some 
climatic, economic, and traffic differences that reinforce the main con
clusions and make this work relevant for future use by other scientists 
and law-makers to implement urban mobility measures better adapted 
to changing times. 

4. Conclusions 

Lockdown measures due to the outbreak of COVID-19 offered a 
unique opportunity to identify the source and quantify reductions in 
urban pollutants. Air pollution data from ground-based urban moni
toring stations showed a general decrease in urban air pollutants (NOx, 
CO and PM10) in two cities of northern Spain during the spring-summer 
of 2020 compared with the same period in the previous year. Traffic 
flow data and the lack of correlations with meteorological data indicate 
that pollution decreases may not be attributed to meteorological con
ditions, but to the drastic decline in urban traffic flow due to the COVID- 
19 lockdown. This result was confirmed through traffic-related metal 
accumulation in T. cordata leaves. In both studied cities, a general 
decrease in non-pipeline heavy metals (Zn, Fe and Cu) together with a 
significant decrease in crustal metals related to dust resuspension (Al, 
Fe, Ti, Mn and Ca) were observed, showing the feasibility of this bio
monitoring system as a tool in assessing urban metal pollution. We offer 
some evidence indicating that the decline in traffic flow substantially 
decreased NOx, CO and metals linked to urban pollution, but might 

Table 5 
Pearson correlation coefficients between elements (Al, B, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, P, Rb, Si, S, Sr, Ti, Tl and Zn) measured by ICP/OES in leaves of 
T. cordata during the 2020 vegetative season in Pamplona and San Sebastián. The shade of red/blue indicates the strength of the negative/positive correlation, 
respectively; dark red/blue to light red/blue indicates stronger to weaker correlations.  

Asterisks indicate significant differences: * p < 0.05, ** p < 0.01. 
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cause an increase in other air pollutants such as ozone, which needs to be 
addressed. The current work presents some direct information to 
quantify the reduction in pollution due to vehicle restrictions in cities, 
which in combination with earlier studies may help guide the adoption 
of regulatory measures to improve air quality and public health on the 
basis of objective criteria. 
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Hjortenkrans, D.S.T., Bergbäck, B.G., Häggerud, A.V., 2007. Metal emissions from brake 
linings and tires: Case studies of Stockholm, Sweden 1995/1998 and 2005. Environ. 
Sci. Technol. 41, 5224–5230. https://doi.org/10.1021/es070198o. 

Huang, D., Li, Q., Wang, X., Li, G., Sun, L., He, B., et al., 2018. Characteristics and Trends 
of Ambient Ozone and Nitrogen Oxides at Urban, Suburban, and Rural Sites from 
2011 to 2017 in Shenzhen, China. Sustainability 10, 4530. https://doi.org/10.3390/ 
su10124530. 

Hu, X., Zhang, Y., Ding, Z., Wang, T., Lian, H., Sun, Y., Wu, J., 2012. Bioaccessibility and 
health risk of arsenic and heavy metals (Cd, Co, Cr, Cu, Ni, Pb, Zn and Mn) in TSP 
and PM2.5 in Nanjing, China. Atmos. Environ. 57, 146–152. https://doi.org/ 
10.1016/j.atmosenv.2012.04.056. 

Instituto Nacional de Estadística . (National Statistics Institute), 2019. Cifras oficiales de 
población resultantes de la revisión del Padrón municipal a 1 de enero [WWW 
Document]. URL 〈https://www.ine.es/dynt3/inebase/es/index.htm? 
padre=517&capsel=522〉 (accessed 10.10.20). 

Jiang, Y., Fan, M., Hu, R., Zhao, J., Wu, Y., 2018. Mosses Are Better than Leaves of 
Vascular Plants in Monitoring Atmospheric Heavy Metal Pollution in Urban Areas. 
Int J Environ Res Public Health 15 (6), 1105. https://doi.org/10.3390/ 
ijerph15061105. 

Johansson, C., Norman, M., Burman, L., 2009. Road traffic emission factors for heavy 
metals. Atmos. Environ 43, 4681–4688. https://doi.org/10.1016/j. 
atmosenv.2008.10.024. 

Kalinovic, T.S., Serbula, S.M., Kalinovic, J.V., Radojevic, A.A., Petrovic, J.V., 
Steharnik, M.M., Milosavljevic, J.S., 2017. Suitability of linden and elder in the 
assessment of environmental pollution of Brestovac spa and Bor lake (Serbia). 
Environ. Earth Sci 76, 178. https://doi.org/10.1007/s12665-017-6485-0. 
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