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ABSTRACT

PACs (polycylic aromatic compounds) are air pollutants formed in incomplete combustion, e.g., in vehicle en-
gines. Vegetation can potentially remove substantial amounts and act as bioindicators of these pollutants.
Increased knowledge of the pollutant removal efficiencies of different tree species is essential for understanding
the potential benefits trees can provide urban residents. We investigated the leaf/needle content of the two PAC
groups, polycyclic aromatic hydrocarbons (PAHs, 32 compounds) and dibenzothiophenes (DBTs, 6 compounds)
in seven broadleaved and four conifer tree species in an arboretum of South-West Sweden. PAHs were grouped
into low-molecular (L-PAHs, largely gaseous), medium-molecular (M-PAHs, both gaseous and particle-bound)
and high-molecular mass (H-PAHs, largely particle-bound) PAHs. DBTs are organosulphur compounds with
two benzene rings. In general, conifer needles were stronger accumulators of PACs than leaves of broadleaved
trees. Comparing three-year-old and one-year-old needles showed that evergreen conifers accumulated L-PAHs,
M-PAHs, H-PAHs and DBTs over several years. In deciduous trees, L-PAHs and DBTs declined from June to
September, M-PAHs had no significant net change, but for H-PAHs, there was a significant net accumulation.
Conifers had a similar or lower net average annual accumulation of H-PAHs than broadleaved trees, except the
deciduous conifer Larix, which had the highest uptake rate of this toxicologically important PAH category. Our
results suggest that L-PAH accumulation depends on leaf/needle mass or volume, while for H-PAHs leaf/needle
area is more important. This explains why conifers represented a stronger sink for L-PAHs and M-PAHs. DBT
accumulation in leaves/needles was similar to that of L-PAHs. An important conclusion is that tree leaves/
needles accumulate substantial amounts of PAC with strong and complex contrasts between tree species and PAC
groups. Another implication of our data is that conifer needles are useful as bioindicators for PAC pollution since
they accumulate all PAC categories over several years.

1. Introduction

mitigation of air quality, although contrasting statements have been
made about the quantitative significance of this process. While Nowak

Due to ongoing urbanization and associated call for densification of
cities there has been an intensifying discussion of the role of urban trees
and the ecosystem services that they contribute, including air pollution
removal (Grote et al., 2016; Barwise and Kumar, 2020). Both modelling
studies (Nowak et al., 2006; Dadvand et al., 2015) and empirical ob-
servations (Al-Dabbous and Kumar, 2014; Grundstrom and Pleijel, 2014;
Klingberg et al., 2017) show that urban vegetation has the potential for
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et al. (2006) emphasized the significance of air pollution removal by
urban trees, Pataki et al. (2011) argued that the effect of urban vege-
tation on air pollution has not been well quantified and questioned the
significance of such an effect. Yli-Pelkonen et al. (2017), studying air
pollutant concentration of urban areas in Finland, concluded that the
effect of urban forests on air quality is likely to be small, possibly with
the exception of particulate matter. Yin et al. (2011), on the other hand,
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showed the existence of a significant park effect on air pollution levels,
which differed between pollutant types, by comparing vegetated and
non-vegetated areas in Shanghai, China. City size and topography, tree
species, level of air pollution and climate may influence the significance
of city trees in air quality improvement.

Polycyclic aromatic hydrocarbons (PAHs) are air pollutants formed
under incomplete combustion of organic compounds, such as oil pro-
duction, combustion of fossil fuels and biomass burning (Gong et al.,
2018) as well as wildfires (Wentworth et al., 2018). In urban areas,
traffic is typically the dominating source (Wingfors et al., 2001; Harrison
et al., 2003; Gong et al., 2018). PAHs belong to the wider group of
polycyclic aromatic compounds (PAC). Some of the PAHs, including
benzo(a)pyrene, are known to be highly toxic and have adverse effects
on human health and ecosystems (Bostrom et al., 2002; Famiyeh et al.,
2021). 16 PAHs, including benzo(a)pyrene and phenanthrene, have
been pointed out to be priority pollutants of particular toxicological
concern (EPA, 2008). Atmospheric concentrations of PAHs are often
strongly elevated in urban environments (Wagrowski and Hites, 1997),
contrasts between areas with heavy traffic pollution and peri-urban en-
vironments being stronger than for other important urban air pollutants
such as nitrogen dioxide NO, (Klingberg et al., 2017, Klingberg et al.,
2022).

PAHs include a range of compounds, which have different molecular
mass and chemical-physical properties. Some are comparatively low
molecular mass, (L-PAHs, 2-3 benzene rings), and mostly occur in the
gaseous phase at temperatures typical of the lower atmosphere, while
others, high molecular-mass or H-PAHs (4-6 benzene rings), are to a
large extent bound to particles (Yang et al., 2007). It is customary to
define an intermediate category of M-PAHs (3-4 benzene rings), which
are partly gaseous and partly particle-bound. It can be expected that the
interaction with and absorption by leaves differ between these three
PAH categories. For example, De Nicola et al. (2017) compared PAH
accumulation in the leaves of a deciduous oak species Quercus robur with
that of needles of the evergreen conifer Pinus pinaster. They found that
leaves and needles contained comparable levels of total PAHs, but
particle-bound PAHs were higher in the oak (attributed by the authors to
higher specific leaf area, SLA), while the pine tree (which had higher
stomatal conductance than oak in that investigation), contained higher
levels of L-PAHs. Wang et al. (2008) investigated six tree species and
found, using sequential extraction, that gaseous and particle bound
PAHs were primarily present in the inner leaf tissues and in the cuticle,
respectively. The relationship between PAH accumulation and SLA has
also been investigated by Howsam et al. (2001), Domingos et al. (2015)
and Wang et al. (2020). Wang et al. (2020) found the accumulation of
five PAHs in wheat leaves to be associated with the wax content, which
was in turn significantly correlated with SLA.

L-PAHs in particular, and to a certain extent also M-PAHs, may un-
dergo re-volatilization after they have been deposited to leaves (Wang
et al., 2005; St-Amand et al., 2009). Gaseous deposition can reach an
equilibrium where reemission and uptake are of the same magnitude
(McLachlan, 1999). To reach the equilibrium will take longer time in
environments with low atmospheric concentrations of PAHs and for
plant tissues with a large potential sink, i.e., capacity to hold PAHs.
Different PAHs will also differ in their volatility. Since volatility is
temperature-dependent, it may occur that a leaf/needle that reached
equilibrium at a lower temperature will become a net emitter if the
temperature rises. This can explain why some studies showed uptake of
PAHs by leaves was larger in winter than in summer (Huang et al., 2018)
as well as the inverse relationship between leaf PAH concentration and
air temperature observed for Ginkgo biloba by Murakami et al. (2012). A
similar pattern of temperature dependence of PAH concentrations was
found for Salix matsudana by Zhao et al. (2018) and for kale (Brassica
oleracea) by Franzaring (1997).

Another group of PACs, having chemical properties similar to those
of PAHs, are the dibenzothiophenes, DBTs (Cheng et al., 2018). DBTs are
organosulphur compounds containing two benzene rings fused to a
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central thiophene ring. Chemically and physically, when it comes to
volatility and hydrophobicity, they are related to the L-PAH anthracene
and have been shown to correlate with PAHs in the atmosphere (Jar-
iyasopit et al., 2019). They have not been monitored to the same extent
as PAHs. Information about their accumulation in leaves/needles is to
the best of our knowledge lacking.

Accumulation of PACs in or on leaves and needles of trees offers an
opportunity to obtain an ecosystem service from urban vegetation in
terms of removal of air pollutants (Simonich and Hites, 1994; Terzaghi
et al., 2013). Testing the pollutant removal efficiencies of a range of tree
species, covering different functional types and leaf traits, which are of
potential interest as city trees, is essential for improving the under-
standing of this ecosystem service and the potential benefits it can
provide (Corada et al., 2021). Earlier studies have observed considerable
differences between species (e.g., Howsam et al., 2000; Wang et al.,
2008; Murakami et al., 2012), although most of them covered only a
small number of species. Previous studies have suggested that properties
like SLA, leaf surface roughness and hairiness, stomatal conductance/
density and leaf wax content are of importance for PAH and particle
uptake by leaves (Sabg et al., 2012; De Nicola et al., 2017). Which leaf
characteristics are of largest importance may depend on pollutant type
(Grote et al., 2016), where hairiness and ridges on leaves may be more
important for super-micrometre particles and stomatal characteristics
are of larger significance for sub-micrometre particles and gases (Bar-
wise & Kumar, 2020). In their extensive review, Barwise and Kumar
(2020) also highlighted that macromorphological traits promoting
pollutant removal include small leaf size. However, there are examples
where tree species with similar leaf characteristics in terms of leaf size
and hairiness show substantial differences in accumulation of PAHs, as
exemplified by the comparison of Tilia x euchlora and Pyrus calleryana
by Jouraeva et al. (2002).

Evergreen species, such as most conifers, may in principle continue
to accumulate semivolatile organic compounds over several years as
shown for DDT and hexachlorocyclohexanes in Scots pine (Pinus syl-
vestris) needles (Kylin and Sjodin, 2003). The fact that conifer needle age
may be up to ten years, and PAC accumulation thus may go on for
several years, has not always been considered, but for example Lehn-
dorff and Schwank (2004), Piccardo et al. (2005) and Terzaghi et al.
(2013) found a continued accumulation of PAHs over several needle age
classes in different Pinus species.

The content of compounds and elements in leaves/needles can be
expressed in different ways. Most common is to use a dry leaf mass basis.
However, from a physiological or ecosystem perspective, it can be more
relevant to express the concentrations on a leaf area basis, since leaf area
index (LAI), the amount of leaf area per unit ground area, is a key
property on the ecosystem level. Leaf area is the basis for canopy light
interception and thus for its photosynthesis and was promoted as a basis
for expression of PAH leaf content by Simonich & Hites (1995).

The accumulation of PAHs, DBTs and other potentially toxic com-
pounds in leaves and needles also represents an opportunity for bio-
monitoring (Eriksson et al., 1989; Murakami et al., 2012; Odabasi et al.,
2015; Zhao et al., 2018; Yang et al., 2019). Species with a higher rate of
accumulation of these compounds are preferable for this purpose and it
is thus important to compare a range of species with respect to this
property. Murakami et al. (2012) pointed out the conifer Ginkgo biloba as
a suitable biomonitoring plant for PAH because of its high accumulation
of PAHs compared to other species. However, a single species is not
suitable in all climatic conditions, and it is consequently of value to have
information about the PAH and DBT accumulation for a range of species
for potential use as PAC biomonitors or to improve local air quality.

We investigated the leaf PAH (32 compounds) and DBT (6 com-
pounds) contents of seven broadleaved and four conifer tree species in
the Arboretum of the Gothenburg Botanical Garden to study the changes
in the leaf contents over time and their variation among species. Our
research questions were:
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e Do evergreen conifers differ from deciduous trees with respect to
accumulation of L-PAHs, M-PAHs, H-PAHs and DBTs?

e How large is the variation in accumulation of these compounds
within and between the groups of evergreen conifers and deciduous
trees?

e How strong is the relationship of leaf/needle accumulation of L-
PAHs, M-PAHs, H-PAHs and DBTs with SLA?

2. Materials and methods
2.1. Study area

The City of Gothenburg (57°42'N, 11°58'E) is located on the west
coast of Sweden. It has a maritime temperate climate with, for the
latitude, moderately cool summers, and mild winters. Gothenburg is
situated in the nemoral vegetation zone, characterised by temperate
deciduous forests (Gundersen et al., 2005). Deciduous trees normally
become foliated in late April or early May and defoliate in October.

The Arboretum (collection of living trees from Europe, Asia, North
America, and North Africa) of the Gothenburg Botanical Garden enabled
comparison of a range of tree species with similar growth conditions in a
limited area. The distance to the closest main traffic route was approx-
imately 800 m. Within this distance there are no other important air
pollution sources. Eleven tree species representing contrasting leaf/
needle characteristics were selected for comparison: seven deciduous
broadleaved species (Betula pendula, Quercus robur, Populus tremula,
Sorbus commixta, Prunus sargentii, Fagus orientalis and Juglans ailanthi-
folia), three evergreen conifers (Abies sachalinensis, Picea jezoensis and
Pinus nigra) and one deciduous conifer (Larix decidua). Leaf character-
istics of these species are presented in Table S1 of the supplementary
information (SI).

2.2. Collection of leaf and needle samples and determination of SLA

Three trees of each species were sampled. A pruning pole was used to
cut branches from the upper part of the crown (10-16 m). Branches with
leaves/needles in the outer, exposed part of the crown were selected. At
least three branches from each tree were sampled. The sampling was
designed to study the net accumulation over the leaf/needle life span by
comparing the concentrations on two occasions during the leaf/needle
life span. The life span is different for deciduous and evergreen species.
Leaves from the deciduous trees (broadleaved and Larix) were collected
25-26 June and 17-18 September 2018. The September sampling of
deciduous trees took place short before then onset of autumn senes-
cence. Shoots from conifers of the age classes current year + 1 (C + 1,
one year-old) and current year + 3 (C + 3, three years-old) were
collected on 25-26 June in the same year. Like in many evergreen
species (e.g., olive trees, Sari et al., 2021) it is straightforward to
distinguish different shoot ages in the conifers included in the study;
how this is made is illustrated in Figure S1 of the SI. C + 1 and C + 3
needles were sampled to allow investigation of the extent to which a net
accumulation of PACs took place as the needle age increased by 24
months. C + 3 was selected since it was the oldest needle age class that
was complete in all three investigated evergreen conifer species.

Samples were packed in polyethylene plastic bags and transported to
the nearby laboratory in a cool bag. The samples to be analysed for PACs
were immediately wrapped in aluminum foil and stored in <—18 °C
until analysis. Six leaves from each sampled broadleaved tree and three
shoots of each age class and conifer tree species from harvested branches
were used for determination of specific leaf area (SLA, i.e., projected leaf
area per unit dry mass). Twelve or more leaf discs of a known area (13 or
8 mm in diameter, depending on leaf size) were collected per SLA leaf
sample using a puncher. The discs were oven-dried in 70 °C for at least
48 h and then weighed (laboratory balance with 0.1 mg resolution) for
SLA determination. For conifers, 20 needles (40 from Larix due to small
needle mass) from at least three different shoots per tree were removed
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using tweezers and scanned to determine total projected area using
WinSEEDLE (plant image analysis scanner and software from Regent
Instruments Inc, Canada; version Pro 5.1a). Needles were dried and
weighed using the same procedure as for broadleaved species. Leaf area-
based concentrations of PACs were calculated by dividing the dry mass-
based concentrations from the chemical analysis by SLA.

2.3. NO; and PAC dair concentration measurements and PAC air and
plant tissues analysis

To characterise the air pollution level, atmospheric concentrations of
NO,, (considered to be a priority air pollutant, along with particles, in
relation to existing air quality standards in the City of Gothenburg) and
PACs were measured at 2.5 m above ground using passive sampling
techniques. The samplers were placed in the Arboretum during four
approximately-one-month long measurement periods (Table 1).

NO, was measured using passive diffusion samplers of the IVL type
(Ferm, 2001; Sjoberg et al., 2001). The samplers have been used in past
measurement campaigns in Gothenburg and shown reliable results
(Klingberg et al., 2017). Sample analysis was made by the IVL accredited
laboratory (https://www.ivl.se).

The PUF (polyurethane foam) disk samplers (14 cm diameter, 1.2 cm
thickness, surface area 360 cm?, density 0.035 g em~3, Klaus Ziemer
GmbH, Germany), used for air PAC sampling, were housed in two
stainless steel domes (Tisch Environmental, Inc., OH, USA). This
sampler design has been calibrated for a number of PACs, both gaseous
and particulate-associated compounds (Harner et al., 2013; Bohlin et al.,
2014). The handling of the PUF sampler before and after sampling as
well as the PAC analytical procedure and quality assurance results for
the PAC analysis are described in detail in the SI text file. 38 PAC
compounds were included in the study, 17 parent PAHs and among them
15 US EPA priority PAHs and 15 alkylated species, and 6 dibenzothio-
phenes (DBTs). In brief, before extraction the PUF and leave/needle
samples, an internal standard mixture containing the 16 US EPA priority
PAHs were added to the samples. The samples were extracted using a
Dionex ASE 350 Accelerated Solvent Extractor (Thermo Fisher Scienti-
fic, Inc. MA, USA) equipment using dichloromethane as solvent. The
samples were purified and finally the PACs were separated and detected
by high-resolution gas chromatography/low-resolution mass spectrom-
etry (HRGC/LRMS). The MS instrument was an Agilent 5975C con-
nected to a 7890A GC (Agilent Technologies, Inc., Santa Clara, CA,
USA). Two-ring PAHs, such as naphthalene, may after a 28-day sampling
period be in the curvilinear phase of uptake or have reached saturation
in the sampling material (Bohlin et al., 2014). Thus, accurate quantifi-
cation of this compound could not be made, which is therefore excluded
from further discussions.

The different PAHs and the category to which they were assorted (L-
PAHs, M-PAHs or H-PAHs), as well as the DBT compounds, are pre-
sented in Table S2 of the SI.

One of the three replicates from the June sampling for Populus was
excluded from the analysis since it was an outlier having much higher
PAH concentrations than the other two replicates, e.g., 3.8 times higher
H-PAH concentration. No such deviation among replicates was obtained
for any other species. Values below the analytical LOD (limit of detec-
tion) were handled as follows: if all three replicate values for a certain
species, age class or sampling period were < LOD the value was set to
zero; if at least one value was > LOD, values < LOD were set to 0.5 x
LOD. Leaf/needle PAC data, as well as SLA data, presented in the paper
are provided in Table S3 of the SI, concentrations of all individual PACs
are given in Table S4.

2.4. Calculation of the net average annual accumulation of PACs by
leaves and needles

For broadleaved trees and Larix, September concentration values
were considered to represent the net PAC accumulation during one
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Table 1

Overview of start, stop and duration of the four air pollution measurement periods in the Arboretum. Total PAHs (sum of 32 compounds) and DBTs (sum of 6
compounds) as average + standard deviation of two replicates. Temperature (°C), precipitation (mm) and wind speed (m/s, mean and hourly maximum) data were
retrieved from the City of Gothenburg, Environment Administration rooftop measurement station Femman, situated in the centre of the city. Precipitation is provided
for 5 days prior to sampling of leaves and needles which took place at the end of period 1 and 4.

Period Start Stop Days PAHs (ng m~3) DBTs Temp. Precipitation (mm) Wind speed (m s™})
(9]
(ngm~3) Total 5 days prior to sampling Mean (max)

1 24 May 2018 26 June 2018 33 1.9 + 0.04 0.092 £ 0.001 19.0 49 4 3.2 (8.2)

2 26 June 2018 23 July 2018 27 3.4 +0.03 1.2 + 0.002 20.6 16 - 3.0 (7.7)

3 23 July 2018 19 Aug 2018 27 22401 0.093 £ 0.007 21.0 46 - 3.1(11.2)

4 19 Aug 2018 18 Sept 2018 30 3.2+0.4 0.068 £ 0.001 16.5 134 24 3.4 (8.0)
growing season, since the sampling was made shortly before senescence 2.5. Statistical analysis
and shedding of leaves and Larix needles. Thus, it represents the net
annual flux of PAC from the tree canopy as litterfall to the soil. To es- Differences between species and leaf/needle age were investigated
timate the net average annual PAC accumulation by perennial needles, using a mixed design analysis of variance (ANOVA). For broadleaved
C + 3 concentration values were divided by three. C + 3 needles trees and Larix needles (September vs June) and evergreen needles (C +
collected by the end of June are marginally older than three years. 3 vs C + 1), age was set as the within-subjects variable (repeated mea-

sures) with two levels. The complete results from ANOVA (Figs. 1, 2, 4
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Fig. 1. Average concentration of L-PAHs (A-B), M-PAHs (C-D) and H-PAHs (E-F) in deciduous trees (A, C, E; sampled in June and September) and evergreen conifers
(B, D, F; one-year old (C + 1) and three-year old (C + 3) needles sampled in June). Concentrations are given on a dry mass (dm) basis. Error bars show standard
deviation for the three replicates of each tree species. The genus to which the trees belong is provided below the x-axis (full species names given in the Materials and
methods section). *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, non-significant. F and p values of the ANOVA are presented in Table S5 of the SI.
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and 5) are presented in Table S5 of the SI. Linear regression was used to
assess the relationship between September and June levels of L-PAHs,
M-PAHSs, H-PAHs and DBTs based on data for individual trees. Here, the
confidence limits of the slope were used to assess if the regression slope
coefficient was significantly different from a hypothetical 1:1 relation-
ship representing no change over time. One-way ANOVA was used to
analyse differences in the rate of uptake of L-PAHs, M-PAHs, H-PAHs
and DBTs, using both mass-based and leaf area-based concentrations,
with Tukeys honestly significant difference (HSD) as a post-hoc test. IBM
SPSS Statistics (version 25) was used for the statistical analyses.

3. Results

3.1. Meteorological conditions and atmospheric concentrations of PAHs,
DBTs and NO,

Table 1 displays the dates, atmospheric total PAHs (sum of all 32
compounds), DBTs (sum of all 6 compounds) and meteorological con-
ditions during the four ~1-month periods during the growing season of
2018 when observations/sampling took place. The total PAH concen-
trations varied between 1.9 ng m~3 (June) and 3.4 ng m~3 (July) with
August and September falling between these values. There was no clear
temporal trend in the atmospheric PAH concentrations over the obser-
vation period and variation between months was modest. Total DBT
concentrations varied between 0.068 ng m~3 (September) and 1.2 ng
m3 (July). In Table S6 of the SI, the atmospheric concentrations of L-
PAHs, M-PAHs, H-PAHs, DBTs, benzo(a)pyrene, phenanthrene and NO,
are presented for the four periods. Monthly average NO5 concentrations
during the four periods of Table 1 varied between 5.1 and 5.7 pg m™>
(averages of two replicates), showing a small variability during the
growing season when the samplings were made, and a modest elevation
in relation to rural background concentrations. The summer of 2018 was
unusually warm and dry in northern Europe (Bastos et al., 2020),
including the Gothenburg region (Johansson et al., 2020). Rainfall was
less than average during May, June, and July, but higher than average in
August and September. In Gothenburg, the average elevation in tem-
perature compared to 30-year long mean for the period May-September
was 3.4°C according to data available at www.smhi.se.

3.2. Leaf and needle concentrations of L-PAHs, M-PAHs, H-PAHs and
DBTs

Fig. 1 shows concentrations of L-PAHs, M-PAHs and H-PAHs in
leaves and needles of the studied species. F and p values of the ANOVA
are presented in Table S5 of the SI. There was a considerable and sta-
tistically significant variation among species for all three PAH cate-
gories, both for deciduous and evergreen species. With respect to the
accumulation over time, there were notable differences both between

A I Age***, Species***, Age x Species**

jLiNi i 0 ]I

Betula Fagus Juglans Larix Populus Prunus Quercus Sorbus

OJune OSeptember
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the three PAH categories and between deciduous trees and evergreen
species. A statistically significant loss of L-PAHs, but a significant net
accumulation of H-PAHs from June to September in leaves and Larix
needles of deciduous trees was observed. M-PAHs were intermediate in
this respect with no statistically significant difference between June and
September concentrations. For the evergreen conifers, there was a sta-
tistically significant accumulation from C + 1 to C + 3 needles for all
three PAH categories. Significant species-by-age interaction effects were
obtained for all the subsets of data presented in Fig. 1, resulting from
contrasting development of PAH accumulation with age of leaves/nee-
dles among species, except M-PAHs and H-PAHs for evergreen conifers.

Like L-PAHs (Fig. 1A) concentrations of DBTs declined significantly
from June to September in leaves of deciduous trees and Larix needles
(Fig. 2A, p < 0.001), except Fagus, while there was a concentration in-
crease over time of DBTs and L-PAHs in needles of evergreen conifers
(Fig. 2B, p < 0.001). The latter, however, varied from large in Abies over
modest in Pinus to almost absent in Picea, resulting in a strongly sig-
nificant (p < 0.001) species-by-age interaction effect. F and p values of
the ANOVA are presented in Table S5 of the SI.

In Fig. 3, the September concentrations are plotted vs the June
concentrations showing data for the individual sampled deciduous trees
for L-PAHs, M-PAHs, H-PAHs and DBTs. Again, it is obvious that the
deciduous trees experienced a loss of L-PAHs and an accumulation of H-
PAHs between the two sampling occasions. From Fig. 3 it also becomes
evident that the pattern among the different species is highly consistent
with strong (p < 0.001) significant regressions. For both L-PAHs and H-
PAHs the slope coefficient of the regression line was significantly
different (p < 0.001) from one (the hypothetical 1:1 relationship rep-
resenting no change over time), however in different directions. M-PAHs
differed little and non-significantly from the 1:1 line. A tendency for
heteroscedasticity for L-PAHs was observed, but not for the other PAC
categories. Our general conclusions about L-PAHs are not influenced by
this. In agreement with the pattern observed for L-PAHs, DBTs exhibited
a reduced concentration from June to September with the slope coeffi-
cient significantly (p < 0.001) smaller than that of the hypothetical 1:1
relationship. This analysis was not made for the evergreen conifers due
to the restricted number of species.

In Fig. 4, the leaf/needle concentration of the most abundant PAH,
phenanthrene (an L-PAH), which consisted 33 % of total PAH and 49 %
of L-PAHs on average for all species, and the highly toxic benzo(a)pyr-
ene (an H-PAH) are presented. F and p values of the ANOVA are pre-
sented in Table S5 of the SI. Both phenanthrene and benzo(a)pyrene are
on the list of the 16 priority PAHs by US-EPA (EPA, 2008). There was a
substantial and statistically significant (p < 0.001) variation among the
different deciduous trees in phenanthrene concentration (Fig. 4A). Like
L-PAHs in general, phenanthrene declined from June to September in
deciduous trees but increased significantly (p < 0.001) from C+ 1to C
+ 3 needles.

Age***, Species*, Age x Species*** B

DBTs,ng g dm
»

Abies Picea Pinus

EC+l WC+3

Fig. 2. Average concentration of DBTs in deciduous trees (A; sampled in June and September) and evergreen conifers (B; sampled in June). Data for one-year old (C
+ 1) and three-year old (C + 3) needles are presented for the evergreen conifers. Concentrations are given on a dry mass (dm) basis. Error bars show standard
deviation for the three replicates of each tree species. The genus to which the trees belong is provided below the x-axis (full species names given in the Materials and
methods section). *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, non-significant. F and p values of the ANOVA are presented in Table S5 of the SI.
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Benzo(a)pyrene, on the other hand, increased significantly (p <
0.001) from June to September in the deciduous trees (Fig. 4C). Needle
age did, however, not significantly affect the benzo(a)pyrene concen-
tration in the studied evergreens (Fig. 4D). Pinus had a comparatively
low absolute concentration of benzo(a)pyrene in relation to the other
evergreen conifers with respect to H-PAHs (Fig. 1F).

There was a substantial and statistically significant (p < 0.001)
variation among the different deciduous trees in benzo(a)pyrene con-
centration, with Sorbus being the strongest accumulator (Fig. 4C). A
significant interaction (p < 0.001) was observed for the deciduous
species associated with large variation among species in the absolute
levels of phenanthrene as well as in the net loss of this compound from
June to September (Fig. 4A).

3.3. Accumulation of PACs in relation to SLA

In Fig. 5 the results of the SLA measurements are presented. F and p
values of the ANOVA are presented in Table S5 of the SI. In general SLA
was considerably higher in the deciduous species (Fig. 5A) than in the
evergreen conifers (Fig. 5B, please note different scale on y-axis). There
were statistically significant differences between species among the
deciduous trees. In the evergreen conifers species did not differ signifi-
cantly. SLA neither differed significantly between June and September
for deciduous trees, nor between C + 1 and C + 3 needles in evergreen

conifers.

It was investigated if there was a relationship between SLA and the
net average annual accumulation of the four PAC categories. Such a
relationship was obtained only for L-PAHs (Fig. 6A, results for the other
PAC categories not shown). This relationship suggests that tree species
with lower SLA have a larger per unit leaf mass capacity to accumulate
L-PAHs. Picea, however, deviated from the general trend by having a
comparatively low .-PAH accumulation in relation to its SLA. In Fig. 6B,
the corresponding relation between leaf area-based accumulation of L-
PAHs and SLA is displayed with a very strong contrast in accumulation
between species with high vs low SLA. It should be kept in mind that the
calculation of the leaf area-based concentration involves SLA, and the x
and y data are thus not completely independent. Thus, no statistical
significance was estimated for the relationship in Fig. 6B.

3.4. Ranking of species with respect to net average annual uptake of L-
PAHs, M-PAHs, H-PAHs and DBTs

For the ranking of tree species, both mass-based (Fig. 7) and leaf
area-based (Fig. 8) net average annual PAC uptake were analysed. As
can be inferred from Figs. 7 and 8, there were strong contrasts among the
species and among the four PAC categories in terms of the net average
annual accumulation rate. Also, the units used to express concentration,
mass-based or leaf area-based, strongly influenced the ranking. In
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ANOVA are presented in Table S5 of the SI.

general, the deciduous conifer Larix had a high net average annual up-
take rate, especially for H-PAHs and M-PAHs, both using a mass-based
and leaf area-based concentrations. Conifers with perennial needles
exhibited high leaf area-based accumulation, in particular for L-PAHs,
M-PAHs and DBTs. Abies was a strong accumulator of L-PAHs and DBTs
both when using mass-based and leaf area-based units. Among the
broadleaved species, Betula ranked highest for L-PAHs, M-PAHs and
DBTs, while Juglans and Sorbus had the largest accumulation of H-PAHs.

The ratio between the highest and lowest species-specific mass-based
uptake rates among all species of L-PAHs, M-PAHs, H-PAHs and DBTs
were 5.4, 6.5, 10 and 5.8, respectively. Corresponding values using leaf
area-based units were larger except for H-PAHSs: 30, 24, 8.7 and 22 for L-
PAHs, M-PAHs, H-PAHs and DBTs, respectively.

4. Discussion

Our study showed that leaf and needle accumulation differed pro-
nouncedly between the four PAC categories. This variation will be
obscured if only the sum of PAHs is considered, where e.g., the opposite
trends in L-PAHs and H-PAHs, respectively, of deciduous trees between
June and September will tend to cancel each other. The semi-volatility
of the L-PAHs and DBTs, and to some extent the M-PAHSs, means that
fluxes can go from the atmosphere to vegetation and in the opposite
direction. This has been observed also in earlier studies such as in Yanji,
Eastern China, for the broadleaved deciduous species Salix matsudana by
Zhao et al. (2018). That investigation emphasized the need to consider
temperature effects on PAH partitioning in sampling schemes, which is
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consistent with our observation. Murakami et al. (2012) also observed a
seasonal, likely temperature-dependent effect in the deciduous conifer
Ginkgo biloba in Tokyo, Japan. In the present study it cannot be excluded
that the significant loss of L-PAHs and DBTs from June to September in
deciduous trees was promoted by the unusually warm summer of 2018,
which also affected the Gothenburg region (Bastos et al., 2020;
Johansson et al., 2020).

The decline of L-PAHs and DBTs from June to September in decid-
uous species was, however, not completely general. Both these com-
pound groups showed a net increase in concentration from June to
September in Fagus, but not in other deciduous species as evident form
Fig. 1A, 2A, 3A and 3D. Although Fagus had a high SLA and in general a
comparatively low accumulation rate of all studied PAC categories, our
data offer no clear explanation of why it differed in the direction of
concentration change of L-PAHs and DBTs from June to September
compared to other deciduous trees. This observation highlights the
complexity in the accumulation of PAC compounds in leaves of different
tree species.

The evergreen conifers of our study exhibited a continued net
accumulation of L-PAHs and DBTs over three years. This agrees with the
observations of Piccardo et al. (2005). They observed a largely
continued accumulation of four volatile PAHs in needles of Pinus nigra
and Pinus pinaster over a range of needle ages up to 30 months in the
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region of Genoa, Italy. Our study shows that a pattern like that of L-PAHs
also is characteristic to the much less studied DBTs (Cheng et al., 2013),
although the ranking of species with respect to accumulation rate
differed to some extent between these two PAC categories. A further
example was presented by Odabasi et al. (2015), who found e.g., a
doubling in the concentration of the sum of 16 PAHs from C needles to C
+ 1 needles of Pinus trees in western Turkey in an industrial area.

Klingberg et al. (2022) studied PAH accumulation in Quercus palustris
and Pinus nigra in a range of sites with contrasting pollution levels of the
urban landscape of Gothenburg, Sweden during the summer of 2018.
They found a pattern similar to that of the present study, e.g., that there
was a net accumulation of H-PAHs both in a deciduous and an evergreen
species, while L-PAHs were lost in the later part of the growing season in
deciduous Quercus palustris, but a net accumulation from C +1to C + 3
in evergreen Pinus nigra.

The PAHs that have been analysed in plant tissue in different in-
vestigations vary considerably both in terms of the number of com-
pounds included and with respect to chemical identity. This makes
comparisons of the concentrations of total PAHs or categories of PAHs
difficult. However, like in our study, phenanthrene and benzo(a)pyrene
have been included and reported separately in several studies allowing
for comparisons of the observed concentrations. Needle phenanthrene
varied in the range ~20-80 ng g~ ! in evergreen conifers at four urban/
industrial sites in Germany, Poland and the United States (Lehndorff and
Schwark, 2004), largely in agreement with the concentrations (~5-100
ng g~}, Fig. 4B) in needles of evergreen conifers in our study. Caliscan
Eleren and Tasdemir (2021) found average phenanthrene concentra-
tions in Pinus needles around 300 ng g~ in a suburban/industrial area of
western Turkey. Huang et al. (2018) summarized results from four
different studies regarding PAH concentrations in two different Pinus
species and reported phenanthrene concentrations in the range
~20-250 ng g~ '. Furthermore, phenanthrene concentrations of needles
of two Pinus species in the range 7-410 ng g~ ' were observed by Pic-
cardo et al. (2005) at seven sites in and around the City of Genua (Italy);
like in our study they obtained a pronounced trend for higher concen-
trations in older needles. De Nicola et al (2017) observed somewhat
lower phenanthrene concentrations in Quercus robur (33 ng g 1)
compared to Pinus pinaster (38 ng g~ 1). De Nicola et al (2017) measured
six months old Pinus pinaster needles; in our study it was primarily the
older (C + 3) needles that had higher phenanthrene concentrations than
broadleaved trees (except for Picea). In the case of benzo(a)pyrene, we
observed concentrations in the range of ~0.1-1 ng g~ ! in all species.
This is comparable with values in the range 0.9-1.1 ng g~ in De Nicola
etal (2017),0.1-3ng g’1 in Piccardo et al (2005) and around 1 ng g’1 in
Lehndorff and Schwank (2004). The study by Caliscan Eleren and Tas-
demir (2021), however, reported much higher needle benzo(a)pyrene
concentrations (average 26 ng g’l).

It made a large difference, e.g., for the ranking of PAC categories
with respect to rate of accumulation, if the concentration was expressed
on a leaf mass or a leaf area basis. In general, the evergreen conifers
ranked higher when using leaf area-based concentrations depending on
their generally lower SLA. Leaf uptake of pollutants is primarily regu-
lated by the resistances at the leaf surface, i.e., boundary-layer, cuticle
and stomata (Winner and Atkinson 1986). Since the maximum leaf area
of a mature tree stand is limited by self-shading (Larcher 2003), leaf
area-based assessments of pollutant uptake may therefore be more
ecologically relevant for dense stands. Assuming that the trees have the
same leaf area, the conifers would then be superior to remove PAC
pollutants, but this did not apply to H-PAHs, a category which contains
the highly toxic benzo(a)pyrene. Also, Picea was mostly not a very strong
accumulator. Thus, the pattern of accumulation among the different
species is obviously complex and cannot be fully explained by sorting
species into general groups like conifers and broadleaves. This is in line
with earlier observations like those by Jouraeva et al. (2002) in Syr-
acuse, USA, where the PAH accumulation of Tilia x euchlora was
significantly higher than in Pyrus calleryana, two broadleaved species
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with similar leaf characteristics. Piccardo et al. (2005) observed Pinus
nigra to accumulate much larger amounts of volatile PAHs than Pinus
pinaster at most of the investigated sites in the Genoa region, although
both species are evergreen conifers. The larger number of species in our
study, and the comparison of four different pollutant categories, further
highlights the contrasts and complexity in PAC accumulation in leaves
and needles.

Indeed, there was a very large variation in accumulation of the four
different PAC categories among the included species, which is hard to
generalize with respect to leaf traits. This agrees with the conclusion of
the review by Desalme et al. (2013) that PAH concentrations are highly
variable between plant species. However, a certain degree of general-
ization was possible from our data set. SLA was an important leaf trait
for the accumulation of L-PAHs. It seems that the larger relative leaf
mass in relation to leaf area represents a sink for L-PAHs in trees with
lower SLA. This may explain why there was a continued net accumu-
lation of L-PAHs in the evergreen conifers over several years, while this
was not the case in the deciduous species. As species with a low SLA also
will have larger leaf mass at a given leaf area their total sink for L-PAHs
will be much larger than for species with high SLA at the same leaf area.

The pattern of accumulation of different PAC categories in our study
are consistent with the view of Wang et al. (2008) that gaseous PAHs
deposit, to the inner tissues (partly through stomata, Barber et al.,
2004), which explains the role of SLA, while particle-bound PAHs attach
to the exterior leaf cuticle. It is then logical that M-PAHs are interme-
diate, since they exist partly as gases, partly as bound to particles in the
atmosphere. Already Simonich and Hites (1995) suggested this pattern
of two different compartments, the leaf interior reservoir and the leaf

surface, respectively, dominating gaseous and particle-bound PAHs
deposition. The same conclusion was drawn by Piccardo et al. (2005)
when comparing the deposition pattern of volatile and non-volatile
PAHs in two Pinus species. Although current knowledge does not
allow for a complete mechanistic explanation of the variation in PAC
accumulation among different tree species, the present study, along with
literature, suggests that stomatal conductance is of importance for PACs
in the gaseous phase. Stomatal conductance depends both on intrinsic,
genetically controlled factors characterizing different plant groups, but
also on meteorological conditions affecting the stomatal aperture based
on short-term physiological responses to factors such as solar radiation,
temperature and air humidity (Lin et al., 2015). Like particles in general,
deposition of particle bound PACs will be sensitive to other leaf traits
like leaf surface roughness, waxiness and hairiness (Corada et al., 2021).
It should also be noted that temperature will influence the extent to
which different PAC compounds exist in the gaseous phase or attached
to particles, and thus the extent to which they are subject to different
deposition mechanisms. In the study by Klingberg et al. (2022), M-PAHs
had higher leaf concentrations in relation to air concentrations than L-
PAHs and H-PAHs, which can potentially be explained by the fact that
M-PAHs can be subject both to the mechanisms associated with gaseous
and particle deposition.

The generally lower SLA of the evergreen conifers can likely explain
the fact that accumulation of L-PAHs continued over several years in this
plant group, while a loss from summer to autumn was observed for the
deciduous species. As explained by Barber et al. (2004), plant leaves
with otherwise similar permeability to PAC uptake will take longer to
reach equilibrium if SLA is low, i.e., the PAC sink, based on the per unit
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leaf area available mass, is larger. The pattern observed for deciduous
trees (Fig. 3) is in line with the framework for the interpretation of
measurements of e.g., PACs in plants by McLachlan (1999). For the more
volatile L-PAHs and DBTs, the temperature dependent equilibrium be-
tween plant and air seems to have been reached, which leads to loss of
these PAC categories during the warm summer. In the evergreen co-
nifers, having a larger sink, the equilibrium was not reached, which
allowed a continued accumulation of L-PAHs and DBTs over several
years. Viippola et al. (2016) observed higher levels of atmospheric L-
PAHs in forested compared to open peri-urban sites in southern Finland
during the summer, but the opposite in the autumn and winter. This
pattern can be explained by the re-volatilization from leaves and soil of
these compounds under the higher temperatures of the summer while
net deposition takes place in the colder seasons and conforms with our
observation of net loss of L-PAHs during the summer. In addition to re-
volatilization, there may be other mechanisms that reduce the concen-
tration of PACs in leaves and needles, such as destruction by photolysis
and degradation by metabolic processes if the PACs penetrate the cuticle
and reach the physiologically active plant tissues (Barber et al., 2004;
Wang et al., 2005; Wild et al., 2005). This means that the net accumu-
lation observed from leaf concentrations may represent an underesti-
mation of deposition or destruction of PACs associated with leaves.
These decomposition processes have not been well quantified under
ecologically realistic conditions. However, the continued accumulation
over several years in conifers shows that these processes are not very
fast. Otherwise, net accumulation would not occur (Barber et al., 2004).

10

Larix decidua is standing out as a strong PAC accumulator in most
respects, regarding both mass based and leaf area-based concentration
(Figs. 7 and 8). Especially for H-PAHs it was a very efficient accumulator
in comparison with all other species. Murakami et al. (2012) suggested
Ginkgo biloba, which like Larix decidua in our study is a deciduous
conifer, as a suitable species for PAH biomonitoring based on its higher
rate of PAH accumulation compared to four other species.

For the use of different tree species as biomonitors and/or for the
purpose of air pollution removal there are different aspects to consider.
Firstly, the total amount of PACs accumulated is important. For L-PAHs,
evergreen conifers were superior as accumulators both using mass based
and leaf-area based concentrations, while this was not the case for H-
PAHs. De Nicola et al. (2017) compared PAH uptake in deciduous
Quercus robur with that of the evergreen conifer Pinus pinaster in Galicia,
North-West Spain, and found that the two species accumulated about
equal total amounts of PAH, but with Quercus absorbing relatively more
particle-bound PAHs and Pinus taking up a larger fraction of volatile
PAHSs. In the present study we did not rinse the leaves and needles before
analysis. Rinsing and analysis of both the leaves after rinsing and the
content of PACs in the fraction rinsed off could be useful for the un-
derstanding of deposition mechanisms and to add further information in
biomonitoring. Further, in the analysis of the atmospheric content of
PACs, the study of particle size fractions and their content of the
different PAC categories, would be of interest to highlight sources and
deposition mechanisms.

A second consideration is the distribution of PAC uptake over the
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seasons (Barwise & Kumar, 2020). While the deciduous trees may have
relatively large uptake during several months in late spring and early
summer, they tended to lose L-PAHs and DBTs at higher temperatures,
which can be explained by equilibrium processes (see above). As already
mentioned, the evergreen conifers exhibited a net uptake of all PAC
categories studied over several years. Since air pollution is often worse
in the winter season in temperate regions, air pollution removal would
be of larger significance in evergreens (Barwise & Kumar, 2020). The
possibility to sample several needle-age classes offers opportunities for
biomonitoring to follow pollutant accumulation over a range of years, as
was pointed out by Kylin & Sjodin (2003) for DDT and hexa-
chlorocyclohexanes (HCH). Since many evergreen conifers retain their
needles 4-10 years, or in some species longer, it would be of great in-
terest to study the extent of PAC accumulation in needles older than C +
3.

One further aspect to consider is the suitability of different species to
grow and be cultivated in urban environments. Among broadleaved
trees, Betula was a strong accumulator of PACs. A limitation in using this
species as a city tree is that it is relatively sensitive to drought, which
often occurs in urban local climates (Hannus et al., 2021), except in cool
climates at high latitudes (Bengtsson, 2000). In addition, Betula trees
provide an ecosystem disservice, since it produces large amounts of
allergenic pollen (Grote et al., 2016). It has been suggested that Larix
species, a very strong accumulator of M-PAHs, H-PAHs and DBTs in our
study, is sensitive to the generally polluted atmosphere of the urban and
industrial environment (e.g., Bialobok & Fabijanowski, 1984; Sindelar,
1987), and is sensitive in the morphology and anatomical structure of
female generative organs to air pollution (Seta-Koselska et al., 2014).
Further investigation is required to understand how important these
limitations are for the air pollution removal efficiency of Larix in cities.
Pinus nigra, which is known to be robust with respect to the urban
climate (Stoecklein, 2001), was a strong accumulator of L-PAHs and M-
PAHs, relatively strong also for DBTs, but not for H-PAHs. With its
multiple needle age classes, it would be an example of a tree species of
interest both when it comes to biomonitoring and removal of local
pollution of volatile PACs. Our study shows the very strong variation
among tree species in the rate of accumulation of PACs, which has also
been seen by e.g., Wang et al. (2008), Murakami et al. (2012) and Dias
et al. (2016), although these studies covered a smaller number of spe-
cies. Szbg et al. (2012), reviewing extensive literature, similarly found
strong contrasts between different species when rating species with
respect to per unit leaf area particle deposition, with conifers quite
generally being strong accumulators. This variation should be taken into
consideration in urban planning where trees are selected for situations
with high local air pollution. In this choice one should be mindful of the
fact that different species are among the strongest accumulators of the
different PAC categories, although the pattern was similar between L-
PAHs and the so far little studied DBT pollutants. To assess the overall
effect of vegetation on urban air quality modelling is required, making
use of detailed empirical information like that of the present and other
studies. The eco-environmental processes (biological and chemical-
physical) involved are in many cases non-linear and will have to be
represented with respect to both temporal and spatial variation (Li and
Convertino, 2021). Important non-linearities in this context can be
exemplified by the complex pattern of concentration change over time,
which differed substantially between the PAC categories, and the non-
linear relationship between air pollution concentrations and distance
from local emission sources (Klingberg et al., 2017). Tools such as
convergent cross mapping and optimal information flow ecosystem
models (Li and Convertino, 2021) can be used to assess causal interac-
tion in complex systems. While the observed within-species variation in
leaf/needle PAC content during a given sampling occasion generally was
small in the present study, uncertainty analysis (Pianosi et al., 2016)
should be undertaken in any numerical environmental modelling,
making use of the kind of empirical data presented in this paper. This is
essential to understand how the variation in the output of such models
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can be attributed to variation in its input factors.

Finally, air pollution removal potential only represents one aspect to
consider in the choice of species for urban greening to provide ecosystem
services in the urban landscape. It is important to keep in mind that in
certain situations trees may limit air circulation to an extent which more
than offsets the beneficial effects on air pollution by deposition to leaves
and needles on a local scale.

5. Conclusions
The main conclusions of this investigation were:

o Leaf accumulation of the four PAC categories L-PAHs, M-PAHs, H-
PAHs and DBTs varied strongly among species, and between ever-
green conifers and deciduous trees, with a complex pattern.

SLA was an important trait for accumulation in leaves and needles of

L-PAHs.

Evergreen conifers generally accumulated larger amounts of L-PAHs,

M-PAHs and DBTs than broadleaved trees, both using leaf mass- and

leaf area-based concentrations units. For H-PAH accumulation rate,

evergreens were inferior to (using mass-based concentrations) or of
the same magnitude (using leaf-area based concentrations) as de-
ciduous species.

The accumulation in leaves and needles of DBTs, for which bio-

accumulation data for vegetation seems to be missing, was similar,

but not identical, to that of L-PAHs.

e The comparatively volatile L-PAHs and DBTs declined in concen-
tration from June to September in deciduous species but increased in
evergreens from one-year-old to three-year-old needles. This can be
explained by a combination of a larger sink in the conifers and the
temperature-sensitive equilibrium governing the relationship be-
tween leaf and air concentrations.
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