
Vol:.(1234567890)

Archives of Environmental Contamination and Toxicology (2020) 78:646–657
https://doi.org/10.1007/s00244-020-00722-1

1 3

Biomonitoring and Source Identification of Polycyclic Aromatic 
Hydrocarbons (PAHs) Using Pine Tree Components from Three 
Different Sites in Bursa, Turkey

Mehmet Ferhat Sari1 · Fatma Esen1 · Yücel Tasdemir1

Received: 21 February 2019 / Accepted: 17 February 2020 / Published online: 28 February 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Pine trees are used as biomonitoring agents to evaluate atmospheric polycyclic aromatic hydrocarbons (PAHs). Due to 
industrialization, urban construction, and rapid population growth, the city of Bursa is experiencing air pollution. In this 
study, PAHs were measured in pine tree branches and needles at a wastewater treatment plant site, an industrial site, and 
semirural site in Bursa for 12 months. The concentrations fluctuated depending on the characteristics of the areas. The lowest 
concentration value was measured in the semirural site while the highest value was determined in the wastewater treatment 
plant site. The PAH concentrations in pine needles ranged from 24 to 2565 ng/g dry weight (DW) and in pine branches from 
163 to 2871 ng/g DW for 16 PAHs. Naphthalene, phenanthrene, fluorene, and fluoranthene were determined as dominant 
species in both tree components. Diagnostic ratios, ring profile, principal component analysis, the coefficient of divergence, 
and the Pearson correlation coefficient methods were used in the definition of sources of PAHs in the sampling sites, although 
all source identification methods have advantages and disadvantages. According to the results, the PAHs mainly originated 
from biomass and coal burning, traffic, and mixed sources. It also was concluded that three sampling sites showed higher 
PAH concentrations during winter, and the main PAH sources were similar.

The increase of motor vehicles, industrial establishments, 
and urbanization significantly disrupts the quality of ambient 
air in urban areas where the population is high (Taghvaee 
et al. 2018). Polycyclic aromatic hydrocarbons (PAHs) are 
mainly given from the incomplete combustion of fossil fuels, 
from oil spills, and from industrial processes to the atmos-
phere and cause it to spread to the atmosphere (Ozaki et al. 
2015). Among the important PAH sources in wastewater 
treatment plants to be treated are wastewater, pipe and tank 
coatings, running water, air, and wastewater from human 
activities (Torretta 2012). Also, biodegradation, volatiliza-
tion, and adsorption are considered among the methods used 
to remove PAHs from wastewater treatment plants (Liu et al. 

2011). The air-water exchange of PAHs is an important pro-
cess that determines the transport and fate of these pollutants 
between the atmosphere and large water bodies (Fang et al. 
2012). PAHs are usually released during the combustion of 
organic matter. Intensive industries, such as iron and steel, 
cement, and energy production are listed as key industries 
for controlling atmospheric PAHs (Li et al. 2013). In the 
study conducted by Nguyen et al. (2018) in South Korea, 
PAH sources are mainly produced in semiurban regions due 
to petrochemical and nonferrous activities, aluminum pro-
duction, and other processes (Nguyen et al. 2018).

The amount of PAH accumulated in plants depends on 
different factors, such as external pollution level, exposure 
time, and morphological and physiological characteristics 
of the species studied (Malawska et al. 2006; Oishi 2013; 
Mętrak et al. 2016). Conifers, having many types, are com-
monly found in the environment. Several studies have shown 
that the leaves of conifers were good and reliable indicators 
for organic and inorganic air pollutants (Piccardo et al. 2005; 
Mętrak et al. 2016). Pollutants in the gaseous phase can pen-
etrate directly from the pores into the interior of the leaves or 
they can spread through the candle on the cuticle (Howsam 
et al. 2000; Lehndorff and Schwark 2004). PAHs absorbed 
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by the leaves do not reach equilibrium and show back diffu-
sion or degradation (Lehndorff and Schwark 2004). Some of 
the PAHs that accumulate on the leaves and are connected to 
the particles are separated from the surface of the leaves by 
wind and rainfall, but a large part of them enters the candle 
cover (Lehndorff and Schwark 2004).

The most important anthropogenic sources of PAHs are 
the incomplete combustion of hydrocarbons, such as coal, 
oil, wood, and petroleum products (Dat and Chang 2017). 
The identification of emission sources of total PAH concen-
trations in ambient air is usually performed using diagnostic 
ratios (DRs) or receptor models (Agudelo-Castañeda and 
Teixeira 2014). Different DRs are used for the determination 
of PAH emissions as a result of the sources of petrogenic, 
pyrolytic, and combustion of biomass and coal (Duodu et al. 
2017). Specifically, the general principle of establishing a 
DR is to determine a homologous group in terms of molecu-
lar weight or aromatic ring number distributions and to mini-
mize the differences between the boiling point, vapor pres-
sure, octanol-water partition coefficient, and water solubility 
of the PAHs within the designated homolog group (Cheng 
et al. 2019). Statistical tools, such as principal component 
analysis (PCA), also are used to identify PAH sources. PCA 
is a statistical analysis method that converts a few impor-
tant explanatory factors or key principal components (PCs) 
that emphasize the most important information of a data set 
(Nguyen et al. 2018).

Pine tree branch and needle samples were collected 
between January and December 2016 from different regions, 
including a semirural site, an industrial site, and a wastewa-
ter treatment plant for analyzing PAHs. The purpose of this 
study was (1) to determine the levels of PAH compounds in 
tree components, (2) to show the temporal changes of PAH 
concentrations, and (3) to identify the sources of PAHs by 
introducing multiple methods.

Material and Methods

Sampling

The pine tree branch and needle samples from three different 
sites were collected monthly between January and December 
2016 in Bursa. Samples were collected from a semirural site 
(SRS; 40°19′49.60″N–28°53′50.80″E), an industrial site (IS; 
40°25′24.30″N–29°16′12.67″E), and a wastewater treatment 
plant site (WWTPS; 40°13′50.10″N–29°4′58.25″E) (Fig. 1). 
To represent the whole tree, the samples were taken homo-
geneously from different points of the tree. To avoid any 
contamination of the samples during transportation to the 
laboratory, they were packaged in aluminum foil and put in 
the sealed bags without contact with air and kept in – 20 °C 
freezer until they were prepared for analysis.

Sample Preparation and Analysis

Approximately 5 g of each of the pine tree branch and 
needle samples were weighed and cut into small pieces 
and then taken into amber bottles separately. After adding 
50 mL of Petroleum Ether: Dichloromethane (PE:DCM) 
(1:1) solution on each of the samples, 1 mL of the sur-
rogate standard was added to determine the recovery 
efficiencies. Bottles, including samples, were placed on 
the shaker for 24 h (Esen et al. 2006; Tasdemir and Esen 
2007). After the shaker, the amber bottles containing the 
sample solutions were placed into an ultrasonic extrac-
tion device (Elmasonic S80 (H), Germany). The extraction 
was performed in two steps: the sample was first extracted 
for 15 min and drained to another flask, and then 40 mL 
of Acetone:Hexane (ACE:HEX) (1:1 v:v) mixture was 
added to the sample and extracted for another 30 min in 
the ultrasonic extraction. The rotary evaporator (Laborota 
4001 Model, Heidolph, Germany) was used to reduce 
the volume of the solution. The volume of the mixture 
was reduced to 5 mL in a rotary evaporator operating at 
30 rpm and 22 °C. Then, 15 mL of HEX was added and 
reduced to 2 mL. In this step, the solvent was exchanged 
to HEX. The 2-mL sample was fractionated by using 3 g 
of silicic acid (3% pure water), 2 g of alumina (6% pure 
water), and 2 g of sodium sulfate  (Na2SO4) (Günindi and 
Tasdemir 2010; Kuzu 2016). The column was first purged 
with 20 mL of DCM followed by 20 mL of PE. Then, 
2 mL of the sample was passed through the column, and 
20 mL of PE was passed to collect the PCBs. After that, 

Fig. 1  Sampling sites
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20 mL DCM was passed, and PAHs were collected in a 
different flask placed under the column (Vardar et al. 2004; 
Tasdemir and Esen 2007). The volume of collected PAH 
solutions was reduced to 5 mL with the aid of a rotary 
evaporator, and 10 mL of HEX was added to ensure the 
solvent exchange. The sample was finally reduced to 1 mL 
and vialed. Sample vials were kept in the freezer at −20 °C 
until gas chromatograph (GC) readings.

The analysis of PAHs was performed by Agilent 
7890A model GC with an Agilent 5975C model mass 
spectrophotometer (MS). A capillary column (HP 5-MS, 
30 m × 250 µm × 0.25 µm) was used in the GC-MS. The oven 
temperature program was 50 °C (2 min), with increases of 
25 °C/min up to 200 °C, followed by 3 °C/min up to 300 °C 
(5.5 min), then 5 °C/min up to 310 °C (3 min). The injector 
inlet temperature was 250 °C, and the detector temperature 
was 320 °C. Retention times and intended ion peak values 
were taken into account for the determination of PAH com-
pounds. In this study, 16 PAH compounds were targeted: 
Naphthalene (NAP), Acenaphthylene (ACE), Acenaphthene 
(ACT), Fluorene (FLN), Phenanthrene (PHE), Anthra-
cene (ANT), Fluoranthene (FL), Pyrene (PY), benz(a)
anthracene (BaA), Chrysene (CHR), Benzo(b)flouran-
thene (BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene 
(BaP), Indeno(1,2,3-cd)pyren (IcdP), Dibenz[a,h]anthra-
cene (DahA), and Benzo(g,h,i)perylene (BghiP). Specific 
ions used in the quantitative analysis of PAHs by GC-MS 
for each PAH compound are presented in Table S1 (Sup-
plementary material).

Software Package

In this study, the Pearson correlation coefficients (PCCs) 
were calculated with the Statistical Package for the Social 
 Sciences® (SPSS) version 23.0. The coefficient of diver-
gences (CODs) was also achieved with the Microsoft  Excel® 
(2016), and all figures were constructed with the  SigmaPlot® 
version 13.0.

Quality Assurance/Quality Control (QA/QC)

The GC-MS was calibrated before determining the mass val-
ues in the samples. Six levels of calibration standards (0.04, 
0.4, 1.0, 4.0, 6.0, 10.0 µg/mL) were used for this purpose. 
For all calibration levels, the r2 values were calculated to be 
greater than 0.99. In addition, a medium level calibration 
standard (1.0 or 4.0 µg/mL) was read in every 100 samples, 
and the calibration requirement of GC-MS was determined. 
Targeted PAH compounds were checked for their reten-
tion times and mass readings. When any PAH compound 
showed approximately 10% fluctuation, a new calibration 
was achieved. Samples with recovery efficiencies between 
40 and 120% were taken into account in the calculations. 

For the determination of the analytical recovery efficiencies 
of the samples, a standard of surrogate consisting of naph-
thalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-
d12, and perylene-d12 at a concentration of 4 µg/mL was 
added to the samples before extraction.

To eliminate the effects of possible contamination on the 
reported values, the blank correction was applied by sub-
tracting the mean of the blank values for each PAH com-
pound from the values obtained from the samples (Cindoruk 
et al. 2005; Esen et al. 2008). In addition, the limit of detec-
tion (LOD) values obtained by using the blank samples were 
taken into account in the calculations. LOD values were cal-
culated for each measured compound as an average mass in 
blank plus three times the standard deviation (average + 3 
SD). Measured sample values smaller than LOD were not 
included in the calculations (Tasdemir and Esen 2007; 
Ozcan and Aydin 2009).

Results and Discussion

PAH Concentrations in the Pine Branches and Pine 
Needles

In this study, pine branches and needles from the regions rep-
resenting different environments [semi-rural (SRS), indus-
trial (IS), and wastewater treatment plant (WWTPS)] were 
sampled in a 1-year period (January–December 2016) and 
analyzed for a total of 16 PAHs (∑16PAHs). Sample concen-
trations measured in this study were reported on the basis 
of dry weight (DW). The PAH concentrations measured in 
the branches and needles were 531 ± 281 and 369 ± 256 ng/g 
DW, 995 ± 643 and 414 ± 265 ng/g DW, 1351 ± 864 and 
1047 ± 652 ng/g DW for the SRS, IS, and WWTPS sampling 

Fig. 2  PAH concentrations in pine needles and pine branches during 
the sampling period
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sites, respectively (Fig. 2). The lowest PAH levels in needles 
(24–761 ng/g DW) and branches (163–981 ng/g DW) were 
found in the semi-rural site because this region was rela-
tively remote to the local PAH sources. PAH levels in pine 
needles (120–1018 ng/g DW) and branches (382–2178 ng/g 
DW) in the industrial zone were higher than in the rural 
areas. The wastewater treatment plant site had higher PAH 
levels in pine needles (142–2565 ng/g DW) and branches 
(139–2871 ng/g DW) than other sampling sites. In similar 
studies, PAH concentrations in pine needles were deter-
mined as 88.8–692 ng/g DW in background regions and 
654–12,161 ng/g DW in industrial zones (Ozgunerge Falay 
et al. 2013). The values found in this study were in line 
with the results reported from the similar regions (Lehndorff 
and Schwark 2004; Piccardo et al. 2005; Ratola et al. 2009; 
Tomashuk et al. 2012; Ozgunerge Falay et al. 2013; Odabasi 
et al. 2015) (Table 1). The sampling point in the wastewater 
treatment plant was from a pine tree near the lagoons, where 
the treated sludge was stored. PAH concentrations have been 
found at the highest level since sewage sludges concentrate 
semivolatile organic compounds, such as PAH (Salihoglu 
et al. 2012; Wołejko et al. 2018). PAH levels in the SRS were 
higher than rural areas. An important reason for this situa-
tion could be the burning of agricultural product residues in 
the SRS. In a study by Agarwal et al. (2009), it was stated 

that open burning of agricultural products in rural areas 
resulted in incomplete combustion and consequently low 
molecular weight PAHs. In addition, diesel fuels, which are 
commonly used in various agricultural applications, cause 
PAH concentrations in these regions (Agarwal et al. 2009).

NAP was determined as the most dominant PAH com-
pound (26–56%) in pine branch samples at three sampling 
sites. NAP was followed by PHE (13–20%), FL (9–24%), 
FLN (6–14%), and PY (5–10%), respectively (Fig.  3). 
Moreover, the most dominant type of PAH in the pine nee-
dles was NAP (35–52%) followed by PHE (8–19%), FLN 
(6–15%), FL (7–12%), and CHR (4–8%) (Fig. 3). Similarly, 
PHE, FLN, PY, and CHR were the dominating compounds 
in the needle and branch samples in the Iskenderun sampling 
site (industrial) in Turkey (Ozgunerge Falay et al. 2013). 
Moreover, PHE, FL, and PY were found to be among the 
predominant PAHs in pine needles in studies reported from 
Germany (Lehndorff and Schwark 2004) and Italy (Piccardo 
et al. 2005). The predominant PAH compounds were found 
to be the same as the predominant PAH species detected in 
the ambient air measurement studies conducted in Bursa 
(Esen et al. 2008; Birgul and Tasdemir 2015).

The atmospheric degradation of the PAHs in the gase-
ous only proceeds through their reactions with OH radicals 
(Bedjanian and Nguyen 2010). Due to their semivolatile 

Table 1  PAH concentrations in pine needles and pine branches

Concentration 
(ng/g DW)

Tree component Characteristic Place Date/Period References

135 Pine needle Rural Lencisa, Italy 1997 Piccardo et al. (2005)
101 Pine needle Traffic
50 Pine needle Remote
153 Pine needle Urban Germany 2002 Lehndorff and Schwark (2004)
1773 Pine needle Rural Spain 2007 Ratola et al. (2009)
790 Pine needle Urban
4187 Pine needle Urban USA 2009–2010 Tomashuk et al. (2012)
89–692 Pine needle Background Turkey 2010–2011 Ozgunerge Falay et al. (2013)
654–12,161 Pine needle Industrial
147 ± 108 Pine branch Industrial
358 ± 101 Pine needle (1-year old) Background Turkey 2011 Odabasi et al. (2015)
1016 ± 684 Pine needle (1-year old) Industrial
509 ± 188 Pine needle (2-year old) Background
2157 ± 2098 Pine needle (2-year old) Industrial
56 ± 40 Pine branch Background
204 ± 193 Pine branch Industrial
531 ± 281 Pine branch Semi-Rural Turkey 2016 This study
995 ± 643 Pine branch Industrial
1351 ± 864 Pine branch Wastewater treatment
369 ± 256 Pine needle Semi-Rural
414 ± 265 Pine needle Industrial
1047 ± 652 Pine needle Wastewater treatment
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properties, the air-plant exchange is directly or indirectly 
related to their decomposition by reacting with OH radi-
cals. For this reason, the atmospheric long-range transport 
of PAHs is less stable than other persistent organic pollut-
ants (POPs) (Cao et al. 2018). For example, ACE and NAP 
compounds consist of two fused aromatic rings, but ACE has 
a higher reaction rate than NAP. Similarly, ACT is shown to 
be more reactive than ACE (Tasdemir and Esen 2007; Keyte 
et al. 2013). It is indicated that the reactivity of ANT towards 
OH is much faster than that of other 3-ring PAHs, such as 
PHE and FLN. ANT, PHE, and FLN have essentially the 
same 3-ring structure, only differing by the relative position 
of their aromatic rings (Keyte et al. 2013). However, ANT 
appears to be more reactive as shown in Fig. 3.

Determination of Regional and Temporal 
Differences

The coefficient of divergence (COD) method is used to deter-
mine the similarities or differences between the PAH concen-
trations measured in two sampling sites (Bano et al. 2018; 

Shen et al. 2019). Another method used to determine the rela-
tionship between two sampling sites is the Pearson correlation 
coefficient (PCC). Usually, COD is used to reflect the degree 
of variability or similarity of the PAH compounds measured 
simultaneously in paired sampling sites on a specific day, yet 
the PCC is used to evaluate the temporal variability of meas-
ured PAH compounds (Liu et al. 2017). Basically, the COD 
and PCC were calculated with the following equations:

where p is the number of individual PAH congeners, j and k 
refer to different sampling areas, i is the average concentra-
tion of ith PAH congeners, and x̄ is the average PAH con-
centration at sampling areas (Liu et al. 2017; Bano et al. 
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Fig. 3  PAH distribution pro-
files of pine needles and pine 
branches in the sites
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2018; Chuang et al. 2019; Shen et al. 2019). The PCC and 
COD values calculated using individual PAH concentra-
tions are used separately or together to understand spatial 
and temporal changes in pollutant concentrations (Yadav and 
Turner 2014). If the COD value is above 0.2, there are dif-
ferences between the sampling sites. Similarly, higher PCC 
(> 0.7) and lower COD (< 0.2) indicate that not only pollut-
ant sources of two regions are the same, but also they have 
temporarily similar sources (Liu et al. 2017). In this study, 
COD and PCC results obtained for needles and branches in 
the sampling areas are shown in Fig. 4.

When the COD values calculated in the winter season 
were examined, the branch and needle samples belonging 
to the sampling sites of SRS and IS were smaller than 0.2. 
These values meant that the pollutant sources in the SRS 
and IS sampling areas were similar in winter. Because the 
SRS sampling site referred to a semirural area, there were 
some agricultural activities in this region. Accordingly, 
there were emissions from the tractor and heavy vehicles. 
Similarly, the IS sampling site was close to dense traffic. 
Probably, the PAH sources due to motor vehicle emissions 
in these two regions showed similarities in the possible 
sources. In addition, the PCC values calculated in the 
winter season indicated a temporal similarity in the sam-
pling media except for the SRS and WWTPS branch and 
the SRS and IS needle samples. In the spring and autumn 
seasons, the PCC values calculated for all sampling media 
were higher than 0.7, indicating that there was no temporal 
difference between sampling media in these seasons. In the 
summer season, the COD (> 0.2) and PCC (< 0.7) values 
calculated in the SRS-WWTPS and the SRS-IS branch 
samples showed differences in both temporal variations 
and pollutant sources. The COD and PCC methods can be 
employed only to determine whether the sources are simi-
lar and to determine whether they change temporarily or 
not. Therefore, methods, such as diagnostic ratios (DRs), 
ring profile, and principal component analysis (PCA), were 

employed in this study to determine possible PAH sources 
in a more definite manner.

Source Identification of PAHs

Diagnostic Ratios of PAHs

The distribution of PAH compounds may vary depending on 
emission sources (Dat and Chang 2017). In many studies, 
the molecular diagnostic ratios (DRs) are used to determine 
the sources of PAHs, including domestic sources, mobile 
sources, industrial, and agricultural sources. However, each 
of the diagnostic approaches has its limitations and uncer-
tainties. Different diagnostic rates are used to differentiate 
PAHs that are formed by the petrogenic (volatilization from 
liquid fuels) and pyrolytic (combustion of fuels) sources 
(Duodu et al. 2017). For example, ANT is more unstable 
than PHE. ANT/(ANT + PHE) ratio is generally used to 
determine the sources of oil and combustion. It refers to 
oil resources if this ratio is < 0.1, but if this ratio is > 0.1, 
it indicates the sources of combustion (Yunker et al. 2002; 
Gong et al. 2018). The FL/(FL + PY) ratio is generally used 
to evaluate biomass combustion. FL/(FL + PY) ratio > 0.5 
means that emissions are affected by the combustion of coal 
and biomass, yet the ratio < 0.5 refers to the combustion of 
petroleum fuels (Tobiszewski and Namieśnik 2012; Choi 
2014; Hanedar et al. 2014). If the FL/(FL + PY) ratio is 
between 0.4 and 0.5, it characterizes the sources arising from 
the combustion of liquid fossil fuels (crude oil and vehicle). 
In addition, this term liquid fuel refers to mixed sources (Bu 
et al. 2009). At last, the ratio of BaA/(BaA + CHR) under 0.2 
indicates that the sources of PAHs are raised from petroleum 
combustion, between 0.2 and 0.35 it is from mixed sources, 
and above 0.35, it is originated from biomass and coal com-
bustions (Yunker et al. 2002; Tobiszewski and Namieśnik 
2012; Baniemam et al. 2017). The seasonal diagnostic ratios, 
obtained in this study, are shown in Fig. 5.

Fig. 4  The coefficient of divergence (COD) versus the Pearson correlation coefficient (PCC)
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The ANT/(ANT + PHE) ratio is generally < 0.1 in all sea-
sons. Furthermore, the ANT/(ANT + PHE) ratio is highly 
affected by photoreactivity. The ratio of ANT/(ANT + PHE) 
is very close to 0 (Tobiszewski and Namieśnik 2012). Based 
on this information, the samples could be affected by photo-
reaction with the petrogenic source. BaA/(BaA + CHR) and 
FL/(FL + PY) ratios generally indicated that samples were 
influenced by biomass and coal combustion.

ANT/(ANT + PHE), FL/(FL + PY), and BaA/
(BaA + CHR) ratios obtained in this study were in line with 
the ratios obtained from other studies (Hwang et al. 2003; 
Orecchio et al. 2008; Sun et al. 2010; Choi 2014; De Nicola 
et al. 2017) (Table 2). High FL/(FL + PY) ratio was found 
in the branch and needle samples taken from the SRS and 
WWTPS. In a study by Choi (2014), high FL/(FL + PY) 
ratio was reported due to biomass burning. In addition, FL, 
PY, and CHR characterize more coal-burning sources with 
biomass (Cetin et al. 2018). The branches and needles of the 
IS sampling site generally had smaller FL/(FL + PY) ratios 
compared with other regions. Less FL/(FL + PY) ratios sug-
gested the mixed sources in this region (Tobiszewski and 
Namieśnik 2012; Choi 2014).

Atmospheric conditions affect the dispersion of pollut-
ants (Tobiszewski and Namieśnik 2012). In general, steady 
weather, low temperature, and thermal inversion in winter 
generally limit the distribution and transport of pollutants 
(Tripathi et al. 1996). As a result, increases in concen-
trations are observed. In addition, this situation becomes 
more complex by the strong influence of sources including 
residential heating (Tobiszewski and Namieśnik 2012; Liu 
et al. 2018). Therefore, the effects of emissions from the 

sources at different distances to the sampling site would be 
masked and the diagnostic ratio results mislead.

Ring Profile of PAHs

The molecular weight distributions of the PAH concentra-
tions measured during the sampling period are shown in 
Table 3. PAHs are taken into the plant tissues through the 
roots, especially in plants exposed to contaminated soils 
(Oguntimehin et al. 2010). On the other hand, PAH pol-
lution in the atmosphere generally reaches the plants by 
precipitation of the particle phase onto the upper layers of 
the leaves or by keeping the gas phase in the stoma (Kipo-
poulou et al. 1999; Oguntimehin et al. 2010). The highly 
found PAH compound was NAP in all sampling sites and 
tree components (Table 3). In various studies in the lit-
erature, the atmospheric NAP has been reported as domi-
nant species (Fang et al. 2004; Lai et al. 2017). The low 
molecular weight (LMW) PAHs, especially NAP, mainly 
existed in the gaseous phase, and also the sources of NAP 
were primarily from biomass burning and fuel combus-
tion (Lai et al. 2017). Among the medium MW PAHs, FL 
appeared to be the predominant species (Table 3). FL is an 
indicator of heavy-duty diesel combustion (Khuman et al. 
2018). BbF, a high MW PAH, was found to be the domi-
nant compound in the samples (Table 3). BbF is reported 
among the most significant HMW PAHs emitted from coal 
combustion (Zhang et al. 2014). In addition, fossil fuel 
burning and some heating systems cause high BbF con-
centrations (Arhami et al. 2018).

Fig. 5  Diagnostic ratios of 
PAHs for the sampling sites
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Principal Component Analysis of PAHs

Principal component analysis (PCA) is a statistical analy-
sis method that converts a data set into several important 
explanatory factors or principal components (PCs) that 
meet most of the variance and emphasize the most impor-
tant information of the original data (Nguyen et al. 2018). 
According to this analysis method, PAHs can be interpreted 
according to the PCs forming emission sources. However, 
the nondiscernibility of the emission sources is shown as 
a disadvantage of PCA (Cesari et al. 2018; Nguyen et al. 
2018).

According to the results of PCA, PC1 compounds for 
all sampling sites explained 29.47–58.60% of the data 
(Table S2a–f) (Supplementary Materials). The predominant 

species identified in PC1 were FL and PY for pine tree com-
ponents [Factor loading > 0.6 (Kurre et al. 2010)]. FL and 
PY characterize emissions from diesel and biodiesel fuels 
(Tipmanee et al. 2012; Dat and Chang 02017). BbF, BkF, 
and IcdP were the other dominant components of PC1 for 
branches and needles in SRS and WWTPS sampling sites. 
BkF characterizes emissions from biomass combustion 
(Taghvaee et al. 2018), whereas BbF and IcdP indicate the 
emissions from the combustion of fossil fuels (Arhami et al. 
2018; Zhang et al. 2014). Finally, ANT was another domi-
nant compound in PC1, measured in the needles in all sam-
pling sites. ANT characterizes pollution from diesel engine 
emissions (Zhang et al. 2019).

PC2 referred to 14.17–26.03% of data (Table S2a–f). 
NAP was the dominant compound for SRS-N (N: needle), 

Table 2  Diagnostic ratios of PAHs in pine components

Ratios Species Place Date References

ANT/(ANT + PHE) 0.027 Needles Mexico, Rural/Industrial Area 1999 Hwang et al. (2003)
FL/(FL + PY) 0.362
BaA/(BaA + CHR) 0.189
ANT/(ANT + PHE) 0.079 Needles Spain, Rural 1999 De Nicola et al. (2017)
FL/(FL + PY) 0.644
BaA/(BaA + CHR) 0.218
ANT/(ANT + PHE) 0.045 Bark Italy, Palermo (City Centre) From 2004 to 

2005
Orecchio et al. (2008)

FL/(FL + PY) 0.493
BaA/(BaA + CHR) 0.072
ANT/(ANT + PHE) 0.182 Needles Poland, Forest 2008 Sun et al. (2010)
FL/(FL + PY) 0.337
BaA/(BaA + CHR) 0.654
ANT/(ANT + PHE) 0.102 Bark South Korea, Forest Fire Area (1-Month) 2014 Choi (2014)
FL/(FL + PY) 0.865
BaA/(BaA + CHR) 0.390
ANT/(ANT + PHE) 0.052 Needles Semi-Rural Site (SRS) 2016 This study
FL/(FL + PY) 0.718
BaA/(BaA + CHR) 0.214
ANT/(ANT + PHE) 0.068 Branch
FL/(FL + PY) 0.609
BaA/(BaA + CHR) 0.712
ANT/(ANT + PHE) 0.047 Needles Industrial Site (IS) 2016 This study
FL/(FL + PY) 0.592
BaA/(BaA + CHR) 0.451
ANT/(ANT + PHE) 0.041 Branch
FL/(FL + PY) 0.675
BaA/(BaA + CHR) 0.632
ANT/(ANT + PHE) 0.070 Needles Wastewater Treatment Site (WWTPS) 2016 This study
FL/(FL + PY) 0.641
BaA/(BaA + CHR) 0.387
ANT/(ANT + PHE) 0.080 Branch
FL/(FL + PY) 0.712
BaA/(BaA + CHR) 0.447
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IS-B (B: branch), and IS-N. It particularity characterizes 
the emissions generated during the combustion of the bio-
mass (Lai et al. 2017). ACT and FLN were the dominant 
species for SRS-B. These compounds were originated from 
wood-burning and heavy-duty diesel combustion (Tipma-
nee et al. 2012; Lai et al. 2017; Khuman et al. 2018). The 
SRS-B region was a semirural area where the trees/woods 
were used for heating. In addition, olive tree branches and 
leaves in this region were destroyed by burning after prun-
ing. Tractors and other motor vehicles caused diesel emis-
sions. Similarly, other dominant compounds in PC2 were 
the high molecular weight PAHs. These compounds played 
a role in determining the emissions generated by the use of 
fossil fuels (Arhami et al. 2018; Zhang et al. 2014).

The dominant compounds in PC3 for SRS-N, WWTPS-B, 
IS-B, and IS-N were the PAHs having LMW (Table S2a–f). 
These compounds characterized emissions from burning 
biomass (Lai et al. 2017). The dominant species in PC3 for 
SRS-B was CHR, whereas the dominant species in PC3 
for WWTPS-N was NAP. CHR is used to determine the 
emissions generated during the incomplete combustion of 
carbon-rich fuels (Eccleshare et al. 2017). NAP is used as 
an indicator compound for the determination of emissions 
from traffic (Lai et al. 2017; Taghvaee et al. 2018) while 
determining the emissions generated from the combustion 
of biomass and petrogenic sources (Taghvaee et al. 2018).

In other regions except for SRS-N, PC4 was the main 
component. PC4 referred to 7.49–15.80% of the data 
(Table  S2a–f). The predominant compounds were not 
determined for SRS-B and WWTPS-N with PC4 [Factor 
loading < 0.6 (Kurre et al. 2010)]. NAP and BaP were the 

dominant species for IS-N and WWTPS-B, PHE dominated 
in IS-N, and DahA was the predominant species in IS-B. 
BaP is generally used to detect emissions during wood burn-
ing, whereas NAP and PHE are used to determine petro-
genic sources (Taghvaee et al. 2018). PC5 was determined 
as the main component in the branch media of all sam-
pling sites (Table S2a–f). The dominant compounds were 
NAP and DahA in SRS-B and WWTPS-B, respectively. In 
IS-B, a dominant compound could not be identified (Factor 
loading < 0.6).

Conclusions

In this study, PAH levels were determined with the help of 
the pine tree branch (B) and needle (N) collected from three 
different sites for a 1-year period. The lowest annual PAH 
concentration was observed in the branches and needles of 
the semirural site away from the local PAH sources, and 
the highest annual PAH concentrations were observed in 
the needles and branches sampled from the city wastewater 
treatment plant site. The results reported here were in line 
with the ones reported in the literature. On average, lower 
PAH levels were measured in the pine needles, whereas 
higher concentrations were found in the pine branches.

Traditional and statistical methods such as diagnostic 
ratio (DR), ring profile, the coefficient of divergence (COD), 
the Pearson correlation coefficient (PCC), and principal 
component analysis (PCA) were used successfully to define 
the sources of PAHs. According to the COD values, the PAH 
sources in the SRS-IS sampling areas were similar in winter. 

Table 3  Molecular weight 
distributions of the PAH

Bold character shows maximum concentration levels in that group of PAHs

PAHs (ng/g DW) SRS WWTPS IS

Needles Branches Needles Branches Needles Branches

NAP Low molecular weight 276.46 443.62 609.27 501.54 453.75 836.43
ACE 40.23 58.44 112.82 22.13 – 46.00
ACY 12.13 45.48 16.43 17.95 67.68 18.60
FLN 105.66 166.08 113.45 107.73 71.38 92.46
PHE 78.77 167.40 338.87 389.52 68.32 203.22
ANT 4.31 12.18 25.56 33.94 3.41 8.80
FL Medium molecular weight 52.80 107.80 212.45 463.42 63.18 143.51
PY 20.75 69.30 119.25 182.00 43.62 68.98
BaA 14.84 47.89 64.11 65.16 30.95 30.66
CHR 54.66 19.40 101.61 80.52 37.66 17.86
BbF High molecular weight 13.09 38.88 21.74 19.79 11.06 11.06
BkF 4.68 5.37 11.22 10.84 5.36 4.59
BaP 2.29 4.27 6.50 10.97 3.40 3.78
IcdP 1.28 1.76 3.05 2.80 2.61 2.29
DahA 2.30 2.88 1.40 2.57 4.41 6.66
BghiP 1.47 2.97 2.18 2.99 2.78 3.25
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Results of the PCC values in the spring and autumn seasons, 
there was no temporal difference between sampling media in 
these seasons. In the summer season, in the SRS-WWTPS 
and SRS-IS branch samples showed differences in both tem-
poral variations and pollutant sources. A conclusion can be 
made that pine tree components could give information 
about atmospheric PAH concentrations and their sources.
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