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• 84 sampling sites along the urban–rural
gradient in Shanghai were studied.

• PAH concentration in C. camphora
leaves decreased along the urban–rural
gradient.

• Trend of PAH concentration
corresponded to that of population
density.

• High PAH potential toxicity in sites re-
sulted from adjacent industrial districts.

• Urban-Suburban-rural junction areas
merit more ecological risk attention.
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Rapid urbanization and industrialization have precipitated the significant urban-rural gradient involving
various aspects of human-related activities especially in megacities. Anthropogenic activities are the
main source of polycyclic aromatic hydrocarbon (PAH) contamination, and the rising awareness concerning
PAH potential toxicity to human health promotes a further understanding of its spatial distribution pattern
in cities. Whether the distribution of PAH concentration and potential toxicity respond to the urban-rural
gradient still requires investigation. This study applied a grid sampling method to investigate PAH concen-
tration using Cinnamomum camphora leaves as bioindicators which were obtained from 84 sampling sites in
a megacity, Shanghai. The potential toxicity of PAHs in leaves was calculated by toxicity factor equivalent
method. Results revealed the patterns of PAH distribution in the city varied in concentration and potential
toxicity: the total concentration of PAHs in leaves decreased along the urban–rural gradient, while the
potential toxicity peaked at junction areas. The trend of PAH concentration along the distance from urban
center corresponded to that of population density. The spatial distribution of potential toxicity did not
correspond with the gradient but was influenced by high benzo(a)pyrene concentration originated from
iology, Shanghai Jiao Tong University, 800 Dongchuan Rd., Shanghai 200240, China.
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the industry districts nearby. Higher potential toxicity of PAHs was observed at the urban-suburban-rural
junction areas of megacities, advocating health-risk attention and appropriate plan for land use of these transition
areas in cities.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic
pollutants distributed ubiquitously in urban environment matrices
that have attracted major concern for their mutagenic and carcinogenic
properties (Froger et al., 2019; Zhang et al., 2019). In urban environ-
ments, people are exposed to PAHs through different ways such as
inhalation through air, digestion through water and vegetables grown
in soil (Kargar et al., 2017). Repeated contact with PAHs may cause
skin inflammation, kidney and liver damage, and even tumors and
cancer through cellular membrane function interference and damage
(Samburova et al., 2016; Saxena et al., 2014).

Due to the importance of ecological safety in cities, it is critical
to measure the accumulations of PAHs and to assess the potential
toxicity against human health. Plant leaves serve as appropriate PAHs
(especially in atmospheric environment) contamination bioaccumulators
and bioindicators. Foliar cuticular lipophilic substances and wax can
intercept PAHs mainly through atmospheric deposition (Desalme
et al., 2013; Tavera Busso et al., 2018; De Nicola et al., 2014). Hence,
the evaluation of the potential toxicity of PAHs in leaves can function
as an auxiliary assessment of the airborne PAHs risk. Moreover, the re-
lationship of lymphocytes DNA damage with leaf PAHs contaminations
has also been reported (Alabi et al., 2012). Therefore, the assessment
of the PAHs toxicity in leaves is necessary. Benzo(a)pyrene (BaP),
recognized as the greatest hazard congener among 16 priority PAHs,
is the most studied component of the PAHs family (Roy et al., 2019).
In order to express the toxicity of each PAHs with relation to BaP,
equivalents of BaP (BaPeq) have been used extensively in evaluating
potential toxicity associated with PAHs in urban environments and
are calculated by multiplying the toxic equivalency factors (TEFs)
of each PAH by their concentrations (Jakovljević et al., 2015; Zhang
et al., 2019).

The spatial distribution variations of urban space and human-related
activity cause some pollutants in various urban environment matrices
to exhibit certain distribution characteristics along the urban–rural
gradient, such as PM2.5, ozone, and several heavy metal ions in urban
soil (Li et al., 2019; Xiao et al., 2013; Zhao et al., 2019). PAHs are one
of the most common pollutants in urban environments (particularly in
the air), and their distribution in various environment matrices may
also be affected by urban gradients. Yu et al. (2018) have determined
the concentrations of PAHs on organic films on 35 glass surfaces in
Shanghai and noted that the concentrations of PAHs on organic films
decreased along the urban–rural gradient. Also, previous work has
reported that the PAHs values in the leaves of 28 samples of holly
in the southern Campania region of Italy were highest in urban
sites, followed by suburban sites, and were lowest in remote sites
(De Nicola et al., 2017).

The distribution of PAH potential toxicity is typically consistent
with that of PAH total concentration because of the significant posi-
tive correlation between them in city (Zhang et al., 2019). Therefore,
PAH potential toxicity in urban area is generally higher than that in
suburban and rural areas. However, some regions in suburban and
rural areas often have concentrated pollution sources (industry, traffic,
etc.), leading to high potential toxicity of PAHs in the soil, air, and other
environmentmatrices there (Yu et al., 2019). Studies have demonstrated
that the potential toxicity of PAHs bounded on particle matter is rela-
tively higher in urban industrial zones (Chen et al., 2019; Jakovljević
et al., 2015) hence the potential PAH toxicity of these urban areas cannot
be ignored.
Studies of the spatial distribution of PAHs in urban environmentma-
trices along urban–rural gradients have primarily focused on soil and
water. Few studies have been conducted on the spatial distribution of
PAHs in plant leaves or comprehensively have investigated the urban–
rural gradient, particularly in megacities. Shanghai, as a megacity and
Alpha+ city, was the study area. The distributions of concentration
and potential toxicity of PAHs in C. camphora leaves along an urban–
rural gradient in Shanghai were analyzed.

In particular, we tried to answer the following questions:

1. In a typical megacity such as Shanghai, what are the spatial distribu-
tions of the concentration and potential toxicity of PAHs in
C. camphora leaves?

2. Do the spatial distribution of concentration and potential toxicity
of PAHs in C. camphora leaves correspond with the urban–rural
gradient?

2. Materials and methods

2.1. Study area

We studied Shanghai, a megacity with high urbanization level and
significant urban–rural gradient. Shanghai is located at the eastern
edge of Eurasia bordering the Pacific Ocean with an average altitude of
about 4 m and a climate of subtropical monsoon. The city has an area
of 6340 km2 and a population of 24.18 million. The sample points
were deployed on the basis of an 80 km×100 kmgrid containing eighty
10 × 10 squares, with each square center as the sampling point. The grid
provided 74 sampling points (6 square centers were located outside
Shanghai) including Chongming Island, and 10 more were added in
the urban center in order to balance the point number among urban
center, suburban and rural areas, yielding a total of 84 sampling points
(Fig. 1).

Distance from the urban center was adopted to describe the urban–
rural gradient. Many studies on Shanghai's urban–rural gradients have
separated Shanghai into three regions according to urbanization level
(e.g. Tian et al., 2015; Wang et al., 2017; Yu et al., 2018). Generally,
areas inside Outer Ring Expressway (S20) are urban areas, those be-
tween the Outer Ring Expressway (S20) and Shanghai Ring Expressway
(G1503) are suburban areas, and those outside Shanghai Ring Express-
way (G1503) are rural areas. Besides, buffering analysis and an overlay
method were applied to divide 84 sites into different distance groups
(Fig. 1).

2.2. Sample collection

We studied C. camphora, a typical tree species in the Yangtze River
Delta and an evergreen broad-leaved tree species widely used in
urban forests and green spaces of Shanghai (Yang et al., 2017). Leaves
of C. camphora are rich in waxy substances and have been reported to
be capable of adsorbing PAHs in air, thus making them effective PAH
bioindicators (Tian et al., 2019; Yang et al., 2017). The sampling time
started from 3rd May (2018) and all the samplings were collected
within 3 days. During the sampling days, the average value of PM2.5

was 41 μg/cm3 and the average temperature was 22 °C. Three plots
were selected at each site, and samples were collected from three
mature and healthy C. camphora trees (10–20 years old) at each plot.
Pruning shears were used to remove 5 branches at 3–5 m above
the ground from 4 different directions (N, S, E, W) of each tree and



Table 1
TEFs of 16 PAHs.

TEF Rings PAH

1 5 Benzo[a]pyrene Dibenz[a,h]anthracene

0.1
4 Benz[a]anthracene
5 Benzo[b]fluoranthene Benzo[j + k]fluoranthene
6 Indeno[1,2,3-cd]pyrene

0.01
3 Anthracene
4 Chrysene
6 Benzo[g,h,i]perylene

0.001
2 Naphthalene
3 Acenaphthylene Acenaphthene Fluorene Phenanthrene
4 Fluoranthene Pyrene

Fig. 1. Study area and 84 sampling sites.
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approximately 100 pieces of leaves were carefully removed from the
branches and mixed into one sample, yielding 252 samples in total. All
samples were placed into polyethylene bags and transported to the
lab, where all samples were shattered and stored at −18 °C prior to
analysis. It should be noted that no samples were rinsed with water.

2.3. PAH extraction, purification, and analysis

The 16 priority PAHs listed by US Environmental Protection Agency
(2014) were detected and measured as in Tian et al. (2019), and the
process was divided into three steps: extraction, purification and
enrichment, and quantification.

We used supercritical fluid extraction technology (Spe-ed SPE-
15000, USA) for extraction, where three to four extractions were set
for each sample and each extraction contained 5-g leaf samples. The
extraction comprised two stages. The first was a 15-min static extrac-
tion with a pressure of 350 atm and an oven temperature of 180 °C.
The second was a 30-min dynamic extraction, where the temperature
was reduced to 110 °C. The silica–alumina columns (CNWBOND
800 mg silica/1200 mg Alumina SPE Cartridge, 2 g, 6 mL) were used to
purify the extracted samples through solid-phase extraction. The PAH
elution was finally concentrated to 0.5 mL, which will be analyzed
through gas chromatography–mass spectrometry (GC/MS, Agilent
7890 A/5977 A) with parameter set as conducted in previous work
(Fellet et al., 2016). Briefly, the oven temperature program started at
55 °C then was shifted to 200 °C at 25 °C/min, to 320 °C at 10 °C/min
and to 325 °C at 25 °C/min, with a final isothermal stage lasting for
10 min. We took the average concentration of the 3 plots as the PAH
concentration of each site.

2.4. Quality control and quality assurance

Quality assurance and quality control were conducted with one
spike blank and one procedural blank for every 7 samples. Based on
each PAH, the detection limit for the analytical procedure ranged from
0.005 to 0.022 ng/g. The target compounds were below the limit of de-
tection in the procedural blank. The average recovery of the 16 PAHs
ranged from 82% to 120% and PAH concentrations were corrected by
the recovery percentages. The relative standard deviations of the dupli-
cate samples were below 20%.



Fig. 2. Spatial distributions of Σ16PAHs and BaPeq in C. camphora leaves in Shanghai. (a) Σ16PAHs; (b) BaPeq.
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2.5. Methods for potential toxicity assessment

Potential toxicities of 16 PAHs in C. camphora leaves were quantified
with BaPeq, on the basis of TEFs. BaPeq of the total concentration was
measured as follows:

BaPeq ¼
Xn

i¼1

MECi � TEFi ð1Þ

where MECi (ng/g) represented the concentration of PAHs in leaves of
C. camphora and TEFi represented the toxic equivalency factor. The
TEFs were adopted from research by De Nicola et al. (2014) and are
listed in Table 1.

2.6. Statistical analysis

To quantify the intensity of anthropogenic activities, local popula-
tion density (PD) was calculated by dividing the number of people re-
siding in registered households by the area of sub administrative units
of the 84 sites; these values were obtained by consulting statistical
data (2018) of the almanac and its official statistical network of each
district. The population density of the 84 sample points included
Shanghai's 13 administrative districts and 65 sub administrative units
in total.

Pearson correlation for calculating correlations between PAHs data
and the parameterswas applied using SPSS24.0 (IBM, USA). Themoving
values (Fig. 4) were obtained through a smoothingmethod in Origin 9.1
Fig. 3. Σ16PAHs and BaPeq in C. camphora leaves along the distan
(OriginLab, USA). The distribution of total PAH concentrations andBaPeq
in Shanghai (Fig. 2) was visualized using the interpolation of the inverse
distance weight method in ArcMap 10.2 (ESRI, USA).

3. Results and discussion

3.1. Distribution patterns of PAH concentration and potential toxicity

The concentrations of PAHs in the C. camphora leaves were shown in
PAHs concentration data.xlsx. The total concentrations of 16 PAHs
(Σ16PAHs) ranged from 188.1 to 6997 ng/g, with an average value of
3014 ng/g. The average Σ16PAHs at urban, suburban, and rural areas,
were 4670.7, 3365.1, 2338.9 ng/g, respectively. BaPeq of Σ16PAHs in
C. camphora leaves ranged from 3.9 to 3134.7 ng/g, with an average
value of 159.9 ng/g. The averages of BaPeq (ng/g) were: urban, 131.2;
suburban, 164.5; rural, 164.8. Σ16PAHs showed a clearly decrease
along the urban-suburban-rural transect (Fig. 2a) whereas BaPeq only
reached high levels in some suburban and rural areas (Fig. 2b).
Σ16PAHs decreased linearly (p b .001) along the distance from urban
center (Fig. 3), which indicated that Σ16PAHs in C. camphora leaves
responded to the urban–rural gradient. No significant correlation be-
tween BaPeq and distance from urban center was found.

Although the Pearson correlation analysis indicated a strong positive
correlation (0.402, p b .001) between BaPeq and Σ16PAHs, the distribu-
tion patterns of them varied significantly along the urban-rural
gradient. The potential toxicities at some sites in suburban and rural
areas were actually higher than those in urban areas which had higher
ce from urban center. (a) Σ16PAHs; (b) BaPeq. ***: p b .001.



Fig. 6.Mean values of population density, Σ16PAHs and BaPeq in C. camphora leaves along
the urban–rural gradient of Shanghai.

Fig. 4. Mean values of BaPeq and BaP concentrations in C. camphora leaves along the
urban–rural gradient of Shanghai.
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concentrations. We attributed the seemingly conflicting results to dif-
ferent spatial distribution of BaP and other PAHs obtained in our study
(see PAHs concentration data.xlsx) and their quite different contribu-
tion to BaPeq. The relationship between the BaP concentrations and
BaPeq will be discussed below.

3.2. BaP concentration and BaPeq

Fig. 4 shows that BaPeqwasmainly determined by the concentration
of BaP due to its 10–1000 fold higher TEF (TEF = 1) than other PAHs
(TEF = 0.001–0.1, Table 1). Except for the 5-km distance between the
two groups, their values and changing trends nearly coincided (Fig. 4),
which indicated that the spatial distribution of the potential toxicity of
PAHs in C. camphora leaves did not respond to the urban–rural gradient
but were mainly affected by the measured concentrations of BaP. BaP
mainly originates from industry and traffic sources (combustion of
coal, diesel, and gasoline) (Bieser et al., 2012; Hanedar et al., 2014;
Jakovljević et al., 2015). Therefore, we should focus on the vicinities of
industrial areas and high-density roads which may bare higher poten-
tial toxicity.

3.3. Relationship of Σ16PAHs and BaPeq with population density along the
urban-rural gradient

Both Σ16PAHs and BaPeq had a strong positive correlation with local
population density (Fig. 5), with the Pearson r of 0.895 and 0.881, and
therefore strongly indicates anthropogenic PAHs source such as
cooking, heating, smoking and vehicle emissions as principle PAHs
sources. The regression equation (Fig. 5a) was consistent with that in
Fig. 5. Correlation between Σ16PAHs and BaPeq with local pop
the study conducted by Sharma et al. (2018), in which the regression
slope of the log-transformed population versus the air concentration
of ΣPAHswas 0.609. Slopes approaching 0.5 suggested that a 10-fold in-
crease in population might lead to a 10% increase in PAH concentration,
which was also consistent with two other studies (Hafner et al., 2005;
Wang et al., 2010). In addition, the similar trend of population density
versus PAH concentration in leaves of C. camphora and in airmay further
support the validity of the C. camphora as a bioindicator of PAHs in
atmospheric environment.

Fig. 6 visualizes the spatial variance of Σ16PAHs, BaPeq and local pop-
ulation density along the distance. The trend curves of Σ16PAHs and
local population density along the distance coincide and thus further
supports Σ16PAHs was mainly influenced by the level of population-
related PAHs emissions (Fig. 6). Both Σ16PAHs and local population
density decreased rapidly at sites b20 km from the city center and
showed less sharp decrease at sites exceeding 20 km. Therefore, we
attributed the distribution of Σ16PAHs along the urban-rural gradient
to the intensity of the population-related source.

3.4. PAH diagnostic ratios

PAH diagnostic ratios have been widely applied in biomonitoring
studies to identify pollution source of PAHs, such as fluoranthene/
(fluoranthene + pyrene) [Fla/(Fla + Pyr)], indeno[1,2,3-c,d]pyrene/
(indeno[1,2,3-c,d]pyrene + benzo[g,h,i]perylene) [InP/(InP + B[ghi]
P)] (De Nicola et al., 2014; Tobiszewski and Namiesnik, 2012).
Values for [Fla/(Fla + Pyr)] below 0.4 and for InP/(InP + B[ghi]P)
below 0.20 indicate petroleum input; values for Fla./(Fla + Pyr) from
0.40 to 0.50 and InP/(InP + B[ghi]P) from 0.20 to 0.50 are indicative
of liquid fuel oil combustion; and those for Fla./(Fla + Pyr) and InP/
ulation density (PD.). (a) Σ16PAHs; (b) BaPeq. *: p b .05.



Table 2
Diagnostic ratios for PAHs in bioindicators in different studies.

Reference Location Bioindicator Min–max(Median)

Fla/(Fla + Pyr) InP/(InP + B[ghi]P)

Our study Shanghai Cinnamomum camphora 0.13–0.99(0.86) 0.01–0.66(0.12)
De Nicola et al., 2014 Urban area in Naples, Italy Quercus ilex 0.32–0.60(0.45) n.c.–1.00(0.39)
De Nicola et al., 2014 Remote area in Naples, Italy Quercus ilex 0.48–1.00(0.62) 0.26–1(0.59)
Kargar et al., 2017 Aliaga industrial district of Izmir Pine 0.65–0.95(n.c.) 0.1–0.5(n.c.)
Rotaru et al., 2017 Urban areas in Romania Moss 0.35–0.75(0.55) n.c.

n.c.: not calculable.
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(InP + B[ghi]P) N 0.50 suggest coal, grass or solid fuel combustion
(Kargar et al., 2017; Fasani et al., 2016).

PAH diagnostic ratios for Fla./(Fla + Pyr) and InP/(InP + B[ghi]P)
were calculated and compared with other literature (Table 2). In
our study, 92% Fla./(Fla + Pyr) values were above 0.5, whereas 64%
InP/(InP + B[ghi]P) values were below 0.2 and 30% ranged from 0.2 to
0.5. The ratios were indicative of mixed petroleum and fuel combustion
sources which is consistent with previous work of De Nicola et al.
(2011). While the diagnostic ratios are proved to be effective in studies
of other environmental matrices, its effect in bioindicator studies need
further investigation. The diagnostic ratios can provide good indication
when the sources are limited, but it can be difficult in areas like mega-
cities where the sources of airborne PAHs are complex (De Nicola
et al., 2014). In addition, degradation, uptake mechanism and photore-
action that occur on bioindicators can modify the PAHs concentration
patterns, thus changing the ratios (De Nicola et al., 2014; Tobiszewski
and Namiesnik, 2012).

3.5. Distribution of potential toxicity along the urban-rural gradient

3.5.1. High BaPeq level sites were adjacent to industrial districts
As alluded to earlier, the potential toxicity of PAHs demonstrated no

obvious urban–rural pattern along the distance but showed high level
in some sites. Pearson correlation analysis showed that correlation
between the potential toxicity and local population density was not
significant. Surprisingly, we found that most sites which reached high
BaPeq level of N200 ng/g were adjacent to the large industrial districts
of Shanghai. Locations of these sites and adjacent industrial districts
were summarized in Table S1 and Fig. 1b. The concentration of BaP
accounts for over 85% of BaPeq in most sites, except for site “+2”
where the high BaPeq level may result from the highest population
density of all sites (39,393 people per km2, Table 2). Hence, the distribu-
tion pattern of the potential toxicity was mainly determined by the
industrial districts that generated high level of BaP.

3.5.2. Junction areas had higher potential toxicity
In Fig. 6, peaks of potential toxicity were found at sites of 15–20 km

and 45–50 km from city center, which are also the range of Outer
Ring Expressway (S20) and Shanghai Ring Expressway (G1503).
Expressway development is a crucial feature of urban expansion in
China and is often the basis for separating urban, suburban, and
rural areas (Wang et al., 2019b) and areas around the expressway
make up the junction areas. With the process of urban sprawl, junction
areas have become ideal site of the industrial districts for low land
rent and convenient transportation of expressways and thus lead to
higher PAHs contamination. Peng et al. (2016) observed two PAHs
peak levels in soil, Beijing, at the distances of 13 km (The 5th Ring
Road) and 26 km (The 6th Ring Road) and attributed it to concentrated
industrial plants in the junction areas. In addition, heavy traffic on the
expressways may also lead to higher toxicity level of PAHs in the
junction areas.

Urban–rural integration involves the transition zones. Compared
with the centers of urban, suburban, and rural areas, which mainly
have commercial, residential, cultural, and educational uses, transition
zones primarily involve industrial activity, transportation, and agricul-
tural production (Charlesworth et al., 2011). However, recent
industrialization and subsequent urban development have caused neg-
ative influences on the environment in junction areas (Lopez-Goyburu
and Garcia-Montero, 2018). Distribution of the sites with high BaPeq in
C. camphora leaves in our study also supported this fact. Except for
PAH, other pollutants, e.g. potentially toxic elements, also exhibited in-
creasing levels (Keshavarzi et al., 2019). Besides, junction areas often
serve as a base of food for urban areas, a region for water purification
and conservation, and a source of urban living and productionmaterials
(Kroll et al., 2012). Therefore, the potential toxicity of pollutants in the
junction areas, particularly in megacities, merits more attention. This
paper may help land managers find an appropriate strategy for land
use in response to urbanization in order to enhance environmental
security in junction areas.

4. Conclusions

Total concentrations of 16 PAHs in Shanghai significantly
corresponded to the urban–rural gradient and decreased as the distance
from the city center increased. The trend curves of concentration and
local population density along the distance coincided, suggesting that
the variation in PAH levels was mainly determined by the intensity of
human activity. Besides, the similar relationship of population density
versus PAH concentration in leaves of C. camphora and in airmay further
support the validity of the C. camphora as a bioindicator of airborne
PAHs. By contrast, the spatial distribution of the potential toxicity of
PAHs in C. camphora leaves in Shanghai did not correspond with the
urban–rural gradient but were mainly affected by the high emissions
of BaP by industrial districts nearby. Numerous industrial areas are
often concentrated in urban-rural junction areas, resulting in higher
potential toxicity of PAHs. Therefore, these junction areas in megacity
deserve more attentions and urban planning should be optimized to
implement appropriate land use to ensure environmental security in
these areas.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139328.
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