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The leaves of trees and shrubs can capture atmospheric pollutants such as polycyclic aromatic hydrocarbons
(PAHSs), and the capacity of uptake depends on the leaf traits. Although numerous studies have measured PAH
concentrations in leaves of woody plants and the variability in leaf traits, few have investigated the relationship
between these factors. We conducted a literature review to summarize the available information on this topic and
found that five types of leaf traits have been studied, with those associated with leaf morphology and gas ex-
change being the most common. However, the results of the studies are often contradictory. To address these
discrepancies, we conducted a meta-analysis to examine how PAH uptake by woody species is affected by leaf
ecological traits associated with morphology (leaf area, specific leaf area [SLA], leaf thickness and leaf width/
length ratio [W/L]) and with gas exchange (stomatal conductance, leaf carbon isotopic signature [5'3C] and
stomatal density). The meta-analysis included studies involving at least two different species with comparable
PAH concentrations. Many of the studies did not examine the relationship between ecological traits and PAH
concentration, and those that did often involve different traits. We therefore used the TRY Plant Trait Database
data as the standard source of trait data. Relationships were analyzed by determining differences regarding PAHs
and traits and calculating Spearman correlations and their significance. The leaf morphology traits were more
closely correlated with PAH concentrations than the gas exchange traits. Thus, morphological traits such as SLA
and leaf area can be considered significant predictors of PAH uptake, especially for particulate-associated PAHs.
Gas exchange traits showed less consistent correlations, indicating the complexity of factors influencing PAH
uptake in leaves. This study highlights the importance of considering multiple leaf traits in order to better un-
derstand and predict PAH uptake in woody plants.

1. Introduction determined by the ecological characteristics of the leaf (i.e. leaf
ecological traits). Leaf ecological traits are largely determined by the

Trees can remove polycyclic aromatic hydrocarbons (PAHs) from the conditions and resources available in their environment and show

atmosphere, as there is general scientific consensus regarding the exis-
tence of atmosphere-plant (mainly leaves) partition coefficients and the
capacity of plants to adsorb/absorb PAHs (see e.g. Komp & Meclachlan,
1997; Giraldez et al., 2022). This is further demonstrated by hundreds of
articles using chamaephyte and phanerophyte species in biomonitoring
atmospheric PAHs. However, the PAH loading process is complex and is
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adaptive responses (see e.g. Reich et al., 1999; Wright et al., 2004).
Nevertheless, the way in which these traits interact with atmospheric
PAHs is still the subject of scientific debate (less than two dozen studies,
all conducted in the present century, most in the last ten years). More-
over, given the huge differences in the molecular size of the different
PAHs and their dispersion forms (gaseous vs. particulate), the
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interactions are expected to be different for each.

The leaf ecological traits studied in relation to PAH concentrations
can be divided into five categories: i) general leaf morphology; ii) leaf
gas exchange; iii) ultrastructure of the leaf surface; iv) physical char-
acteristics of cuticle; and v) chemical composition of the cuticle. Various
studies have considered leaf ecological traits included in the general leaf
morphology category, such as the type of leaf (simple or compound) and
its orientation (Terzaghi et al., 2013; Domingos et al., 2015; Dias et al.,
2016); width/length ratio (Tian et al., 2019); leaf area (Howsam et al.,
2000; Jouraeva et al., 2002, 2006; Domingos et al., 2015; Dias et al.,
2016; Yang et al., 2017; Zhao et al., 2018); specific leaf area (Howsam
et al., 2001; Miiller et al., 2001; Jouraeva et al., 2002, 2006; Tian et al.,
2008, 2019; Wang et al., 2008; Domingos et al., 2015; Dias et al., 2016;
De Nicola et al., 2017) and leaf thickness (Domingos et al., 2015; Dias
et al, 2016). Studies involving traits related to gaseous exchange
include stomatal density (Wang et al., 2008; Fellet et al., 2016; De Nicola
etal., 2017; Yang et al., 2017; Tian et al., 2019; Prigioniero et al., 2022,
2023), stomatal surface area (Tao & Hornbuckle, 2001; Prigioniero
et al., 2022, 2023) and stomatal conductance (De Nicola et al., 2017).
Studies on the ultrastructure of the leaf surface have considered the
epidermal cell shape and roughness (Howsam et al., 2001; Tian et al.,
2008, 2019; Murakami et al., 2012; Terzaghi et al., 2013; Domingos
et al., 2015; Dias et al., 2016); leaf hairiness (pubescence: presence,
distribution, morphology and size) (Howsam et al., 2000, 2001; Wang
et al., 2008; Terzaghi et al., 2013; Domingos et al., 2015; Dias et al.,
2016; De Nicola et al., 2005, 2017; Prigioniero et al., 2022, 2023), and
roughness and morphology of the epicuticular waxes (amorphic and
crystalloid structures) (Terzaghi et al., 2013; Domingos et al., 2015; Dias
et al., 2016; De Nicola et al., 2017). Studies concerning the physical
characteristics of cuticles have considered the thickness (Wang et al.,
2008; Terzaghi et al., 2013; Fellet et al., 2016; Prigioniero et al., 2022,
2023) and the surface free energy (Tian et al., 2019). Regarding the
chemical composition, different studies have examined the lipid con-
centration (Howsam et al., 2001; Jouraeva et al., 2002; Tian et al., 2008;
Wang et al., 2008; Murakami et al., 2012; Mgtrak et al., 2016; De Nicola
et al., 2011), the concentration of cuticle aliphatic compounds (cutin
and waxes) (Li et al., 2010), the esterification index (Prigioniero et al.,
2022, 2023), the cuticular/epicuticular wax concentration (Jouraeva
etal., 2002, 2006; Yang et al., 2017; Tian et al., 2019), the concentration
of hydrophobic compounds in the wax (Terzaghi et al., 2013; Domingos
et al.,, 2015) and the polar and dispersion components (Tian et al.,
2019).

Two conclusions can be drawn after examining all the previously
cited studies: i) the findings are sometimes contradictory and vary ac-
cording to the compounds; and ii) the leaf ecological traits most
commonly studied are those associated with leaf morphology, although
some attention has also been given to leaf traits associated with gas
exchange. In addition, some of the studies analyze the concentrations of
PAHs in leaves from trees or shrubs of more than one species occurring
in the same sample site, which could enable comparison of the findings.
However, the leaf ecological traits of the species involved have not been
documented or studied. Nevertheless, combining the data from these
articles with the existing information in the databases on leaf ecological
traits (e.g. the TRY Plant Trait Database) enabled us to conduct a meta-
analysis focusing on the current questions about the role of leaf
ecological traits in the PAH load in leaves of woody species.

Therefore, in the present study, after compiling the PAH concentra-
tions determined in species coexisting at the same sites, we performed a
meta-analysis to examine how PAH uptake by woody species is affected
by leaf ecological traits associated with leaf morphology (i.e. leaf area,
specific leaf area, leaf thickness and leaf width/length ratio) and gas
exchange (i.e. stomatal conductance per leaf area, leaf carbon isotope
signature [6!3C] and stomatal density).
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2. Material and Methods

The bibliographical review was conducted at the end of 2022 using
the Scopus document search tool with the search terms "pah AND leaf". A
total of 524 documents were initially selected. Two successive screen-
ings were then carried out. In the first, articles written in English and
containing useful information on the concentrations of one or more
PAHs in phanerophyte leaves were selected, and those concerning her-
baceous plants, those written in other languages and those not reporting
numerical values of concentrations were disregarded. In the second
screening, articles involving at least two different plant species and
comparable PAH concentrations were selected as follows: i) tree/shrubs
in the same sampling site or close to each other; ii) trees/shrubs affected
by the same sources of contamination; iii) samples collected in the same
period; and iv) leaves of the same age (to ensure the same length of
exposure to the sources of contamination). From these articles, we
compiled a dataset with the average concentrations provided for each of
the 16 US EPA PAHs (see Table A.1). In cases where the exact concen-
tration was not reported in the article but was represented by figures, the
concentrations were estimated using the WebPlotDigitizer tool (http
s://apps.automeris.io/wpd/). In addition to the 16 individual PAHs
(see Table A.1), we also calculated the total sum of PAHs, the sum of
PAHs according to their number of rings (2-6) and the sum according to
the molecular weight: low (LMW, PAHs with 2-3 rings), medium
(MMW, PAHs with 4 rings) and high (HMW, PAHs with 5-6 rings).
Different ways have been used to group PAHs according to their mo-
lecular weight (e.g. Amodu et al, 2013; De Nicola et al., 2017;
Mukhopadhyay et al., 2020; Pleijel et al., 2022; Singh et al., 2023), but
the approach used here is one of the most common (e.g. Zhang et al.,
2020; Ray et al., 2021; Yang et al., 2022). The sums were only computed
when values were available for each of the individual PAHs.

Many of the selected studies either did not study the relationship
between leaf traits and PAH concentrations or did not consider the same
traits. We therefore decided to use the traits included in the TRY Plant
Trait Database (Kattge et al., 2020) as a standard source of data for the
species in our database. Although this database includes an enormous
number of traits, many of these have no known relationship with PAHs
concentration and in other cases there was not enough information for
the species studied. Most of the traits included in the databases were
related to leaf morphology and gas exchange, which as highlighted
above are those that have received most attention in the existing liter-
ature. Finally, we considered 7 traits (Table 1), 6 from the TRY Plant
Trait Database and 1 (ratio leaf width/length) calculated from another
two. In cases where there were different measurements for the same trait
and species, we used the median as the statistical reference value.

For each article examined, we identified the comparable samples
(samples collected at the same place and time) and calculated the dif-
ferences between the PAH concentrations in each pair of species and the
differences between their traits. By comparing trees sampled at the same
place and time, we ensure that they are subjected to the same environ-
mental variables and therefore diminish the differential effect they
might have on PAH uptake. Still, if our aim was to predict or model the

Table 1
Traits selected for analysis.
Type of trait Name of trait Unit of
measurement
General leaf Leaf area (in case of compound leaves: mm?
morphology leaf, petiole excluded)
Leaf area per leaf dry mass (specific leaf mm? mg~?

area, SLA or 1/LMA): petiole excluded

Leaf thickness mm

Ratio leaf width/length -

Stomatal conductance per leaf area mmol m 25!
Leaf carbon isotope signature (delta 13C) %0

Stomatal density n° stomata mm?

Gas exchange



https://apps.automeris.io/wpd/
https://apps.automeris.io/wpd/

P. Girdldez et al.

uptake of PAHs by leaves, we could not ignore environmental condi-
tions, but when studying the relationship between PAH concentrations
and trait values considering differences between comparable data this is
not necessary. Once we obtained the differences between PAHs and
between traits, we used them to calculate Spearman correlations be-
tween them and determined the significance levels. We only considered
relevant those correlations that were significant (p < 0.05) and had an
absolute value greater than 0.20. In addition, as each correlation cor-
responded to a different number of observations, we also computed the
number of data pairs for each. All statistical analyses were performed
with RStudio version 4.1.1 (RStudio Team, 2021).

3. Results

We selected 24 articles (including 67 species and 162 sampling sites)
in order to construct the dataset. We then calculated the differences by
subtracting the corresponding value (PAH concentration or value of the
trait) of species 2 from species 1, for a total of 480 comparisons
(Table B.1).

Based on these comparisons, we calculated the correlations (Table 2)
and the number of pairs available for each (Table 3). We found signifi-
cant correlations for all traits, with absolute correlation values varying
between 0.17 and 0.80. However, most of the absolute values are below
0.50 and the higher values generally correspond to a small number of
available pairs of observations (see Table 3). The available comparisons
vary widely, ranging from 17 to 168 pairs (Table 3).

Fig. 1 shows an example of the Spearman correlations. The graph
shows the rankings of the differences obtained for the sum of 6 rings
PAHs and leaf thickness, the line representing the perfect correlation
(—1) and, in color, whether the differences of the observations for the
PAH and for trait vary in the same direction (green) or not (red), i.e.
whether the sign of the difference is the same or different. Ties in
rankings were resolved by using the median value (midrank), as this is
the same resolution as the Spearman correlation implemented in R.

4. Discussion
4.1. Leaf morphology
Leaf morphology determines some purely physical characteristics of

Table 2
Spearman correlations, significant at p-value <0.05.
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leaves in relation to PAH uptake and accumulation. In general, the
variables under study affect the area available for adsorption of PAHs,
either exclusively (i.e. leaf area) by considering the mass (i.e. SLA and
leaf thickness) or through the modification of the boundary layer
thickness (i.e. leaf width/length ratio).

4.1.1. Leaf area

Some authors have studied the effect of leaf area (cm?) on foliar
concentrations of PAHs (Domingos et al., 2015; Dias et al., 2016;
Howsam et al., 2000; Jouraeva et al., 2002; Jouraeva et al., 2006; Yang
et al., 2017; Zhao et al., 2018). In this case, the increase in concentra-
tions is unequivocally explained by the increase in adsorption surface
area regardless of mass, so that it affects both PAHs emitted in the gas
phase and particularly those in the particulate phase. Our results show
that concentrations of 4-, 5- and 6-ring compounds (with the only ex-
ceptions of BbF, BaP and Ind) are positively and significantly correlated
with leaf area, as well as with MMW, X6-rings PAHs and XPAHs. These
results are based on a large number of observations (n ranging between
45 and 69, except for DbA — n = 29; Table 3), and they can therefore be
considered robust. Thus, leaf area affected those PAHs that are mainly
deposited together with particles (log Koa > 10; Girdldez et al., 2022),
confirming the initial hypothesis that the concentration of
particle-bound PAHs deposited on leaf surfaces is related to leaf area.
The results obtained contrast with some previous findings, as several
authors did not find any relationship between this variable and ZPAHs
(which also includes gas-phase PAHs) for Croton floribundus, Piptadenia
gonoacantha and Astronium graveolens (Domingos et al., 2015; Dias et al.,
2016), Tilia x euchlora and Pyrus calleryana (Jouraeva et al., 2002) and
Salix matsudana (Zhao et al., 2018).

4.1.2. Specific leaf area (SLA)

SLA (cm? g71) was the leaf trait most frequently studied in relation to
PAH concentrations (De Nicola et al., 2017; Domingos et al., 2015; Dias
et al., 2016; Howsam et al., 2001; Jouraeva et al., 2002; Jouraeva et al.,
2006; Miiller et al., 2001; Tian et al., 2008; Tian et al., 2019; Wang et al.,
2008). The initial hypothesis has a physical justification: as the surface
area available for adsorption increases relative to the leaf weight (which
implies a larger surface available for adsorption for the same leaf weight,
Simonich & Hites, 1994), the concentration of PAHs will also increase,
as the concentration includes the weight in the denominator. This will

PAH Leaf area SLA Leaf thickness Ratio leaf width/length Stomatal conductance 8'3¢ Stomatal density
Naph -0.29 0.26

Acy 0.29

Ace -0.21

Flu

Phe 0.33 -0.32 0.30 —0.60
Ant 0.24

Fla 0.40 0.17 -0.77
Pyr 0.37 0.25 0.22 —0.61
BaA 0.49 0.36 —-0.29 0.48 0.25

Chry 0.43 0.41 —-0.31 0.31 0.24 -0.71
BbF 0.27 —0.24 0.43

BkF 0.31 0.33 —0.33 0.30 0.36

BaP 0.22 0.18 —0.53
Ind 0.22

DbA 0.63 0.44 0.29

BghiP 0.43 0.34 —-0.20 0.47 0.21 -0.37

S LWM 0.29

>S"MMW 0.33 0.23 -0.16 0.28 —0.80
>"HWM 0.28 —-0.23 0.42

>-2rings -0.29 0.26

>"3rings

> 4rings 0.33 0.23 —0.16 0.28 —0.80
>-5rings 0.21 0.30

>-érings 0.32 0.40 —0.26 0.28 0.21 -0.27

>"PAHS 0.35 0.28 0.36 -0.27
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Table 3
Number of pairs of available values for each significant correlation.
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PAH Leaf area SLA Leaf thickness Ratio leaf width/length Stomatal conductance 51%C Stomatal density
Naph 74 58

Acy 63

Ace 122

Flu

Phe 168 123 107 17
Ant 162

Fla 69 139 18
Pyr 69 138 124 18
BaA 66 131 160 109 133

Chry 67 135 165 121 137 17
BbF 114 138 100

BKF 58 126 156 112 128

BaP 135 137 17
Ind 90

DbA 29 67 71

BghiP 45 86 137 77 91 61

SLWM 81

>"MMW 67 132 161 117 17
S"HWM 94 138 80

>-2rings 74 58

>-3rings

> 4rings 67 132 161 117 17
>-5rings 94 80

>-érings 69 117 167 103 119 87

>"PAHS 45 112 91 75

> 6-ring PAHs

Leaf thickness

Fig. 1. Plot showing the rankings of the differences obtained for each variable.
Each point represents a comparison of two comparable observations. The dif-
ferences between the sums of 6-ring PAHs and between the leaf thickness of
both observations were calculated and the rank of each of these differences was
computed for each variable. The green dots represent cases in which the dif-
ference in both variables has the same sign (both are positive or negative),
while the red dots represent cases in which the differences have opposite signs.
The line represents a perfect negative correlation (—1). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

particularly affect the PAHs associated with particles, with a log Koa >
10 (Jouraeva et al., 2002). However, a second hypothesis considers that
the increase in SLA will imply a lower molecular attraction capacity of
PAHs, as the decrease in leaf thickness may be associated with a
reduction in the thickness of the leaf wax layer, which could lead to a
decrease in the concentration of waxes responsible for the sorption of
PAHs (Tian et al., 2019). In this case, higher SLA values will imply lower
PAH concentrations.

The results obtained in the present study show positive and signifi-
cant correlations for all MMW and HMW PAHs and also ZMMW, SHMW,

¥4-rings, 5-rings and X6-rings PAHSs, confirming the first hypothesis
(Table 2). These results are based on a large number of observations (n
ranging between 63 and 139, Table 3), and they can therefore be
considered solid. Other authors have reached the same conclusion for
these PAHs. For instance, Jouraeva et al. (2002) detected the same
pattern for half of the MMW and all HMW PAHs studied in Tilia x
euchlora and Pyrus calleryana leaves, all with log Koa > 10, except for
phenanthrene (log Koa = 9.20 according to Jouraeva’s calculations). De
Nicola et al. (2017) observed the same effect in Pinus pinaster vs. Quercus
robur leaves for PAHs with more than 3 rings, except for Ace, and Miiller
et al. (2001) reached the same conclusion comparing Melaleuca sp. with
grasses leaves for B(a)P, Per, Ind and B(ghi)P.

Nevertheless, many other authors only detected positive relation-
ships between SLA and some of the MMW or HMW PAHs, thus only
partly confirming the first hypothesis. For example, Howsam et al.
(2001) reported correlations between the SLA and the concentrations of
5- and 6-rings PAHs in Quercus robur and Quercus petrea leaves and 4-
and 5-ring PAHs in Fraxinus excelsior leaves; and Tian et al. (2019) re-
ported significant positive correlations in a group of 8 species for MMW.
By contrast (and by way of exception), significant negative correlations
between the SLA and HMW PAHs have also been reported, by Tian et al.
(2019), who based the second hypothesis on their findings. Further-
more, an absence of correlation has been reported by Domingos et al.
(2015) and Dias et al. (2016) for some of the species indicated above
(lending more weight to other leaf traits such as epicuticular wax
composition and leaf surface structure) or in Wang et al. (2008) for
Gingkgo biloba, Prunus persica, Sophora japonica, Prunus cerasifera and
Syringa pekinensis. The first hypothesis was also confirmed in the present
meta-analysis by the absence of a relationship between the concentra-
tions of LMW PAHs other than Acy and SLA, which is consistent with the
results of Howsam et al. (2001) and Jouraeva et al. (2002) and is only
contradicted (again exceptionally) by Tian et al. (2019), who found that
LMW PAHs were affected by SLA.

Regarding the XPAHs, the relationship was also significant and
positive, as previously reported by Tian et al. (2008) for Pinus massoni-
ana, Cunninghamia lanceolata, Eucalyptus citriodora, Acacia auric-
ulaeformis, Acacia mangium and Schima superba. By contrast, a negative
correlation between *PAHs and SLA (Tian et al., 2019) and also no
correlation (Domingos et al., 2015; Dias et al., 2016; Wang et al., 2008)
have also been reported.
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4.1.3. Leaf thickness

Leaf thickness (mm) is closely related to SLA, which may explain why
the relation to PAH concentrations has scarcely been studied (Domingos
et al., 2015; Dias et al., 2016; in the species above indicated). Assuming
a constant surface area, an increase in leaf thickness implies a decrease
in SLA, leading to a decrease in the adsorption surface for the same leaf
weight. This should lead to a reduction in particle-bound PAHs con-
centrations, as in the previous case. However, the increase in thickness
could also be related to an increase in the concentration of waxes
responsible for the sorption of PAHs (Tian et al., 2019) or to an increase
in the proportion of intercellular spaces in the spongy parenchyma.
Thus, the increase in leaf thickness could lead to an increase in PAH
concentrations, both those deposited in the particulate phase and
particularly those associated with the gas phase. The results obtained,
although not as consistent as for SLA, suggest a similar pattern. For the
individual 4-, 5- and 6-ring PAHs (with some exceptions that showed no
significance, i.e. Fla, Pyr, BaP, Ind and DbA), and the TMMW, THMW,
>4-rings and X6-rings, significant, inverse correlations were obtained.
Regarding the 3-ring PAHs, Phe and Ant were significantly, positively
correlated with leaf thickness. These results are based on a large number
of observations (n ranged between 122 and 168, Table 3), and they can
therefore be considered solid. Thus, it appears that as leaf thickness
increases (and therefore the SLA decreases), the concentrations of
particle-bound PAHs with 4 or more rings will decrease. At the same
time, the concentration of some of the 3-ring PAHs (gaseous phase) in-
creases, either due to higher wax concentration, or by larger proportion
of intercellular spaces in the parenchyma. The result for the sum of PAHs
was not significant. In general, these results are consistent with previous
findings, as Domingos et al. (2015) and Dias et al. (2016) reported
empirical evidence supporting that the decrease in thickness produces
an increase in the total concentration of PAHs.

4.1.4. Ratio leaf width/length

The leaf width/length ratio (cm cm ') has generally been neglected
(Tian et al., 2019). These authors hypothesized that as the leaf
width/length ratio (W/L) increases, the capacity to intercept dew drops
also increases, which would wash the surface of the leaves and lead to
low accumulation of PAHs. On the other hand, the thickness of the
boundary layer can also vary; as the W/L ratio decreases, the thickness
of the boundary layer increases, thus decreasing the gas exchange pro-
cesses and decreasing the concentration of PAHs in the gas phase. The
results obtained in the present meta-analysis show that light PAHs (2
and 3 rings) related to the gas phase, such as Naph and Phe, are
significantly and negatively correlated with W/L. However, for the
heavier PAHs of 4, 5 and 6 rings (Table 2), the respective correlation is
positive. These results are based on a large number of observations (n
ranged between 71 and 124, Table 3), and they can therefore be
considered robust. Thus, the results obtained are consistent with a
change in the boundary layer thickness. These findings are partly in
agreement with those reported by Tian et al. (2019), who found that leaf
W/L ratio was positively correlated with LMW and MMW, but not with
>PAHs or HMW.

4.2. Leaf gas exchange

Gas exchange in plants is physiologically regulated by control of
stomatal closure. Greater gas exchange can increase the intake of gas-
phase PAHs into the stomatal cavity, potentially increasing the trans-
fer of the compounds into the parenchyma. As access of particles
through stomata is thought to be negligible, the selected variables
should not be related to the concentrations of particle-bound PAHs.
Conversely, gaseous exchange may favor volatilization of PAHs from the
stomatal chamber or mesophyll (Tian et al., 2019). Therefore, all the
variables studied are proxies which attempt to describe the magnitude of
the leaf gas exchanges. Using leaf traits as proxies for gas exchange has
the advantage that the traits are less variable over time and
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methodologically easier to determine than direct gas exchange; how-
ever, they can also introduce noise into the data.

4.2.1. Stomatal conductance (per leaf area)

The relationship between stomatal conductance and PAHs has only
been addressed once in the published literature (De Nicola et al., 2017;
species specified above). The lack of studies is probably due to the
methodological difficulty of measurement, even though this relationship
best describes the gas exchange defined as the transfer of water vapor or
CO4 through the stomata. According to the above authors, as the sto-
matal conductance increases (per leaf area, mol CO, m2sh, gas ex-
change and the concentration of PAHs linked to the gas-phase
bioconcentration also increase. Significant correlations were obtained in
avery small number of cases, in which they were always positive, e.g. for
some MMW and HMW PAHs (i.e. BaA, Chry, BkF, BaP BghiP, and
¥6-rings PAHs). These correlations are based on a high n (80-137,
Table 3). This result does not support the previously stated hypothesis,
in which higher gas exchange would favor the uptake of gas phase PAHs,
and there is no apparent causal relation between stomatal conductance
and particle-bound PAHs concentration. This contrasts with previous
findings, as De Nicola et al. (2017) demonstrated that stomatal
conductance was related to an increase in £2-rings and £3-rings PAHs,
in accordance with the proposed hypothesis.

4.2.2. Leaf carbon isotope signature (53C)

This variable has not previously been used in comparative studies
about the relationship between gas exchange and PAH concentration.
However, this isotopic ratio has been shown to be a suitable proxy for
gas exchange. The greater affinity of the photosynthetic enzyme
RuBisCo for 12CO, than for 13CO, and the greater diffusion of the former
isotope through the stomata leads to differences in the 13C/!2C ratio in
plants and in the atmosphere. This variation is captured by the §'3C
(Farquhar et al., 1989). However, under lower stomatal conductance
(greater stomatal closure) depletion of 12C02 leads to the use 13C02,
yielding higher 8'°C values. Thus, as 5'3C is negatively correlated with
gas exchange, we would expect it to be negatively correlated with the
concentration of gas-associated PAHs. Nevertheless, only positive cor-
relations were observed for Naph, Phe and X2-ring PAHs, and negative
correlations were observed for BghiP, XPAHs and X6-ring PAHs. These
correlations are based on a high n (58-107, Table 3). These results are
not consistent with the main hypothesis claiming that higher gas ex-
change would favor the uptake of gas phase PAHs. Only two LMW PAHs
were positively correlated with §!°C, partly supporting the hypothesis
by Tian et al. (2019) that PAH volatilization from the stomatal chamber
or mesophyll increases with gas exchange. There is no hypothesis to
support the result for 6-ring PAHs and sums of PAHs. Although light
PAHs have some weighting within the XPAHs, we do not believe that
this is sufficient to explain the observed correlation between §'3C and
the ZPAHs.

4.2.3. Stomatal density

Given the ease of measurement, the relationship between stomatal
density (stomata/mm?), as a proxy for gas exchange, and PAH concen-
trations is the most commonly studied (De Nicola et al., 2017; Fellet
et al., 2016; Prigioniero et al., 2022; Prigioniero et al., 2023; Tian et al.,
2019; Wang et al., 2008; Yang et al., 2017). According to these authors,
as the stomata density increases, gas exchange and the PAHs associated
with the gas-phase also increase. The absence of any relationship be-
tween the previous gas exchange proxies and the concentration of light
PAHs established a low expectation for their correlation with stomatal
density, but apart from gas exchange, the increase in this parameter is
related to a decrease in wax concentration (Tian et al., 2019). Further-
more, its use as a proxy for gas exchange is not straightforward as sto-
matal density does not consider the morpho-physiological
characteristics of stomata (such as their size, protective structure -as
could be trichomes- or location) or the rate of opening, and therefore it
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does not determine stomatal conductance (De Nicola et al., 2017; Yang
et al., 2017). The number of significant correlations was small and al-
ways negative. Significant correlations were found for half of the 4-ring
PAHs (i.e. Fla, Pyr and Chry) and their sum, as well as the sum of the
MMW and exceptionally for PAHs with other number of rings (Phe and
BaP). These correlations are based on a low n (17-18, Table 3), which
casts doubt on the reliability of the findings. In the previous literature, as
in this meta-analysis, no relationship between stomatal density and
¥PAHs concentration was usually found (De Nicola et al., 2017, Tian
etal., 2019; Wang et al., 2008; Yang et al., 2017; all species studied cited
above, except in the last, Cinnamomum camphora), except by Fellet et al.
(2016) (who studied leaves of Elaeagnus x ebbingei, Ilex aquifolium,
Laurus nobilis, Ligustrum japonimcum, Photinia x fraserii and Viburnum
lucidum). However, in contrast to our meta-analysis, Tian et al. (2019)
observed a relationship between stomatal density and LMW and MMW
PAH concentrations, supporting the starting hypothesis in this section. A
study by Prigioniero et al. (2022) with Chamaerops humilis, Citrus x
aurantium, Magnolia grandiflora, and Quercus ilex differentiated the
upper and lower leaf surfaces, from which they also selectively removed
wazxes. In the study, the upper leaf surface (with waxes) was significantly
and positively correlated with LMM. In addition, the lower leaf surface
(with waxes and without them) was significantly and positively corre-
lated with HMM and negatively with LMM (with waxes). Both this and
the present meta-analysis coincide in finding a relationship between
PAHs associated with particulate matter and stomatal density, although
no hypothesis for the relationship was proposed. Prigioniero et al.
(2023) obtained similar results in a study including 28 species, detecting
positive correlations between stomatal density on the upper leaf surface
and the concentration of MMM and LMM PAH in dewaxed leaves.

4.3. Study limitations and conclusions

This paper provides a comprehensive review of the current knowl-
edge on the relationship between leaf traits and leaf PAH concentra-
tions. It also provides further information obtained through a meta-
analysis. However, without detracting from its value, we must be
aware of the limitations of the study, many of which stem from the
nature of the data available, particularly the trait data. Unlike the data
on PAH concentrations, the trait data do not correspond to the trees
studied but are median values of the data available for each species in
the TRY Plant Trait Database. This obviates the natural variability in this
type of data and leads to some pseudoreplication, which introduces
many ties in the Spearman correlations, thus affecting the exact p-
values. Another problem arises when assessing the importance of each
species in the comparisons, as some species are included much more
often, and some studies carry out many more comparisons than others.

It is interesting to note that PAH uptake by tree leaves is influenced
by environmental conditions. Thus, although we minimize its effect in
the analyses by making comparisons between “comparable” individuals
(samples collected by the same authors in the same place, time period,
with leaves of the same age and exposed to the same sources of
contamination), in some cases interactions may occur. That is, it could
happen that in one climate (or set of environmental conditions) species 1
captures more than species 2 and in another it is the other way around.
However, such a scenario would only have the effect of increasing noise
when calculating correlations. This would make more difficult to find
significant correlations but would not invalidate the ones we have
found. The same would be true for all factors that could affect the
concentrations measured in each of the studies. Although the conditions
are heterogeneous between studies, they are standardized in each of the
comparisons. It is important to emphasize that our goal is not to accu-
rately model the process by which PAHs are uptaken by tree leaves (this
would require the inclusion of numerous environmental variables), but
to examine the relationship between the concentration of PAHs in leaves
with their ecological traits. Therefore, the non-assessment of environ-
mental conditions cannot be considered a limitation of the study.
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The results obtained for the traits related to leaf morphology are
much more robust and are more consistent with the main hypotheses
than those related to gas exchange. This may be due to several factors,
including two main candidates. First, the morphological traits are more
consistent possibly because they are less sensitive than gas exchange
traits to intraindividual and intraspecific variability caused by the
environmental conditions. Second, the morphological traits are
measured directly, while gas exchange is estimated by proxy measures
(gas exchange traits). Although there is a large variability in both
intraindividual and interindividual traits (e.g. Giraldez et al., 2024;
Herrera, 2009; Vinod et al., 2023), gas exchange is generally much more
variable than morphological traits, and the effect of disregarding this
variability in the analysis may therefore be much more pronounced.
Although we can deduce from the results that gas exchange is not of
great importance in relation to PAH uptake, it seems logical to think that
it will probably contribute to the load of light, gas-phase PAHs. How-
ever, it is possible that these traits alone are not as decisive and are
affected by other traits, as we focused on individual traits and many of
these uptake processes may be multifactorial.

Despite these limitations, this study provides a complete view of the
current knowledge on the relationship between leaf traits and leaf PAH
concentrations. Moreover, it reinforces existing hypotheses on the
relationship between leaf morphological traits and the different types of
PAHs, while also challenging some of the hypotheses relating PAHs and
gas exchange. Future studies on the effect of gas exchange should apply
more careful and detailed approaches and consider the multifactorial
aspects of PAH uptake.

CRediT authorship contribution statement

Pablo Giraldez: Writing — review & editing, Writing — original draft,
Visualization, Investigation, Formal analysis, Data curation. Anton
Vazquez-Arias: Writing — review & editing, Investigation, Data cura-
tion. Flavia De Nicola: Writing — review & editing, Investigation. J.
Angel Fernandez: Writing — review & editing, Supervision, Investiga-
tion, Conceptualization. Jestis R. Aboal: Writing — review & editing,
Writing — original draft, Supervision, Methodology, Investigation, Data
curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

P. Giraldez and A. Vazquez-Arias are grateful to the Spanish Minis-
terio de Ciencia, Innovacién y Universidades for grants awarded within
the Programa de Formacion de Profesorado Universitario (FPU 2018
[grant number FPU18/04134] and FPU 2019 [grant number FPU19/
01989))).
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2024.125337.

Data availability
Data will be made available on request.

References

Amodu, O.S., Ojumu, T.V., Ntwampe, S.K.O., Amodu, O.S., Ojumu, T.V., Ntwampe, S.K.
0., 2013. Bioavailability of high molecular weight polycyclic aromatic hydrocarbons


https://doi.org/10.1016/j.envpol.2024.125337
https://doi.org/10.1016/j.envpol.2024.125337

P. Girdldez et al.

using renewable resources. In: Petre, M. (Ed.), Environmental Biotechnology - New
Approaches and Prospective Applications. IntechOpen. https://doi.org/10.5772/
54727.

De Nicola, F., Concha Grana, E., Lopez Mahia, P., Muniategui Lorenzo, S., Prada
Rodriguez, D., Retuerto, R., Carballeira, A., Aboal, J.R., Fernandez, J.A., 2017.
Evergreen or deciduous trees for capturing PAHs from ambient air? A case study.
Environmental Pollution 221, 276-284. https://doi.org/10.1016/J.
ENVPOL.2016.11.074.

De Nicola, F., Lancellotti, C., Prati, M.V., Maisto, G., Alfani, A., 2011. Biomonitoring of
PAHs by using Quercus ilex leaves: source diagnostic and toxicity assessment. Atmos.
Environ. 45 (7), 1428-1433. https://doi.org/10.1016/J.ATMOSENV.2010.12.022.

De Nicola, F., Maisto, G., Prati, M.V., Alfani, A., 2005. Temporal variations in PAH
concentrations in Quercus ilex L. (holm oak) leaves in an urban area. Chemosphere
61 (3), 432-440. https://doi.org/10.1016/J.CHEMOSPHERE.2005.01.082.

Dias, A.P.L., Rinaldi, M.C.S., Domingos, M., 2016. Foliar accumulation of polycyclic
aromatic hydrocarbons in native tree species from the Atlantic Forest (SE-Brazil).
Sci. Total Environ. 544, 175-184. https://doi.org/10.1016/J.
SCITOTENV.2015.11.092.

Domingos, M., Bulbovas, P., Camargo, C.Z.S., Aguiar-Silva, C., Brandao, S.E., Dafré-
Martinelli, M., Dias, A.P.L., Engela, M.R.G.S., Gagliano, J., Moura, B.B., Alves, E.S.,
Rinaldi, M.C.S., Gomes, E.P.C., Furlan, C.M., Figueiredo, A.M.G., 2015. Searching for
native tree species and respective potential biomarkers for future assessment of
pollution effects on the highly diverse Atlantic Forest in SE-Brazil. Environmental
Pollution 202, 85-95. https://doi.org/10.1016/J.ENVPOL.2015.03.018.

Farquhar, G.D., Ehleringer, J.R., Hubick, K.T., 1989. Carbon isotope discrimination and
photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 40, 503-537. https://doi.
org/10.1146/ANNUREV.PP.40.060189.002443.

Fellet, G., Poscic, F., Licen, S., Marchiol, L., Musetti, R., Tolloi, A., Barbieri, P., Zerbi, G.,
2016. PAHs accumulation on leaves of six evergreen urban shrubs: a field
experiment. Atmos. Pollut. Res. 7 (5), 915-924. https://doi.org/10.1016/J.
APR.2016.05.007.

Giraldez, P., Aboal, J.R., Fernandez, J.A., Di Guardo, A., Terzaghi, E., 2022. Plant-air
partition coefficients for thirteen urban conifer tree species: estimating the best gas
and particulate matter associated PAH removers. Environmental Pollution 315,
120409. https://doi.org/10.1016/J.ENVPOL.2022.120409.

Giraldez, P., Varela, Z., Di Guardo, A., Terzaghi, E., Celeiro, M., Garcia-Jares, C.,
Fernandez, J.A., Aboal, J.R., 2024. Relationship between foliar polycyclic aromatic
hydrocarbons (PAHs) concentrations and plant traits: intracanopy variability for a
broadleaf species in an urban environment. Sci. Total Environ. 940, 173698. https://
doi.org/10.1016/J.SCITOTENV.2024.173698.

Herrera, C.M., 2009. In: Multiplicity in Unity: Plant Subindividual Variation and
Interactions with Animals (University of Chicago Press. University of Chicago Press.
https://digital.csic.es/handle/10261/38723.

Howsam, M., Jones, K.C., Ineson, P., 2000. PAHs associated with the leaves of three
deciduous tree species. I — concentrations and profiles. Environmental Pollution
108 (3), 413-424. https://doi.org/10.1016/50269-7491(99)00195-5.

Howsam, Mike, Jones, K.C., Ineson, P., 2001. PAHs associated with the leaves of three
deciduous tree species. II: uptake during a growing season. Chemosphere 44 (2),
155-164. https://doi.org/10.1016/50045-6535(00)00268-X.

Jouraeva, V.A., Johnson, D.L., Hassett, J.P., Nowak, D.J., 2002. Differences in
accumulation of PAHs and metals on the leaves of Tiliaxeuchlora and Pyrus
calleryana. Environmental Pollution 120 (2), 331-338. https://doi.org/10.1016/
S0269-7491(02)00121-5.

Jouraeva, V.A., Johnson, D.L., Hassett, J.P., Nowak, D.J., Shipunova, N.A.,

Barbarossa, D., 2006. Role of sooty mold fungi in accumulation of fine-particle-
associated PAHs and metals on deciduous leaves. Environ. Res. 102 (3), 272-282.
https://doi.org/10.1016/J.ENVRES.2006.06.004.

Kattge, J., Bonisch, G., Diaz, S., Lavorel, S., Prentice, I.C., Leadley, P., Tautenhahn, S.,
Werner, G.D.A., 2020. TRY plant trait database — enhanced coverage and open
access. Global Change Biol. 26 (1), 119-188. https://doi.org/10.1111/GCB.14904.

Komp, P., Mclachlan, M.S., 1997. Influence of temperature on the plant/air partitioning
of semivolatile organic compounds. Environ. Sci. Technol. 31 (3), 886-890. https://
doi.org/10.1021/ES960590U.

Li, Y., Chen, B., Zhu, L., 2010. Single-solute and bi-solute sorption of phenanthrene and
pyrene onto pine needle cuticular fractions. Environmental Pollution 158 (7),
2478-2484. https://doi.org/10.1016/J.ENVPOL.2010.03.021.

Metrak, M., Aneta, E., Witkomirski, B., Staszewski, T., Suska-Malawska, M., 2016.
Interspecific differences in foliar 1 PAHs load between Scots pine, birch, and wild
rosemary from three polish peat bogs. Environ. Monit. Assess. 188 (8), 1-13. https://
doi.org/10.1007/S10661-016-5465-2.

Mukhopadhyay, S., Dutta, R., Das, P., 2020. A critical review on plant biomonitors for
determination of polycyclic aromatic hydrocarbons (PAHs) in air through solvent
extraction techniques. Chemosphere 251, 126441. https://doi.org/10.1016/J.
CHEMOSPHERE.2020.126441.

Miiller, J.F., Hawker, D.W., McLachlan, M.S., Connell, D.W., 2001. PAHs, PCDD/Fs, PCBs
and HCB in leaves from Brisbane, Australia. Chemosphere 43 (4-7), 507-515.
https://doi.org/10.1016/50045-6535(00)00402-1.

Murakami, M., Abe, M., Kakumoto, Y., Kawano, H., Fukasawa, H., Saha, M., Takada, H.,
2012. Evaluation of ginkgo as a biomonitor of airborne polycyclic aromatic

Environmental Pollution 364 (2025) 125337

hydrocarbons. Atmos. Environ. 54, 9-17. https://doi.org/10.1016/J.
ATMOSENV.2012.02.014.

Pleijel, H., Klingberg, J., Strandberg, B., Sjoman, H., Tarvainen, L., Wallin, G., 2022.
Differences in accumulation of polycyclic aromatic compounds (PACs) among eleven
broadleaved and conifer tree species. Ecol. Indicat. 145, 109681. https://doi.org/
10.1016/J.ECOLIND.2022.109681.

Prigioniero, A., Postiglione, A., Zuzolo, D., Niinemets, U., Tartaglia, M., Scarano, P.,
Mercurio, M., Germinario, C., Izzo, F., Trifuoggi, M., Toscanesi, M., Sciarrillo, R.,
Guarino, C., 2023. Leaf surface functional traits influence particulate matter and
polycyclic aromatic hydrocarbons air pollution mitigation: insights from
Mediterranean urban forests. J. Clean. Prod. 418, 138158. https://doi.org/10.1016/
J.JCLEPRO.2023.138158.

Prigioniero, A., Zuzolo, D., Niinemets, U., Postiglione, A., Mercurio, M., Izzo, F.,
Trifuoggi, M., Toscanesi, M., Scarano, P., Tartaglia, M., Sciarrillo, R., Guarino, C.,
2022. Particulate matter and polycyclic aromatic hydrocarbon uptake in relation to
leaf surface functional traits in Mediterranean evergreens: potentials for air
phytoremediation. J. Hazard Mater. 435, 129029. https://doi.org/10.1016/J.
JHAZMAT.2022.129029.

Ray, D., Ghosh, S.K., Raha, S., 2021. Seasonal foliar uptake of atmospheric polycyclic
aromatic hydrocarbons by some local plants in a tropical metropolis in India. Atmos.
Pollut. Res. 12 (2), 104-112. https://doi.org/10.1016/J.APR.2020.10.013.

Reich, P.B., Ellsworth, D.S., Walters, M.B., Vose, J.M., Gresham, C., Volin, J.C.,
Bowman, W.D., 1999. Generality of leaf trait relationships: a test across six biomes.
Ecology 80 (6), 1955-1969. https://doi.org/10.1890/0012-9658(1999)080.

RStudio Team, 2021. RStudio: Integrated Development Environment For R. RStudio. PBC.
http://www.rstudio.com/.

Simonich, S.L., Hites, R.A., 1994. Vegetation-atmosphere partitioning of polycyclic
aromatic hydrocarbons. Environ. Sci. Technol. 28 (5), 939-943. https://doi.org/
10.1021/ES00054A028.

Singh, B.P., Zughaibi, T.A., Alharthy, S.A., Al-Asmari, A.I., Rahman, S., 2023. Statistical
analysis, source apportionment, and toxicity of particulate- and gaseous-phase PAHs
in the urban atmosphere. Front. Public Health 10, 1070663. https://doi.org/
10.3389/FPUBH.2022.1070663/BIBTEX.

Tao, Z., Hornbuckle, K.C., 2001. Uptake of polycyclic aromatic hydrocarbons (PAHS) by
broad leaves: analysis of kinetic limitations. Water, Air and Soil Pollution: Focus
2001 1 (5), 275-283. https://doi.org/10.1023/A:1013136028586, 5, 1.

Terzaghi, E., Wild, E., Zacchello, G., Cerabolini, B.E.L., Jones, K.C., Di Guardo, A., 2013.
Forest Filter Effect: role of leaves in capturing/releasing air particulate matter and its
associated PAHs. Atmos. Environ. 74, 378-384. https://doi.org/10.1016/J.
ATMOSENV.2013.04.013.

Tian, L., Yin, S., Ma, Y., Kang, H., Zhang, X., Tan, H., Meng, H., Liu, C., 2019. Impact
factor assessment of the uptake and accumulation of polycyclic aromatic
hydrocarbons by plant leaves: morphological characteristics have the greatest
impact. Sci. Total Environ. 652, 1149-1155. https://doi.org/10.1016/J.
SCITOTENV.2018.10.357.

Tian, X., Liu, J., Zhou, G., Peng, P., Wang, X., Wang, C., 2008. Estimation of the annual
scavenged amount of polycyclic aromatic hydrocarbons by forests in the Pearl River
Delta of Southern China. Environmental Pollution 156 (2), 306-315. https://doi.
org/10.1016/J.ENVPOL.2008.02.012.

Vinod, N., Slot, M., McGregor, L.R., Ordway, E.M., Smith, M.N., Taylor, T.C., Sack, L.,
Buckley, T.N., Anderson-Teixeira, K.J., 2023. Thermal sensitivity across forest
vertical profiles: patterns, mechanisms, and ecological implications. New Phytol.
237 (1), 22-47. https://doi.org/10.1111/NPH.18539.

Wang, Y.Q., Tao, S., Jiao, X.C., Coveney, R.M., Wu, S.P., Xing, B.S., 2008. Polycyclic
aromatic hydrocarbons in leaf cuticles and inner tissues of six species of trees in
urban Beijing. Environmental Pollution 151 (1), 158-164. https://doi.org/10.1016/
J.ENVPOL.2007.02.005.

Wright, L.J., Reich, P.B., Westoby, M., Ackerly, D.D., Baruch, Z., Bongers, F., Cavender-
Bares, J., Chapin, T., Cornellssen, J.H.C., Diemer, M., Flexas, J., Garnier, E.,
Groom, P.K., Gulias, J., Hikosaka, K., Lamont, B.B., Lee, T., Lee, W., Lusk, C,, et al.,
2004. The worldwide leaf economics spectrum. Nature 2004 428:6985 428 (6985),
821-827. https://doi.org/10.1038/nature02403.

Yang, B., Liu, S., Liu, Y., Li, X., Lin, X., Liu, M., Liu, X., 2017. PAHs uptake and
translocation in Cinnamomum camphora leaves from Shanghai, China. Sci. Total
Environ. 574, 358-368. https://doi.org/10.1016/J.SCITOTENV.2016.09.058.

Yang, M., Tian, S., Liu, Q., Yang, Z., Yang, Y., Shao, P., Liu, Y., 2022. Determination of 31
polycyclic aromatic hydrocarbons in plant leaves using internal standard method
with ultrasonic extraction-gas chromatography-mass spectrometry. Toxics 10 (11),
634. https://doi.org/10.3390/TOXICS10110634/S1.

Zhang, M., Wang, J., Zhao, Q., Mishra, V., Fan, J., Sun, Y., 2020. Polycyclic aromatic
hydrocarbons (PAHs) and esophageal carcinoma in Handan-Xingtai district, North
China: a preliminary study based on cancer risk assessment. Environmental
Monitoring and Assessment 2020 192 (9), 1-20. https://doi.org/10.1007/510661-
020-08499-5, 9, 192.

Zhao, X., He, M., Shang, H., Yu, H., Wang, H., Li, H., Piao, J., Quinto, M., Li, D., 2018.
Biomonitoring polycyclic aromatic hydrocarbons by Salix matsudana leaves: a
comparison with the relevant air content and evaluation of environmental parameter
effects. Atmos. Environ. 181, 47-53. https://doi.org/10.1016/J.
ATMOSENV.2018.03.004.


https://doi.org/10.5772/54727
https://doi.org/10.5772/54727
https://doi.org/10.1016/J.ENVPOL.2016.11.074
https://doi.org/10.1016/J.ENVPOL.2016.11.074
https://doi.org/10.1016/J.ATMOSENV.2010.12.022
https://doi.org/10.1016/J.CHEMOSPHERE.2005.01.082
https://doi.org/10.1016/J.SCITOTENV.2015.11.092
https://doi.org/10.1016/J.SCITOTENV.2015.11.092
https://doi.org/10.1016/J.ENVPOL.2015.03.018
https://doi.org/10.1146/ANNUREV.PP.40.060189.002443
https://doi.org/10.1146/ANNUREV.PP.40.060189.002443
https://doi.org/10.1016/J.APR.2016.05.007
https://doi.org/10.1016/J.APR.2016.05.007
https://doi.org/10.1016/J.ENVPOL.2022.120409
https://doi.org/10.1016/J.SCITOTENV.2024.173698
https://doi.org/10.1016/J.SCITOTENV.2024.173698
https://digital.csic.es/handle/10261/38723
https://doi.org/10.1016/S0269-7491(99)00195-5
https://doi.org/10.1016/S0045-6535(00)00268-X
https://doi.org/10.1016/S0269-7491(02)00121-5
https://doi.org/10.1016/S0269-7491(02)00121-5
https://doi.org/10.1016/J.ENVRES.2006.06.004
https://doi.org/10.1111/GCB.14904
https://doi.org/10.1021/ES960590U
https://doi.org/10.1021/ES960590U
https://doi.org/10.1016/J.ENVPOL.2010.03.021
https://doi.org/10.1007/S10661-016-5465-2
https://doi.org/10.1007/S10661-016-5465-2
https://doi.org/10.1016/J.CHEMOSPHERE.2020.126441
https://doi.org/10.1016/J.CHEMOSPHERE.2020.126441
https://doi.org/10.1016/S0045-6535(00)00402-1
https://doi.org/10.1016/J.ATMOSENV.2012.02.014
https://doi.org/10.1016/J.ATMOSENV.2012.02.014
https://doi.org/10.1016/J.ECOLIND.2022.109681
https://doi.org/10.1016/J.ECOLIND.2022.109681
https://doi.org/10.1016/J.JCLEPRO.2023.138158
https://doi.org/10.1016/J.JCLEPRO.2023.138158
https://doi.org/10.1016/J.JHAZMAT.2022.129029
https://doi.org/10.1016/J.JHAZMAT.2022.129029
https://doi.org/10.1016/J.APR.2020.10.013
https://doi.org/10.1890/0012-9658(1999)080
http://www.rstudio.com/
https://doi.org/10.1021/ES00054A028
https://doi.org/10.1021/ES00054A028
https://doi.org/10.3389/FPUBH.2022.1070663/BIBTEX
https://doi.org/10.3389/FPUBH.2022.1070663/BIBTEX
https://doi.org/10.1023/A:1013136028586
https://doi.org/10.1016/J.ATMOSENV.2013.04.013
https://doi.org/10.1016/J.ATMOSENV.2013.04.013
https://doi.org/10.1016/J.SCITOTENV.2018.10.357
https://doi.org/10.1016/J.SCITOTENV.2018.10.357
https://doi.org/10.1016/J.ENVPOL.2008.02.012
https://doi.org/10.1016/J.ENVPOL.2008.02.012
https://doi.org/10.1111/NPH.18539
https://doi.org/10.1016/J.ENVPOL.2007.02.005
https://doi.org/10.1016/J.ENVPOL.2007.02.005
https://doi.org/10.1038/nature02403
https://doi.org/10.1016/J.SCITOTENV.2016.09.058
https://doi.org/10.3390/TOXICS10110634/S1
https://doi.org/10.1007/S10661-020-08499-5
https://doi.org/10.1007/S10661-020-08499-5
https://doi.org/10.1016/J.ATMOSENV.2018.03.004
https://doi.org/10.1016/J.ATMOSENV.2018.03.004

	Leaf ecological traits (morphology and gas exchange) and polycyclic aromatic hydrocarbons concentrations in shrubs and tree ...
	1 Introduction
	2 Material and Methods
	3 Results
	4 Discussion
	4.1 Leaf morphology
	4.1.1 Leaf area
	4.1.2 Specific leaf area (SLA)
	4.1.3 Leaf thickness
	4.1.4 Ratio leaf width/length

	4.2 Leaf gas exchange
	4.2.1 Stomatal conductance (per leaf area)
	4.2.2 Leaf carbon isotope signature (δ13C)
	4.2.3 Stomatal density

	4.3 Study limitations and conclusions

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink4
	References


