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Abstract  

Leaves from the pin oak, (Quercus palustris) and black pine (Pinus nigra), and its ambient air 

were sampled for polycyclic aromatic hydrocarbons (PAHs) at several sites in the city of 

Gothenburg, Sweden. In ambient air, measurements of NO2 and temperature were additionally 

carried out. Concentrations of NO2 and PAHs received a positive significant linear correlation 

from low, in rural areas, to high, in central parts of the city. The species were compared based 

on their ability of accumulating PAHs from ambient air in leaves and needles over time. Values 

were used from samples taken in June and September of 2018, and for black pine of two age 

classes of needles. While both pin oak leaves and black pine needles received significant 

increases of several compounds, needles showed a higher ability of trapping large amounts of 

PAHs over time, both from June to September and from one-year-old needles to three-year-old 

needles sampled simultaneously in June. In pin oak leaves, a large fraction of accumulated 

PAHs had a high molar mass while black pine needles accumulated a larger proportion of those 

with a low molar mass. However, all fractions of PAHs; low, medium and high molar mass 

were present in higher concentrations in black pine needles than in pin oak leaves. A significant 

positive linear correlation was received between the logarithmic octanol-air partition coefficient 

below 9 and the concentration ratio [PAH]plant/[PAH]air in both pin oak and black pine, 

indicating an equilibrium relationship between epicuticular wax and ambient air for PAHs of 

low molar mass. The results of several times higher PAH content in the conifer and lack of 

saturation throughout several years are evidence that black pine has favourable traits for 

removal of PAHs in urban areas during the entire year. 
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1 Introduction 

1.1 Influence of vegetation on air quality  

Ambient air pollution is a serious and increasing health issue with population increase and 

urbanisation, where a continuously larger fraction of the population living in urban areas, which 

often suffer from air pollution, especially during stable weather conditions (Bell & Davis, 

2001). WHO (2015) views air pollution as the single largest environmental health risk and 

estimates that about 12% of deaths year 2012 were attributed to air pollution. Particulate matter 

and nitrogen dioxide are together with ozone and sulphur dioxide the pollutants with strongest 

evidence to harm human health (WHO, Ambient (outdoor) air pollution, 2018). Therefore, 

monitoring and control of air pollutants is essential to reduce health risks (Kim, Kabir, & Kabir, 

2015).  

Urban greenery contributes to improvement of human health and well-being (Andersson-Sköld, 

et al., 2018). Parks has lower concentrations of numerous pollutants because of increased 

distance from pollution sources, and because of uptake or deposition of air pollutants on the 

vegetation (Klingberg, Broberg, Strandberg, Thorsson, & Pleijel, 2017). Knowledge about 

interspecies differences in trapping hazardous organic substances and fine particles is useful 

and requested when selecting which trees to plant to achieve the greatest effect of pollution 

abatement (Jouraeva, Johnsona, Hassett, & Nowak, 2002). 

The health effects of the particulate matter are well documented and causes cardiovascular and 

respiratory health issues. It has by several epidemiological studies been concluded that the 

harmful effects of particles increase with decreasing aerodynamic diameter. This is due to 

smaller particles ability to follow air streams and thereby penetrate to the lower airways (Kim, 

Kabir, & Kabir, 2015). In a study from Yang, Chang & Yan (2015), the ability of trapping 

particulate matter with an aerodynamic diameter less than 2.5 µm (PM2.5) was ranked and both 

black pine and pin oak got the same score. Pine needles are smooth and does not have the high 

leaf hair density that is associated with a high accumulation of PM but has proven to have high 

accumulated amounts of particulate matter (Sæbø, et al., 2012). Evergreen conifers, such as 

black pine, have especially been favoured due to their high leaf surface area all year around 

(Yang, Chang, & Yan, 2015). Additionally, pine needles create higher turbulence and thereby 

decreased boundary layer compared to large flat leaves. A thinner boundary layer increases the 

probability of substances penetrating through it and onto the lead surface (Sæbø, et al., 2012).  

Generally, more epicuticular wax correlates with an increased ability to accumulate particulate 

matter (Sæbø, et al., 2012). However, a study by Jouraeva, Johnsona, Hassett, & Nowak (2002) 

showed that pear leaves had larger amount of wax and lower amount of particulate air pollutants 

compared with linden leaves which was interpreted as an indication that there are other factors 

than amount of leaf wax and surface properties influencing the amount of particulate pollutants 

sorbed to the leaves. Vegetation affects both deposition, transport of pollutants from the air to 

a plant surface, and dispersion of air pollutants (Janhäll, 2015). Deposition is greatly positively 

correlated with the leaf area index (LAI) of the vegetation, which is specified as leaf area in the 

canopy per ground area below it. Besides wax quantity, species specific characteristics of the 

wax and density of trichomes (leaf hairs) on the leaf surface may influence the deposition of air 

pollutants (Janhäll, 2015; Sæbø, et al., 2012). 
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1.2 Properties of PAHs  

A polycyclic aromatic hydrocarbon (PAH) is an organic substance which consists of two or 

more fused benzene rings. Anthropogenic sources include combustion from vehicles, 

residential heating and industrial emissions. In addition, there are generally smaller emissions 

from natural sources, such as forest fires (Arey & Atkinson, 2003). The combined vehicle fleet 

is the largest emitter of all types of PAHs in urban areas. In a study by Wingfors, Sjödin & 

Broström-Lundén (2001), PAH concentrations at the end of a traffic tunnel were approximately 

10 times higher than at the entrance. Roadside concentrations of PAHs have also been observed 

to have a diurnal cycle, peaking at traffic rush hours and dipping during night and weekends 

(Chetwittayachan, Shimazaki, & Yamamoto, 2002).The fate of PAHs in the atmosphere is of 

special concern since they are classified as probable carcinogens and have shown tumorigenic 

activity in several studies (Arey & Atkinson, 2003).  

When studying this large group of substances, PAHs, it is important to consider their different 

traits in order to understand their behaviour and pattern of occurrence. During typical ambient 

air conditions PAHs with two to four rings are most often in gas phase and are considered semi-

volatile, while PAHs with five or more rings are mainly bound to particles (Arey & Atkinson, 

2003). The particle-bound PAHs are most often found on small particles with an aerodynamic 

diameter of less than 1 µm (Wingfors, Sjödin, & Brorström-Lundén, 2001). 

Generally, PAHs in gas-phase have been found to exist in equilibrium between leaf and air 

while particular-bound PAHs rather sorb to the leaf surface (Huang, et al., 2018). More 

specifically, the value of the concentration ratio between octanol and air (KOA), and its 10-

logarithm has proven to be important. PAHs with values of log KOA lower than 9 distributed 

according to equilibrium between leaf and air. For those with log KOA 9-11 the gaseous 

deposition is kinetically limited and then the value exceeds 11 there is particle bound deposition 

(Jouraeva, Johnsona, Hassett, & Nowak, 2002). Since the properties of octanol are not identical 

to those of the epicuticular wax of leaves and the use of log KOA as indicator values may 

therefore be deceptive.  

The distance of transport through the atmosphere is different amongst PAHs and depends on 

several factors. The PAHs adhered to small particles can travel long distances while others are 

sometimes quickly consumed in photochemical reactions (Arey & Atkinson, 2003). The rate of 

photodegradation is to a large extent unknown. However, in a study by Wild et al. (2005) it 

could be determined that anthracene has a higher rate of photodegradation than fluoranthene, 

which in turn has a higher rate than phenanthrene under UV-A irradiation. It was moreover 

concluded that the photodegradation rate is generally higher at the leaf surface than within the 

epidermal cells (Wild, Dent, Thomas, & Jones, 2005). The translocation within the plant 

appears to be highly limited (Lin, Zhu, He, & Tu, 2006). 

Jouraeva, Johnsona, Hassett, & Nowak (2002) argues that during the measuring period of PAH 

concentrations it is important to also keep track of meteorological conditions. In a storm during 

the experiment of Jouraeva, Johnsona, Hassett, & Nowak (2002) much of the accumulated PAH 

was lost from the leaves, and the temperature and sunlight had a strong influence on the 

accumulation, as well as the seasonal variations. 

1.3 Potential PAH removal by trees 

Ecosystem services provided by trees such as removal of particulate matter, PAHs and creation 

of favourable microclimates has been extensively studied, though, regarding species-specific 

traits of air pollution mitigation there are still important knowledge gaps (Grote, et al., 2016; 
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Janhäll, 2015). However, several plant species have proven efficient sinks of PAHs (Huang, et 

al., 2018). A potentially successful way of partial abatement of these pollutants in urban areas 

is therefore through utilization of ecosystem services from trees and parks. However, it should 

be noted that the use of urban greenery as a tool for air pollution abatement is not self-sufficient 

solution and does not replace the need of decreased PAH emissions. 

The relationship between PAH-content in plant tissue and ambient air has been studied on some 

occasions. In a study by Grote et al. (2016) it was concluded that some tree species can emit 

reactive compounds and may thereby contribute to increased urban air pollution. This, while 

others has potential to reduce pollution depending on traits such as canopy density, foliage 

longevity, and the strategy of water-use (Grote, et al., 2016). It has been found that several 

PAHs are closely correlated with both concentration levels of NO and the amount of particulate 

matter (Harrison, Tilling, Callén Romero, Harrad, & Jarvis, 2003). It was moreover in 

Klingberg, Broberg, Strandberg, Thorsson, & Pleijel (2017) concluded that levels of nitrogen 

dioxide (NO2) and polycyclic aromatic hydrocarbons (PAH) co-vary and are significantly lower 

at vegetated sites than on non-vegetated when measured at the same distance from a busy traffic 

route. Though, PAH levels were approximately the same when the vegetation had leaves and 

when it did not (i.e. in winter) and did not vary with leaf surface as NO2-concentrations did. 

This indicates that the leaf area is not particularly important and that the branches and stem cold 

be important for the reduction of PAH levels (Klingberg, Broberg, Strandberg, Thorsson, & 

Pleijel, 2017). 

Species differ in their capacity of pollution abatement from air, and characteristics of the leaves 

of the specific species have proven to play a crucial role. Leaves with a large amount of 

trichomes generally contains a higher PAH concentration than those without trichomes which 

is believed to be due to the larger surface and lower boundary layer of the trichome-rich leaves 

(Howsam, Jones, & Ineson, 2000). Further, leaves with higher lipid content, e.g. thicker 

epicuticular wax layer, has higher concentrations of, amongst other, PAHs (Simonich & Hites, 

1994). Though there are inconsistencies where species with thinner epicuticular wax layer has 

proven to contain higher amounts of PAHs than some with thicker layers (Lin, Zhu, He, & Tu, 

2006). Additionally, stomatal density is considered a favourable trait for capturing of PAHs. 

Stomatal density has been observed higher in oak leaves than in pine needles, though stomata 

of needles are larger, not providing an obvious superior (Flavia, et al., 2017). 

The interactions amongst plant properties, environmental and climate factors making some 

species more efficient in capturing of PAHs than others are complex (Sæbø, et al., 2012). Tree 

species differ greatly in their ability to catch PM with their foliage. Sæbø et al. (2012) found a 

20-fold difference between species when comparing several trees and shrubs. Through this type 

of comparing studies the more efficient species can be identified. In both oak and pine families 

there are species that can endure European weather and climate conditions. Quercus spp. (oak) 

are amongst the three most common tree species in cities in central- and eastern Europe, 

amongst the seven most common in northern Europe and amongst the 11 most common in 

southern Europe (Grote, et al., 2016) and was therefore considered interesting. Pinus spp. (pine) 

is amongst the 11 most common species in cities in northern Europe, more uncommon in 

central-and eastern, but amongst the top three species in southern European cities (Grote, et al., 

2016). Moreover, studies suggest that pine species should be used more in urban areas because 

of their high ability to trap particulate matter, to which PAHs can be adhered, even during 

winter. Though, due to their somewhat vulnerability to salt and extremely high pollution levels, 

they should be placed with some distance to large roads (Sæbø, et al., 2012). 
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2 Aim and Research Questions 
The aim was to investigate the accumulation of PAHs in a conifer and a deciduous tree species 

in the urban landscape of Gothenburg, Sweden. The species investigated was pin Oak (Quercus 

palustris) and black Pine (Pinus nigra). Variations of air concentrations of NO2 and co-variation 

of PAHs in plant tissues and ambient air were analysed to meet the aim. To concretize, the 

following research questions were addressed: 

1. How does the exposure of PAHs and NO2 differ between differently polluted sites in 

the city of Gothenburg? 

2. Is there an accumulation of PAHs in pin oak leaves and/or black pine needles over time? 

2.1 Does the accumulation of PAHs in vegetation depend on their state of matter, 

e.g. mainly particle-bound or gaseous? 

2.2 Are there differences in the PAH uptake capability of black pine and pin oak? 

3. Does the accumulation of PAHs in vegetation depend on physical properties, such as 

KOA of the PAHs? 

3 Materials and Methods 

3.1 Selection of tree species 

The species chosen for the study were pin oak and black pine. Selection was made in 

consultation with the park- and nature management of the city of Gothenburg (park- och 

naturförvaltningen). The Tilia cordata (small-leaved lime) was considered as an interesting 

species as well but was deselected due to its tendency to often be attacked by pests. An attack 

by pests on the leaves would likely affect the results, making them unreliable.  

The black pine and pin oak was chosen because they, (1) exist in many differently polluted 

environments within the city, (2) coexist in some places, allowing comparison and (3) due to 

their traits as ornamental trees and endurance of both warmer and dryer conditions than normal 

for Gothenburg. Their traits make these species interesting from a city planning point of view. 

Conifers, such as black pine, has additionally been interesting due to their higher leaf area index 

(LAI) and thus potentially increased capacity of sorption of air pollutants to their surface.  

3.2 Selection of PAHs 

The 16 US EPA priority PAHs and several alkylated species, see Table 3, were initially 

targeted. Due to potential saturation of the PUF disc already after two weeks, naphthalene was 

excluded from further analysis and discussion (Bohlin, et al., 2014). A total of 29 substances 

could be quantified in air and 25 in plant tissues. In comparisons between the occurrence of 

PAHs in plants and air, only PAHs quantified in both compartments were included. The sum-

PAH refers to the total amount of PAHs included in each comparison or analysis. 

Definition of low, medium and high molar mass PAHs differ throughout the literature. In this 

study they are divided into three categories; low molar mass (L-PAH) which have 2-3 benzene 

rings, medium molar mass (M-PAH) which have 4 benzene rings and high molar mass (H-

PAH) which have 5-7 benzene rings. This categorization is consistent with (Cheruiyot, et al., 

2015; Howsam, Jones, & Ineson, 2000). An exception was made for benzo(a)anthracene and 

chrysene, which have four rings each but was categorised as H-PAH since they have been 

proven to behave more as the heavier ones since they are to more than 80% partitioned to 

particles (Tasdemir & Esen, 2007). Benzo(a)pyrene and phenanthrene were of particular 
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interest and were therefore often highlighted separately, in addition to its inclusion in 

categories, when presenting the results. Benzo(a)pyrene was considered of special interest since 

there is a health-based EU-target value of 0.1 ng m−3, corresponding to an excess lifetime lung 

cancer risk of 1/100,000 (EEA, 2019). Phenanthrene was considered of particular interest due 

to its high abundance, thereby always possible to quantify, and representing the group L-PAHs 

well.  

3.2 Description of sampling sites 

All sampling sites were situated in Gothenburg urban area (57°42′N, 11°58′E), which in 2018 

had about 600 000 inhabitants (SCB, 2019) and is the second largest city of Sweden. 

Gothenburg is situated in the nemoral vegetation zone which is characterized by temperate 

deciduous forests (Gundersen, et al., 2005). Deciduous trees normally become foliated in late 

April or May and defoliate largely in October. The area has a maritime temperate climate with, 

for the latitude, moderately cool summers and mild winters. Sampling sites were chosen where 

the selected tree species were present and to represent different surroundings and pollution 

levels according to the Gothenburg city environmental administration’s air quality map from 

2015 (https://karta.miljoforvaltningen.goteborg.se/). The pin oak was present at sites 2-8 and 

the black pine at 1, 5 and 7, see figure 1. 

(Gothenburg, Sweden. (2020-03-10). Google Maps. Google. Retrieved from 
 https://www.google.se/maps/@57.702433,11.9345182,26007m/data=!3m1!1e3) 

Figure 1. Overview of all eight sampling sites and their location in relation to each other and distribution 
throughout the city of Gothenburg, Sweden. Pin oak was present at sites 2-8 and the black pine at 1, 5 

and 7. The numbering is according to the grade of pollution at each site based on the observed NO2-

levels, with 1 being the cleanest and 8 the most polluted. PAHs were expected to follow a similar pattern. 

With regard to PAH-concentrations (Figure 1) the Arboretum (1) was considered to be the least 

polluted site, located at the botanical garden of Gothenburg, far from heavy traffic and 

surrounded by large green areas. The site was expected to represent an urban background of 

pollution levels. Angeredsparken (2) was also assumed to be a clean location being surrounded 

https://karta.miljoforvaltningen.goteborg.se/
https://www.google.se/maps/@57.702433,11.9345182,26007m/data=!3m1!1e3
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by greenery such as fields, trees and parks. No large traffic routes are situated nearby. The pin 

oaks at this site were recently moved to the park and were yet not fully established. They were 

therefore not in great shape. Kungsladugårdsgatan (3) is an urban site situated close to 

residential area with 3-storey houses and smaller roads. Between the streets there are grass and 

small trees. Akkas gata (4) is situated in a residential area, also with 3-storey buildings. It has 

good conditions to having low pollution levels with large green areas including both park- and 

woodland to its west. 

Kvillebäcksparken (5) is about 1.5 km north of the city centre. It is a small and quite new park 

consisting of grass, sand and smaller trees. In the immediate surroundings are large parking 

lots, 6- to 10-storey apartment buildings and a shopping centre. South of it is a highly trafficked 

road. Frihamnen (6) was thought to have high levels of pollution with its close connection to a 

large road with heavy traffic flow. Soil conditions were not optimal for the pin oak at this site. 

At Mölndalsvägen (7) the trees and measurements were directly at the edge of a trafficked route 

with traffic lights where cars often stand still. There are both trams and busses trafficking the 

rout as well. Nils Ericson-terminalen (8) was assumed to be the most polluted site due to its 

central location and construction work being carried out nearby. Many different types of 

intensive traffic are active in the immediate surroundings, both train, tram, buss, and private 

cars. Throughout the result section, figures display abbreviations of the sampled sites as 

follows; Arboretum (Arb), Angeredsparken (Ang), Kungsladugårdsgatan (Kun), Akkas gata 

(Akk), Kvilleäcksparken (Kvi), Frihamnen (Fri), Mölndalsvägen (Möl), and Nils Ericson-

terminalen (NE). 

3.3 Air measurements 

3.3.1 Measurement periods and stations  
The air sampling of both PAH, NO2 and temperature was simultaneously performed on all sites 

through passive measurement equipment. The samplers with belonging weather protection was 

put up at approximately 2.5 meters above ground. Four measuring periods of about one month 

each were carried out between June and September of 2018, see Table 1. During period one and 

four, the air quality for all above mentioned sampling sites were measured. Though, during 

period two and three, measurements were only carried out at Nils Ericson-terminalen and the 

Arboretum which functioned as a monitoring stations of the air quality during the time between 

the other measuring periods. At Nils Ericson-terminalen and the Arboretum, a double set of air 

samplers mounted to control the accuracy of the samplers. The variation between captured 

pollution of samplers exposed to the same air pollution concentrations could thereby be 

estimated. 

3.3.2 Measurement of temperature and NO2 
Measurement of temperatures at each site was carried out through digital thermometers with 

batteries. The thermometer was placed inside a weather protection and left for the entire 

measuring period. After collection of samplers at the end of each period, the data was 

transformed onto a computer. The NO2 was sampled with passive diffusive samplers provided 

by the IVL Swedish Environmental Research Institute. The sampler collects the gaseous 

pollutant through molecular diffusion. Turbulent diffusion, which can disturb the measurement, 

is avoided using a membrane at the inlet resulting in an average concentration value integrated 

over time (IVL, 2016). The samples were both prepared and analysed by IVL Swedish 

Environmental Research Institute and values were then retrieved. The samplers have been used 

in past measurement campaigns within the city of Gothenburg and shown reliable results 

(Klingberg, Broberg, Strandberg, Thorsson, & Pleijel, 2017). 
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3.3.3 Air measurement of PAHs 
PAH measurements were carried out using polyurethane foam (PUF) passive air samplers 

which was intended to create an average pollution concentration from the time of exposure (in 

this case, about one month). The sampling, preparation and deployment was carried out as in 

Klingberg, Broberg, Strandberg, Thorsson, & Pleijel (2017) which was also carried out in the 

city of Gothenburg, Sweden. The PUFs were 14 cm in diameter, 1.2 cm thick and with a density 

of 0.035 g cm-3. During the measuring period the PUFs were housed in two stainless steel domes 

facing each other horizontally, creating weather and disturbance protection but allowing air to 

flow through. This sampler design has been calibrated for both L-, M- and H-PAHs in several 

studies (Harner, et al., 2013; Bohlin, Jones, Tovalin, & Strandberg, 2008; Bohlin, et al., 2014) 

and has successfully been used for determination of PAH concentrations in ambient air (Pozo, 

et al., 2015; Schuster, Harner, Su, Mihele, & Eng, 2015). The PUF discs were handled with 

great care not to contaminate before deployment. 

After completion each measuring period, PUFs were collected and again handled with great 

care not to contaminate or affect PAH content. The PUFs were sent to an external laboratory 

where they were extracted using a Dionex ASE 350 Accelerated Solvent Extractor equipment 

using dichloromethane as solvent according to previously used procedure in (Bohlin, Jones, 

Tovalin, & Strandberg, 2008). Uptake rates published by Bohlin et al. (2014) were used to 

quantify 15 of the US EPA PAHs. Two ringed PAHs, such as naphthalene, may after a one-

month sampling period have reached saturation in the PUF-disc sampling material (Bohlin, et 

al., 2014). Naphthalene could therefore not be accurately quantified and was excluded from the 

samples and will not be further discussed. 

3.4 Sampling of leaves and needles 

3.4.1 Collection of samples 
In conjunction with dismantling of the air measuring stations at the end of period one and four, 

samples of leaves and needles were taken at respective site. Thus, information about air 

pollution concentrations regards what the sampled tissues had been exposed to the month prior 

to sampling. Three trees of each species were sampled at each site of occurrence, which were 

three sites for black pine and seven for pin oak, see Figure 1. Moreover, needles from each 

black pine were taken from different age classes, one year old (C+1) and three years old (C+3). 

Branches with green leaves and needles in the outer part of the canopy were chosen, cut from 

the branch and, with care taken to touch as little as possible, put in polyethylene plastic zip bags 

in a cool bag for transportation. Before the end of the day samples were put in a freezer (-18 

°C) until further treated, with exception for leaves and needles used for determination of leaf 

mass per area (LMA) and leaf thickness which were stored in a fridge (+5 °C) for a maximum 

of two days. 

3.4.2 LMA of pin oak leaves 
For pin oak, the LMA was determined by discs being punched/stamped out of the leaves and 

weighed both before and after drying. Six leaves per tree were randomly selected for 

determination of LMA. From each leaf, a disc of 13 mm, or in cases where leaves were too 

small or narrow, two discs of 8 mm in diameter were retrieved. The discs with known area from 

each tree were put in a pre-weighed aluminium foil envelope which was weighed again for 

retrieving of their fresh weight (laboratory balance Sartorius type 1872, Germany; resolution 

0.0001). For retrieving of dry weight of the discs, they were dried with the container for at least 

48 hours in 70 °C and thereafter reweighed. Having both area and mass known allowed LMA 

to successfully be calculated. 
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3.4.3 LMA of black pine needles 
For black pine, the LMA was instead of through discs determined by a random collection of 20 

needles from each sample (3 samples per site and 2 needle age classes per tree), resulting in a 

total of 6 samples per tree. Needles were scanned for their total projected area by WinSEEDLE 

(plant image analysis scanner and software from Regent Instruments Inc, Canada; version Pro 

5.1a). They were thereafter placed in a pre-weighed aluminium foil envelope which was 

weighed again to retrieve the sample fresh weight (laboratory balance from Sartorius, Germany; 

resolution 0.0001). For retrieving of dry weight of needle samples, they were dried with the 

container for at least 48 hours in 70 °C and thereafter reweighed. Having both area and mass 

known allowed LMA to successfully be calculated. 

3.4.4 Extraction of PAHs from leaves and needles 
Samples of leaves and needles were sent to an external laboratory for thorough analysis of PAH 

content. The plant tissue samples were cleaned in a dialysis procedure using semipermeable 

membrane with n-hexane as solvent (Strandberg 1998). Finally, all samples were purified with 

an open adsorption column containing silica (SiO2) with a solvent mixture consisting of n-

hexane and dichloromethane (Strandberg 1998). All PAH compounds were separated and 

detected by means of high-resolution gas chromatography/low resolution mass spectrometry 

(GC/MS). The method is assured with native mixtures of all analysed substances. 

3.5 Handling of data 

3.5.1 Statistical analysis 
All data of PAH content in plant tissue was converted from nanograms per gram dry weight (ng 

g-1 dw) to nanograms per square meter (ng m-2) in purpose of making the two datasets 

comparable from different perspectives. The conversion was possible since calculations of 

LMA of each sample had previously been made. Though, statistical analyses were made for 

values of both weight-unit and surface-unit. All statistics were conducted in the IBM SPSS 

statistic software, version 26. 

To investigate differences of PAH-contents between sites and times the quantitative data was 

processed and tested against the hypothesis through mixed between-within subjects analysis of 

variance (ANOVA). Where values were missing, e.g. below detection limit, they were replaced 

by the detection limit value, thus making all ANOVA analysis data sets complete. 

Consideration was taken to the fact that several measurements came from the same site, making 

the data points dependent of each other. For pin oak, the concentration of each PAH was tested 

for June against September. For black pine, the concentration of each PAH was tested for June 

in the C+1 needles against June in the C+3 needles. Both tests of within-subjects 

effects/contrasts (time and time*site) and tests of between-subjects effects (site) were carried 

out. Where the ANOVAs showed significantly different concentrations of PAHs at the p = 0.05 

level, it was followed up by a post hoc test of the Bonferroni type. These outputs do not assume 

sphericity to be present, the sphericity did therefore not need to be tested. 

For simpler datasets without several factors to be investigated simultaneously, t-tests were 

conducted. Paired-samples t-tests were primarily conducted when comparing data between 

measuring periods while independent samples design was used for comparison of data for 

different sites, groups of PAHs or species. The observations were assumed to be independent 

of each other, on a continuous scale and assumed to be a random and normally distributed. 

Investigation of correlation rather than differences were carried out through conduction of linear 

regression tests. Such relationships were searched for concentrations of PAHs versus NO2 in 
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air, and for the ratio [PAH]leaf/[PAH]air versus log KOA for each PAH. Values of KOA were 

retrieved from the articles of Yang et al. (2007), Lin et al. (2007) and St-Amand et al (2009). 

3.5.2 Plots and graphs 
The ratio [PAH]leaf/[PAH]air was scatter plotted against the physical properties molar mass, 

boiling point, melting point, water solubility, density, vapor pressure, log10 KOW, log10 KOA, 

Henrys law constant and the retention time in gas chromatography in order to make an initial 

selection of factors with possible correlations. Scatter plots were further used for illustration of 

results of linear regression, correlation of NO2 and PAHs, change of PAH content in plant tissue 

in relation to molar mass. Division of PAHs into categories made it possible to distinguish 

behaviours determined by their state, which was often illustrated by different colours or shapes 

in plots and graphs. Bar charts were used both for easy illustration of statistical results and with 

analytical purposes, e.g. instead of statistical analysis. 

4 Results 

4.1 General weather conditions during measuring periods 

Weather conditions such as wind speed, sunshine and temperature may have great impact on 

pollutants and their concentrations in both air and plants. The measurements were conducted 

during a relatively long period and, naturally, the weather conditions were not constant 

throughout the experiment. An overview of the prevailing circumstances was therefore 

assembled as a basis for understanding and interpretation of the results. A paired-samples t-test 

was conducted to investigate temperature changes between the periods at all sampled sites. 

There was a statistically significant decrease of average temperatures from period 1 (M=18.5, 

SD=0.79) to period 4 (M=15.8, SD=0.55), t(9)=9.28, p<0.0005. The eta squared statistic (0.91) 

indicated a large effect size. 

The concentrations of particles with an aerodynamic diameter less than 10 micrometres (PM10) 

measured at the Gothenburg city air quality monitoring station was high above the normal levels 

during May of 2018. This is thought to be because of the low amounts of rain and low wind 

speeds, preventing dilution. Moreover, the sweeping of the streets was late due to the long 

winter, creating more dust. The time (h) of sun was also unusually high. The dominating wind 

direction was north east (Miljöförvaltningen, 2018d). During the second period, the 

concentrations of PM10 were more comparable to usual averages. June was unusually dry and 

had a much more hours of sun than usual (Miljöförvaltningen, 2018c). July had a strong 

sunshine and normal to high PM10 concentrations, likely because of low winds and little 

precipitation. In all, July was extremely sunny, warm and dry (Miljöförvaltningen, 2018b). 

August was, in contrast to previous months, rainy and cloudy. The concentrations of PM10 

decreased as the rain continued (Miljöförvaltningen, 2018a). September had lower NO2 

concentrations than usual for the month, the data for PM10 are to large part missing but existing 

data implied low values, (Miljöförvaltningen, 2018e).
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Table 1. Overview of duration, start and stop of the four measuring periods together with general ambient air conditions within them. Displayed temperature 

(°C) and concentrations of NO2 (µg m-3) are the average values of all sites for each period. Precipitation data is provided for 7 and 5 days prior to end of period 

1 and 4 since sapling of leaves and needles were taken at the end of those periods. Note that the samplers in some cases were taken down at days following each 

other and the number of days is therefore approximate. The date for start, stop and amount of days that was most common is given. 

Period Start Stop Days Temp. (°C) [NO2] (µg m-3) 
Precipitation* (mm) Wind speed (m s-1)** 

Total 7 days prior 
to sampling 

5 days prior to 
sampling 

Mean (max) 

1 2018-05-24 2018-06-27 34 18.5 11.2 48 13 3 3.3 (8.2) 

2 2018-06-26 2018-07-27 34 20.1 12.5 18 - - 3.0 (7.7) 

3 2018-07-23 2018-08-19 27 20.3 11.8 59 - - 3.1 (11.2) 

4 2018-08-19 2018-09-19 31 15.9 12.0 117 25 20 3.4 (8.0) 

* Precipitation data for Femman retrieved from Miljöförvaltningen Göteborgs stad (Miljöförvaltningen, 2018a-e). 

**Data from Femman calculated over the full days: 1) 25/5–26/6, 2) 27/6–23/7, 3) 24/7–19/8 and 4) 20/8–18/9. 

Table 2. Comparison of the duplicate sampling stations at the two sites Arboretum and Nils Ericson-terminalen during all four periods of measurement. The 

mean (ng m-3) of the two PUF samplers are presented for the total accumulated sampled PAHs (sum-PAH), those with low molar mass (L-PAH), medium molar 

mass (M-PAH) and high molar mass (H-PAH) together with the standard deviation (SD) and coefficient of variation (CV). The CV was calculated by division 
of SD with the mean. 

  
sum-PAH L-PAH M-PAH H-PAH 

Site Period Mean SD CV Mean SD CV Mean SD CV Mean SD CV 

Arboretum 1 1.87 0.06 0.03 1.39 0.04 0.03 0.25 0.01 0.04 0.23 0.03 0.12 

 2 3.38 0.01 0.00 1.93 0.02 0.01 0.56 0.10 0.18 0.90 0.09 0.11 
 3 2.21 0.19 0.09 1.02 0.01 0.01 0.22 0.01 0.03 0.97 0.19 0.20 

 4 3.19 0.51 0.16 0.85 0.09 0.10 0.21 0.03 0.13 2.13 0.40 0.19 

Nils Ericson-terminalen 1 23.38 0.91 0.04 14.57 0.36 0.02 3.65 0.28 0.08 5.16 0.27 0.05 

 2 19.12 0.90 0.05 11.12 0.74 0.07 2.95 0.33 0.11 5.06 0.17 0.03 
 3 20.04 1.12 0.06 13.03 0.88 0.07 3.55 0.26 0.07 3.46 0.02 0.01 

 4 19.80 0.21 0.01 7.77 0.17 0.02 2.93 0.22 0.07 9.10 0.60 0.07 
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4.2 Concentrations of NO2 and PAH in ambient air 

At two sites, the Arboretum and Nils Ericson-terminalen, two sets of PUFs were put up with 

intention to control the accuracy of the resulting values. The duplicate PUF discs were 

compared by their coefficient of variation (CV), calculated by dividing the mean by the standard 

deviation, see Table 2. Comparisons were made for each period and four divisions; for the sum 

of PAHs and the fractions of L-PAH, M-PAH and H-PAH. Values of CV were generally low 

and no significant differences in the CV between the sites were found, despite their large 

differences in absolute concentrations which implies reliability of retrieved results. 

The additional sampling of NO2 to PAHs on each sampling site allowed for comparison of 

correlation. Nils Ericson-terminalen was the most polluted site with an average NO2-

concentration of 20.0 ±SD of 0.4 µg m-3 while the Arboretum was the least polluted with an average 

of 5.19 ±SD of 0.2 µg m-3, see Figure 2a for illustration of NO2-averages in falling order. 

Exposure of PAH varied to a large extent similarly to NO2, Figure 2b, where Nils Ericson-

terminalen was the most polluted site with an average sum-PAH concentration for June and 

September of 21.6 ±SD of 2.1 ng m-3 and the Arboretum was again the least polluted with an 

average of 3.0 ±SD of 0.5 ng m-3. The mean total PAH concentration was in all places, except 

the Arboretum, lower in September than in June. 

 

 

Figure 2. Average concentrations ±SE, where possible, of chosen pollutants during measuring periods 
one and four (a) shows the NO2-concentration (µg m-3) in falling order regarding average and (b) shows 

the sum concentration in air ([PAH]air) of all PAHs in the same order as NO2. Illustrated in colours is 

the proportion of each category of the sampled PAHs in air (ng m-3) regarding molar mass category; low 
(L), medium (M) and high (H). 
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Concentrations of PAH and NO2 in ambient air showed strong positive correlations. 

Benzo(a)pyrene, which is particle associated, had a lower slope than the gaseous phenanthrene 

(Figure 3a). Similar patterns were observed when considering the entire group of PAHs, were 

the largest part is gaseous, and the group of H-PAHs (Figure 3b). The R2 values were found to 

be stronger where gaseous contributions were large compared to particulate fractions, though 

all they were considered strong. 

 

 
Figure 3. Relationship of air concentrations of PAHs with concentrations of NO2 at all eight sites and 

periods sampled. Where two data points were received (at duplicate sampling equipment) the average 
was used. In (a) Phenanthrene (Phen) and benzo(a)pyrene (BaP) is illustrated while the total amount of 

sampled PAHs and the amount of particulate associated (H-PAH) is illustrated in (b). Note different 

scales on y-axis. 

 

As Nils Ericson-terminalen was determined as the most polluted site and the Arboretum as the 

cleanest based on concentrations of both NO2 and sum-PAHair, the ratio of the concentrations 

between these sites were calculated for all selected PAHs separately, see Table 3. The 

concentration ratio of NO2 averages for period 1 and 4 at the most and least polluted site was 

3.8 which is similar to the ratio of sampled PAHs with the lowest molar mass. The ratio of sum-

PAH concentration between the averages of these sites was 7.3. Quantification of air 

concentrations of 2-methylchrysene, dibenzo(a,h)anthracene and 3-methylphenanthrene were 

not successful and their ratio could therefore not be provided. 
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Table 3. List of all included PAHs, their molar mass, number of benzene rings and division into a molar 

mass category. Categorisation abbreviations are used for low (L) molar mass with 2-3 rings (light 

yellow), medium (M) with 4 rings (dark yellow) and high (H) with 5-7 rings (orange). The average PAH 

concentration of June in air at the most polluted site divided by the concentration of the cleanest is 
specified in the last column. Nils Ericson-terminalen was considered most polluted and Arboretum the 

cleanest based on their mean concentrations of NO2 during measuring periods 1 and 4. 

Compound Molar mass No. of rings Category 
[PAH]  

polluted site/clean site 

2-methylnaphthalene 142 2 L 2.9 

1-methylnaphthalene 142 2 L 3.3 

Acenaphthylene 152 3 L 3.5 

Retene 234 3 M 4.1 

Biphenyl 154 2 L 4.1 

1-methylphenanthrene 192 3 L 4.3 

2,3-dimethylnaphthalene 156 2 L 4.8 

2,3,5-trimethylnaphthalene 170 2 L 5.0 

1-methylfluoranthene 216 4 M 5.4 

1-methylfluorene 180 3 L 6.6 

Benzo(k)fluoranthene 252 5 H 7.0 

Fluorene 166 3 L 7.8 

1-methylanthracene 192 3 L 8.3 

2-methylphenanthrene 192 3 L 9.1 

Benzo(b)fluoranthene 252 5 H 9.8 

Acenaphthene 154 3 L 10.0 

Benzo(a)pyrene 252 5 H 10.7 

Phenanthrene 178 3 L 10.9 

2-phenylnaphthalene 204 3 L 11.5 

1-methylpyrene 216 4 M 14.2 

Fluoranthene 202 4 M 15.8 

Chrysene 228 4 H 16.8 

Pyrene 202 4 M 17.1 

Anthracene 178 3 L 18.0 

Indeno(1,2,3-c,d)pyrene 276 6 H 23.5 

Perylene 252 5 H 27.6 

Benzo(g,h,i)perylene 276 6 H 41.0 

Benzo(a)anthracene 228 4 H 44.2 

Coronene 300 7 H 47.1 

2-methylchrysene 242 4 H  - 

Dibenzo(a,h)anthracene 278 5 H  - 

3-methylphenanthrene 192 3 L  - 
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Figure 4. Ratio of air concentration at the most polluted divided by the concentration at the cleanest 

site in June for all PAHs possible in relation to their specific molar mass (g mole-1). Nils Ericson-

terminalen was considered most polluted and Arboretum the cleanest based on their mean concentrations 
of NO2 during measuring periods 1 and 4. PAHs are divided into L-PAH (triangle), M-PAH (circle) and 

H-PAH (square). 

From table 3, a correlation of increasing ratio between the most polluted and cleanest site with 

increasing molar mass could possibly be noticed. This relationship between of the air 

concentration of each PAH at the most polluted divided by the concentration at the cleanest site in 

relation to its specific molar mass is more clearly viewed in Figure 4. A significant positive linear 

correlation was received (p <0.0005), though with a somewhat weak R2 value. The significant 

correlation provides a pattern of L-PAHs generally receiving a lower quote, M-PAHs in 

between and H-PAHs generally receiving higher quotes between the cleanest and most polluted 

site. Results indicate that the H-PAHs are traveling shorter distances and being more of a local 

pollution issue while L-PAHs are consumed less quickly, polluting also the more remote areas. 

However, some L-PAHs were observed to not follow the 

Exposure of NO2 and PAHs within Gothenburg were in summary larger at the central sites with 

abundant heavy traffic flows nearby than the sites in more remote areas surrounded by less 

traffic and more open spaces and greenery. Concentrations of NO2 and PAH were found to 

positively correlate and significant relationships were found for all tested groups and individual 

PAHs. The ratio of different pollution levels between the most and least polluted sampling site 

positively correlates with the molar mass of the individual PAHs. No PAH had a higher 

concentration in the Arboretum than in Nils Ericson-terminalen, regarding averages of period 

1 and 4.  
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4.3 Concentrations of PAH in plant tissue 

The concentrations of PAHs in plant tissues, in leaves from pin oak and needles from black 

pine are displayed in Figure 5. Results for pin oak (June vs September) and black pine (June of 

C+1 and C+3) can be seen in concentration per unit mass (a) and (b), and per unit area (c) and 

(d). Note the different scales. All bars are divided into three sections where the lowest represents 

the sum of L-PAH, middle represents the sum of M-PAH and the top the sum of H-PAH, 

together making up the sum-PAH. Standard errors displayed refer to sum-PAH. The proportion 

of H-PAH in pin oak is considerably higher than in black pine. The sites are sorted in the same 

order as above, i.e. by falling concentrations of NO2 in air. The standard errors are relatively 

small in relation to the total concentrations. Regarding the pin oak, no clear trend of 

accumulation or loss of PAHs could be determined from June to. However, the black pine 

displayed consistently higher contents of PAHs in needles of C+3 than in C+1. 
 

 

Figure 5. Amount of L-, M- and H-PAHs in (a) pin oak leaves (ng g-1 dw), in (b) black pine needles 

(ng g-1 dw), in (c) pin oak leaves (µg m-2) and (d) in black pine needles (µg m-2). Leaves of pin oak were 
collected in June and September while the two age classes of needles from black pine were all collected 

at one occasion, in June. Bars are divided into three sections where the lowest represents the sum of L-

PAH, middle represents the sum of M-PAH and the top the sum of H-PAH, together making up the sum-

PAH for which the SE are displayed. Please note different scales in the different panels of the figure. 
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Conversion of PAH content in plant tissue from nanograms per gram dry weight (ng g-1 dw) to 

nanograms per square meter leaf area (ng m-2) was made through multiplication with the 

calculated dry weight LMA (g m-2). No significant differences in LMA were found through 

paired samples t-tests for oak in June (M=71.5, SD=7.40) versus September (M=73.6, 

SD=7.82) or for black pine in June (M=413, SD=44.8) versus September (M=404, SD=90.5). 

However, the choice of unit greatly affects the interpreted effectiveness of trapping of PAHs 

because of the large interspecies differences in LMA. In Figure 6 the effects of the difference 

of units are illustrated at (a) Mölndalsvägen and (b) Kvillebäcksparken for sum-PAH, the 

fractions L-PAH, M-PAH and H-PAH, and the selected substances benzo(a)pyrene and 

phenanthrene. The comparison of units is in both figures made for June only. All bars illustrate 

the PAH concentration in black pine as a percentage of the same fraction or substance in pin 

oak. The concentrations in black pine are in many cases several times higher than in pin oak 

regardless of unit. Further, when the unit per area is used (ng m-2) the black pine appears even 

further superior. Though, in some cases regarding H-PAHs, such as for benzo(a)pyrene, the 

comparison of which species has the highest concentration differs depending on the unit used 

to express concentration. 

 

 

 

Figure 6. PAH levels expressed on a unit mass and unit leaf area basis at (a) Mölndalsvägen and (b) 
Kvillebäcksparken. Zero on the x-axis represents the value of pin oak. Bars represents the deviation (%) 

of black pine values from pin oak in ng m-2 (green) and ng g-1 (black) at the sites (Mölndalsvägen and 

Kvillebäcksparken, respectively) and time (June). Note the different scales.  
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The analysis of PAH accumulation over time, in the case of pin oak, corresponds to the three 

months between the end of measuring period 1 and 4, respectively. In Table 4 the numeric 

results of the pin oak in the unit ng m-2 is displayed regarding the factor time where significant 

changes at the p=0.05 level were found, followed up by the direction and factor of change (%) 

calculated from data provided by the Bonferroni post hoc test. The rows are ordered after the 

post hoc change (%), smallest to largest. The type of PAHs trapped appears consistent. With 

exception for benzo(a)pyrene, all significant changes in L-PAHs were negative and all 

significant changes in H-PAHs were positive. No significant changes were found for M-PAHs. 

The entire list of results from ANOVAs and post hoc tests of pin oak (ng m-2), even though not 

significant, is found in Appendix A, Table A1. Results of PAH content per mass (ng g-1 dw) is 

found in Appendix A, Table A2. However, the tables are quite similar since the LMA, which 

values per mass were multiplied with, is the same for each PAH since they are derived from the 

same leaves. 

The accumulation of PAH over time, in the case of black pine, corresponds to the two years 

difference of age between the needles in C+1 and C+3, respectively, both sampled at the same 

occasion in June. In Table 5 the numeric results for the black pine (ng m-2) are displayed 

regarding the factor time where significant changes at the p=0.05 level were found, followed 

up by the direction and factor of change (%) calculated from data provided by the Bonferroni 

post hoc test. The rows are ordered after the post hoc change (%), smallest to largest. The type 

of PAHs trapped appeared inconsistent. Significant increases of concentrations of both L-, M-, 

and H-PAHs were observed. Amongst the accumulated PAHs, no clear pattern could be 

observed, as with the pin oak. The only significant concentration decrease was for acenaphthene 

which is a low molecular mass PAH. The entire list of results from ANOVAs, even though not 

significant, is found in Appendix B, Table B1. Results of PAH content per mass (ng g-1 dw) is 

found in Appendix B, Table B2. However, as with pin oak, the tables are quite similar since the 

LMA, which values per mass were multiplied with, is the same for each PAH since they are 

derived from the same needles. 

As data points below the detection limit were replaced by the detection limit, all PAHs could 

be included in the ANOVA for each time for respective species. The ANOVA otherwise 

excludes the entire comparison where there is a missing value. Though, where there were only 

five or less data points from chemical analysis (N), the statistical analysis was considered 

irrelevant and was therefore not carried out. The larger number of significant differences for 

pin oak than for black pine is likely because of the pin oaks larger sampling size (n=42) 

compared to black pine (n=18). Missing data did therefore have a larger impact for black pine, 

making them generally less statistically significant, e.g. lower p-values in general. Analysis of 

black pine also generally created lower values of F. 

The changes in each PAH concentration in plant tissues over time (%) in relation to its specific 

molar mass are illustrated in Figure 7. Both significant and insignificant changes are provided, 

though not those with 5 or less data points. The illustration of pin oak in ng m-2 (a) and ng g-1 

(b) can be observed to be similar, and insignificant values also fitting in well with the overall 

increase of accumulation with increased molar mass.  For black pine, illustrated in ng m-2 (c) 

and ng g-1 (c) the plots are also similar to each other, but not to pin oak. A more general 

accumulation is observed, with exception for acenaphthene, with no obvious trend to be 

observed. Insignificant values are in the same region as the significant ones, though seemingly 

more spread out. 
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Table 4. Statistical analysis for the substances where significant changes in concentration with time 

could be inferred from the ANOVA for PAH in pin oak with the unit ng m-2. The type of PAH (low 
molar mass (L) or high molar mass (H)) is explained together with the amount of data points above 

detection limit (N), the significance in the ANOVA (p) and the ratio of variance between groups and 

within groups (F). The Post hoc change (%) specifies the change in concentration from June to September. 

Substance  
 

Type 

ANOVA Post hoc 

Mass N P F Change (%) 

Acenaphthene  154 L 38 0.000 11.2 -81.2 

Fluorene 166 L 34 0.000 31.0 -56.6 

2-phenylnaphthalene 204 L 42 0.000 5.0 -50.2 

1-methylfluorene 180 L 35 0.000 21.8 -44.4 

Acenaphthylene  152 L 29 0.000 15.3 -42.8 

3-methylphenanthrene 192 L 42 0.000 6.1 -42.4 

2-methylphenanthrene 192 L 40 0.002 6.6 -37.3 

Phenanthrene  178 L 42 0.000 12.6 -36.7 

Benzo(a)pyrene  252 H 42 0.004 15.6 -30.5 

1-methylanthracene 192 L 41 0.002 6.6 -26.0 

Anthracene 178 L 40 0.000 15.1 -23.3 

1-methylphenanthrene 192 L 42 0.018 5.6 -19.5 

Chrysene 228 H 42 0.000 9.9 +37.7 

Benzo(a)anthracene 228 H 42 0.002 15.0 +39.3 

Dibenzo(a,h)anthracene 276 H 27 0.008 9.5 +40.8 

Benzo(b)fluoranthene 252 H 42 0.003 14.6 +49.2 

Indeno(1,2,3-c,d)pyrene 276 H 42 0.000 4.4 +64.9 

Benzo(k)fluoranthene 252 H 42 0.000 17.5 +71.9 

Coronene 300 H 39 0.000 17.4 +225.1 

Table 5. Statistical analysis for the substances where significant changes in concentration with time 

could be inferred from the ANOVA for PAH in black pine (C+1 versus C+3) with the unit ng m-2. The 
type of PAH (low (L), medium (M) or high (H) molar mass) is explained together with the amount of 

data points above detection limit (N), the significance in the ANOVA (p) and the ratio of variance 

between groups and variance within groups (F). The Post hoc change (%) specifies the change in 

concentration from C+1 to C+3. 

Substance  Mass  Type 

ANOVA Post hoc 

N P F Change (%) 

Acenaphthene 154 L 10 0.011 0.7 -71.3 

Fluorene 166 L 17 0.009 6.1 +52.4 

Phenanthrene 178 L 18 0.041 0.9 +70.8 

Chrysene 228 H 18 0.001 18.9 +71.3 

Benzo(g,h,i)perylene 276 H 18 0.022 9.5 +82.9 

1-methylfluorene 180 L 18 0.020 0.6 +86.5 

Indeno(1,2,3-c,d)pyrene 276 H 17 0.007 9.1 +110.2 

Fluoranthene 202 M 18 0.011 2.1 +124.0 

Pyrene 202 M 18 0.010 3.0 +129.3 

1-methylphenanthrene 192 L 17 0.020 0.9 +143.8 

2-phenylnaphthalene 204 L 17 0.020 0.9 +144.4 

1-methylpyrene 216 M 17 0.016 0.9 +146.9 

2-methylphenanthrene 192 L 11 0.026 1.7 +163.0 
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Figure 7. Changes in each PAH concentration in plant tissues (%) with time in relation to its specific 

molar mass. PAHs are divided into L-PAH (triangle), M-PAH (circle) and H-PAH (square). Statistically 

significance is indicated by filled (significant at p=0.05 level) or hollow (insignificant at p=0.05 level). 

The overhead legend is applicable for all four plots. In (a) pin oak (ng m-2) is presented and in (b) pin 
oak (ng g-1). The change for pin oak is positively increasing with increasing molar mass of the PAH. In 

(c) black pine (ng m-2) is presented and in (d) black pine (ng g-1). 

In Figure 8, the sum-PAH, the three different fractions of molar mass PAHs and the separate 

substances phenanthrene and benzo(a)pyrene are viewed in different units for both air, pin oak 

and black pine. Mölndalsvägen, (a) and (b), and Kvillebäcksparken, (c) and (d) are used for 

comparison since both tree species were present there. In all a-d, the x-axis represents the 

proportion (%) of change from June to September in 2018. Bars of pin oak (green) can be 

observed to follow the air concentrations regarding both sum-PAH, L-PAH, phenanthrene, and 

to some extent M-PAH at both (a) Mölndalsvägen and (b) Kvillebäcksparken. The black pine 

(black), on the other hand, shows a broader pattern of accumulation in both sum-PAH, L-PAH, 

M-PAH, H-PAH, phenanthrene and benzo(a)pyrene. The fraction of PAHs in black pine has in 

no fraction or at either site decreased. The concentrations of air were included as a point of 
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reference rather than observing potential change. Though, it is worth noticing that the 

benzo(a)pyrene at Mölndalsvägen, Figure 8a and b, had more than doubled in September, which 

is not in line with other concentration changes in air. Note also that the changes (%) of 

benzo(a)pyrene in pin oak at Mölndalsvägen is not similar to the change of H-PAH, even though 

benzo(a)pyrene is contained in H-PAHs. Though, at Kvillebäcksparken benzo(a)pyrene and H-

PAH are corresponding well. The extreme decrease of benzo(a)pyrene at Mölndalsvägen was 

likely due to faulty values caused by error in either sampling, handling or analysis. These 

strange values of benzo(a)pyrene at Mölndalsvägen was therefore excluded from further 

discussion and the samples will be reanalysed. 

To investigate the pattern of spatial distribution of PAHs in plant tissues a series of t-tests were 

conducted. An independent-samples t-test was conducted to compare the fractions of particulate 

associated PAHs in pin oak (ng m-2) on the three cleanest and four most polluted places against 

each other, ordered after average NO2-concentrations in ambient air. Data points below the 

detection limit were set to the detection limit, which made the data sets of equal size (different 

data points missing in the sets). The results showed no significant differences in ratios of 

particulate PAHs between clean (M=0.098, SD=0.008), and polluted areas [M=0.100, 

SD=0.005; t(42)=-0.13, p=0.19]. 

A similar independent-samples t-test was conducted comparing fractions of particulate 

associated PAHs in black pine. The Arboretum was chosen as the clean site while 

Kvillebäcksparken and Mölndalsvägen were categorised as polluted. Despite fewer data points, 

a significantly larger proportion of L-PAHs was found at the polluted sites (M=0.029, 

SD=0.003) than on the clean site [M=0.023, SD=0.001; t(36)=-2.105, p=0.043]. The analysis 

was performed using the unit ng m-2 and by replacing missing values with the value of the 

detection limit. 

Another independent-samples t-test was performed comparing the ratios of particulate-bound 

PAHs between the species, not taking the different locations into account. A significantly larger 

proportion of particle-bound PAHs was found in the pin oak (M=0.099, SD=0.031) than in the 

black pine [M=0.026, SD=0.012; t(78)=14.145, p<0.0005]. Though, when in the same way 

comparing the absolute accumulated amounts of particle-bound PAHs (ng m-2) the opposite 

occurred. A significantly larger amount of particle-bound PAHs was found in black pine 

(M=2214, SD=1096) than in the pin oak [M=652, SD=381; t(78)=-8.141, p<0.0005]. 
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Figure 8. Change in PAH concentrations (%) from the sampling in June to sampling in 

September; in ambient air (grey), pin oak (green) and black pine (black). Both units in question 

are illustrated at two sites there (a) shows Mölndalsvägen (ng g-1 dw), (b) shows Mölndalsvägen (ng 

m-2), (c) shows Kvillebäcksparken (ng g-1 dw) and (d) shows Kvillebäcksparken ng m-2).  
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4.4 Physical properties 

The ratio [PAH]leaf/[PAH]air was plotted for the PAHs against the physical properties molar 

mass, boiling point, melting point, water solubility, density, vapor pressure, log Kow, log KOA, 

Henrys law constant and the retention time in gas chromatography. The ratio, where unit of leaf 

PAH content was per area and air content per volume, was used as it is a simple way of 

expressing the accumulation in relation to ambient air. After initial plotting, it was concluded 

that none of the explored physical properties, except the log KOA, had a possible significant 

correlation at the p=0.05 level. All other physical properties were therefore excluded from 

further analysis and discussion. Results of the linear regression of log KOA is provided in Figure 

9, where (a) presents correlations for pin oak in June and September, and (b) presents 

correlations in back pine for C+1 and C+3. Note the consistently higher values of C+3 than 

C+1 in black pine, indicating accumulation. Results retrieved when instead using the mass-

based unit of plant PAH content in linear regression is highly similar regarding values of R2 

and significance. The linear regressions were significant at the p=0.05 level for all four plotted 

lines. Values of R2 were generally high, with exception for the June of C+1 for black pine, 

which was somewhat weaker. Phenanthrene was in both C+1 and C+3 above the general trend, 

thus affecting the R2 value which excluding phenanthrene would instead be 0.940 in June and 

0.906 in September. 

Figure 9. Results of linear regression between the ratio [PAH]plant/[PAH]air and log KOA. Values of PAH 
content in plant tissue were used in unit per area. In (a) results for pin oak is provided for June (black) 

with trendline y1, and September (blue) with trendline y2. In (b) results for black pine is provided for 

June of C+1 needles (black) with trendline y1, and June of C+3 needles (blue) with trendline y2.  
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5 Discussion 

5.1 Air concentrations of PAH and NO2 

Similar values of the duplicate air PAH sampling equipment at both the Arboretum and Nils 

Ericson-terminalen indicate a high accuracy of retrieved values, e.g. little random variation 

within the measurments by PUFs and chemical analysis by gas chromatography (Table 2). All 

values of the CV were equal to or below 0.20, corresponding to a deviation of 20% of the mean 

value. Lack of significant differences between values of CV between the two very differently 

polluted sites further confirms the accuracy of used method, there is further no pattern of any 

certain group of PAHs having different variations than others. 

Comparison of the proportion of the fractions of L-, M-, and H-PAHs with the study of 

(Wingfors, Sjödin, & Brorström-Lundén, 2001), which was also conducted in the city of 

Gothenburg, but much closer to emission sources, in a busy traffic tunnel. They found the 

proportion of particle associates PAHs to be 1.5% on average. Only those that both studies 

included has been compared. There is a large difference in the results of the studies of PAHs in 

ambient air in Gothenburg, as this study found the proportion of particle associated PAHs to be 

25% on average. However, other studies use other ways of measuring PAHs in ambient air. 

Evaluation and comparison of methods is beyond the scope of this thesis. 

The distribution of concentrations of PAHs throughout the sampling sites provides no large 

surprises. The sites were selected for being different, which they were proven to be. Nils 

Ericson-terminalen situated in the city centre surrounded by heavy traffic and little greenery 

was the most polluted site. This, in contrast to Angeredsparken, which with its lowest values is 

found in the outer pars of the city, surrounded by low traffic flows nearby and large amounts of 

greenery. The PAH fractions, L-, M-, and H-PAHs are somewhat similar at the differently 

polluted sites. The similar fractioning in central and rural areas suggests that the emission 

sources are the same, and more or larger in central areas. This supports the hypothesis of 

incomplete combustion within combustion engines being the dominating emission source. At 

both Nils Ericson-terminalen and Mölndalsvägen there were ongoing construction works 

during the time of air sampling. This might be reflected in the obviously higher proportions of 

H-PAHs of these sites in September than in June (Figure 2), as PAHs are emitted from asphalt 

and road dust (Cheruiyot, et al., 2015). 

From Figure 2 it can be concluded that exposure of NO2 correlate well with total concentrations 

of PAH. The concentrations of NO2 were often higher in September than in June, while 

concentrations of PAH exhibited the opposite trend. A large amount of precipitation prior to 

sampling in September, in contrast to very little prior to sampling in June, was interpreted as a 

possible explanation of the lower values of PAHs in ambient air in September, since rain has a 

cleaning effect on particles and wind dilutes gaseous substances. If concentrations of PAH in 

air were to be sorted from largest to smallest, they would be in a slightly different order. Values 

of Mölndalsvägen were lower than expected, Angeredsparken somewhat low and 

Kungsladugårdsgatan a bit high compared to concentrations of NO2. However, the values are 

likely to be reliable, both due to the tested method and because of the similar values of bars in 

comparison to each other in June and September. 

A correlation of concentrations of NO2 and PAHs was expected since both their main emission 

source is from combustion engines. The correlation could be assumed based on Figure 2 and 

was confirmed in Figure 3. The correlations for both sum-PAH, phenanthrene and H-PAH 

retrieved large R2 values (0.62-0.80) as they are more abundant than benzo(a)pyrene which 

retrieved a lower value (0.42). All correlations were found to be highly significant. These results 
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agree well with the study of (Klingberg, Broberg, Strandberg, Thorsson, & Pleijel, 2017) which 

was also carried out in Gothenburg. 

The smaller ratio (most polluted site/cleanest site) for exposure of NO2, 3.8, than for the ratio 

of sum-PAH, 7.3, implies that NO2 is generally distributed across larger areas and is present in 

a higher background concentration in relation to emission level. When looking at the pattern of 

Table 3 and Figure 4, L-PAHs can be assumed to have a smaller ratio than H-PAHs, which 

indicate that the H-PAHs are traveling shorter distances and being more of a local pollution 

issue while L-PAHs are consumed less quickly, polluting also the more remote areas. However, 

the pattern in Table 3 is not entirely consistent since all compounds do not follow the order L-

PAH < M-PAH < H-PAH regarding the ratio in concentration between most and least polluted 

site, but explanation of behaviors of individual substances is beyond the scope of this thesis. 

5.2 Concentrations of PAHs in plant tissues 

Concentrations of PAHs in ambient air and pin oak leaves co-varied to a large extent i.e. mainly 

in line with the NO2 concentration but with some deviations. Diverging patterns of PAH 

concentrations in both air and pin oak leaves were observed where Mölndalsvägen and Akkas 

gata was slightly low and Kungsladugårdsgatan slightly high. An increase of sum-PAH was 

observed at two sites, decreased at four sites, and one within range of standard error (Figure 5a 

and 5c). Overall, the distribution of the fractions of L-PAH, M-PAH and H-PAH in pin oak 

leaves were similar to the distribution in air. PAH concentrations in black pine needles followed 

the same concentration trend of sum-PAH as NO2 in air as well, where Mölndalsvägen and 

Kvillebäcksparken were similar and the Arboretum less polluted (Figure 5b and 5d). However, 

the proportions of the fractions were disruptive as H-PAHs accounted for a much smaller part 

of the sum-PAH than in ambient air and pin oak leaves. Since the black pine needles contained 

several times higher values of PAHs, the absolute amount was still significantly higher in black 

pine. It has in previous studies also been concluded that the interspecies differences can have a 

larger influence of the proportion of accumulated L-, M-, H-, and sum-PAHs than different 

exposures from ambient air (Flavia, Lancellotti, Prati, Maisto, & Alfani, 2011). These results 

indicate that black pine is a favourable tree for capturing of many PAHs, even those with a high 

molar mass. 

5.2.1 Choice of concentration units 
When analysing plant tissue data, expression of PAH concentration was based both on unit 

mass and unit area. As previously described, the conversion to area based units was made using 

a measured and calculated value of the leaf area. The potential problem with the leaf mass per 

area estimation as a comparison in this case lies primarily with the needles. Since the measured 

surface is clean projected area, the real surface may be larger if the object is curved, such as a 

leaf. Leaf mass per area may therefore be underestimated in conifers, while for leaves it is 

probably more reliable. When comparing within species the choice of unit has no large 

consequences since each species has a relatively uniform LMA in all individuals (for example, 

Figures 5 and 7). However, choice of unit in comparison between species has large implications. 

Especially in the case of this study since the LMA of black pine is much larger than for pin oak 

(Figures 6 and 8). The black pine had a higher concentration of most PAHs regardless of unit 

but was appearing an even stronger accumulator using unit area than unit mass concentrations 

because of its higher LMA. 

When comparing within the same or similar species for research, a unit per mass is easier, not 

having to calculate LMA and convert from the initial data from chemical analysis and thereby 

avoiding additional sources of error. When, as in this study, comparing two species with very 

different appearances of leaves and needles a unit per area might be more useful since current 
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research suggests leaf area to be of critical importance for i.e. uptake of air pollutants. The 

choice of units depend on intended use of the data. When using results from this type of studies 

for i.e. planning of green spaces, a measure of PAHs captured per month, season or year and 

individual is more useful. However, for that kind of information, both LMA and the total surface 

of each individual needs to be known. In this study, data of the total leaf, or needle, area per 

tree would be required. Such estimations would be of great interest for future research. 

5.2.2 PAH concentrations and physical properties 
Statistically significant changes of PAH concentrations in leaves and needles over time 

provided by the ANOVA were fewer for the black pine (Table 5) than for pin oak (Table 4). 

However, the post hoc changes (%) provided for black pine were to a much higher frequency 

positive. The lower amount of significant changes from ANOVAs for black pine is partially 

explained by the fewer data points. For both species three samples were collected per site, for 

two points of time. However, the black pine was sampled at three sites instead of the seven sites 

the pin oak was sampled at, resulting in a dataset of 18 points rather than 42. A smaller dataset 

is naturally more sensible to missing data, and the ANOVA excludes all rows where both data 

points are not present. Therefore, the strategy of replacing measurements below the detection 

limit with the value of the detection limit, instead of leaving them blank, was considered 

successful and additionally significant changes over time were likely received. Besides the 

generally weaker values of significance (p), the ratio of variance between groups and within 

groups (F) were generally lower. Reasons for the implication of high variance within the groups 

(C+1 and C+3) of needles in relation to variation between groups (C+1 versus C+3) has not 

been investigated. However, closer investigation of such variations within the data set is 

encouraged for proceeding analysis. 

The concentration of L-PAHs in pin oak leaves appears to occur in an equilibrium between air 

and leaf similar to the partitioning of log KOA (Figures 6a, 6b and 8). These results are 

corresponding well with the study by Jouraeva, Johnsona, Hassett & Nowak (2002) and 

supports the conclusion of Lin, Zhu, He & Tu (2006) that there is a partitioning between leaf 

and air with a highly limited translocation within the leaf tissue. Regarding M-PAHs there were 

no significant changes over time for the pin oak which is understandable when observing the 

trends in figures 6 and 8. The values of M-PAHs in leaves were highly similar at both times of 

sampling and no conclusions of either equilibrium or accumulation can therefore be drawn. 

However, several H-PAHs displayed a significant increase from June to September despite 

lowered concentrations in ambient air, which confirms an accumulation. An accumulation 

might be because of the oaks trichome rich leaf surface, which is positively correlated with 

possible deposition of air pollutants, such as PAHs (Kardel, et al., 2012). 

Despite lack of trichomes, black pine needles had overall larger amounts of PAHs than pin oak 

leaves in our study, both measured per unit mass and unit area. Especially noticeable is that all 

categories, L-, M-, and H-PAHs, show similar patterns of accumulation over time (see Table 5, 

Figure 7c and d) which was perceived as a qualitatively advantage of the black pine compared 

to pin oak. A dominating reason of the higher H-PAH content of black pine was considered to 

be the epicuticular wax. Conifers produces thicker epicuticular waxes, making them more 

efficient than broad-leaves species in trapping of PM (Beckett, Freer-Smith, & Taylor, 1998). 

Chemical composition and physical structure of the wax also affectts the particle deposition 

and the distribution of size fractions captured. (Dzierżanowski, Popek, Gawrońska, Sæbø, & 

Gawroński, 2011). Particles, and thereby particle-bound PAHs, can get encapsulated and 

thereby immobilized within the wax layer, or even within the leaf tissue (Hofman, Wuyts, Van 

Wittenberghe, & Samson, 2014). 
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Pinus nigra has in a study by Beckett, Freer-Smith & Taylor (2000) been observed to have a 

high efficiency in capturing particulate matter because of its complex structure of the foliage, 

and complexity of leaf structure is positively correlated with deposition of air pollutants. 

Moreover, as needles has curved surfaces rather than flat, they receive a thinner laminar air 

flow than leaves do. The irregular placement of needles further contributes to turbulence within 

the canopy resulting in a higher proportion of bypassing pollutants being in contact and possibly 

deposit (Beckett, Freer-Smith, & Taylor, 2000). These mechanisms might help explain the 

efficient trapping of also L-, and M-PAHs in black pine. Jouraeva, Johnsona, Hassett, & Nowak 

(2002) found that the epicuticular wax layer was generally thicker during spring and early 

summer than later through the season. Though, this did not appear as an obstacle for either 

species, pit oak or black pine, of trapping PAHs, especially since the black pine still had large 

amounts of PAHs in the three-year-old needles. The lack of significant differences in LMA 

between June and September for pin oak further indicates that the leaves had not lost a 

significant amount of wax. 

The literature is not entirely unanimous, and not always consistent with our results. In a study 

by Huang et al. (2018) oak leaves (Quercus robur) was more efficient than pine (Pinus 

thunbergii) at capturing PAHs of both low medium and high molar mass, likely due to large 

stomatal density, trichomes and the specific leaf area of the oak. Further, Quercus spp. has 

shown a larger PM removal capacity than Pinus spp. in some studies (Grote, et al., 2016). 

However, there may be differences in traits such as amount and composition of wax and 

occurrence of trichomes between individual species within the larger genus, and the differing 

results might therefore not stand in conflict with each other. 

Analysis of the relationship between the PAH concentration ratio [PAH]tissue/[PAH]air and log 

KOA resulted in a linear correlation between the values 1 through 9 on the log KOA scale for 

both pin oak and black pine. For pin oak, the trendlines of June and September crossed each 

other (Figure 9a). Values of September received a steeper trend than June with lower ratio at 

the low values of KOA and higher at the higher KOA levels. The lowered ratio at log KOA values 

is in accordance with other studies and confirms an equilibrium relationship between leaf and 

needle for the lighter PAHs rather than an increasing accumulation along the season (St-Amand, 

Mayer, & Blais, 2009; Howsam, Jones, & Ineson, 2000). The higher values of the concentration 

ratio ([PAH]tissue/[PAH]air) of substances with a log KOA close to 9 indicate an accumulation 

(fluoranthene and pyrene), possible due to their partitioning leaning towards bonding to 

particles rather than being exclusively gaseous. It is obvious from the results that properties 

influencing the particle-gas partitioning has a great effect for the possibility of accumulation in 

pin oak (Figure 7). 

In black pine, the needles of C+3 were clearly and consistently above the ones of C+1 which 

clarifies that the C+3 followed the same pattern but with higher concentrations. This was 

interpreted as another evidence that needles keep accumulating PAHs throughout the years and 

does not become saturated within the first year e.g. equilibrium is not reached, which is another 

qualitatively important quality of the black pine needles. Further, the same indication as in pin 

oak is received where substances with a log KOA closer to 9, M-PAHs, were accumulated to a 

larger extent. Phenanthrene was in both age classes of needles above the trendline, indicating a 

more increasing concentration for phenanthrene in relation to other gaseous PAHs. This may 

be explained by the lower rate of photodegradation of phenanthrene, both at leaf surfaces and 

within epidermal cells, in relation to other PAHs (Wild, Dent, Thomas, & Jones, 2005). 
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5.2.3 Dependence on weather conditions 
Some concern was raised about the unusually warm and dry weather conditions during the 

summer of 2018 and possible consequences of leaf efficiency. However, the levels of 

chlorophyll were not lower in September than in June (Chatillon, 2019). Further, it has been 

suggested that PAH concentrations between leaf and air approach a steady state over only a few 

days and that photodegradation is a potentially rapid loss process, making the short-term air 

concentration vital for the tissue concentrations in field (Wild, Dent, Thomas, & Jones, 2005). 

If the steady state is as short lived as a few days, the monthly averages may be misleading if 

concentrations varied extensively during air sampling with PUFs, at least regarding some 

substances. Weather conditions during the months prior to the sampling was different in June 

and September (Table 1), which may have affected the PAH concentrations in air, and thereafter 

vegetation. The significantly lower temperature of September compared to June may have 

affected the gas/particle partitioning amongst some PAHs, though at such small temperature 

differences the partitioning is only slightly affected (Parnis, Mackay, & Harner, 2016). 

Temperature was therefore not thought to be the main cause of varying PAH concentrations in 

this study. 

Large amounts of precipitation prior to sampling in September was perceived as similar to 

washing of leaves. De Nicola, Maisto, Prati & Alfani (2008) found that concentrations of total 

PAH content did not change between unwashed and washed leaves. However, some PAHs of 

medium and high molecular weight showed significantly higher concentrations unwashed, and 

the sum of high molecular weight PAHs were higher in unwashed leaves. Moreover, during a 

storm in the study by Jouraeva, Johnsona, Hassett & Nowak (2002), a large proportion of the 

accumulated H-PAHs on leaves were lost and remained low for the following two months. In 

a study of pine needles by Yang et al. (2007) it was also concluded that 5- and 6-ring PAHs 

were prone to detach from the surface by water washing. Despite the “washing” prior to the 

second sampling, concentrations of H-PAHs had significant increases in pin oak leaves during 

the season (Table 4). Both black pine needles and pin oak leaves had increased levels of total 

H-PAHs from June to September, even when where ambient air concentrations had decreased 

(Figure 8), which indicate a robust capacity of accumulation. 

At deposition to the leaf in cloudy weather, the PAH is more likely than during sun to penetrate 

into the leaf and thereby become more protected from photodegradation (Wild, Dent, Thomas, 

& Jones, 2005). Leaves and needles sampled in this study were all growing at the outer part of 

the canopy and were thereby exposed to the sun. Extensive shading of lower parts of dense 

foliage, which could increase PAH accumulation through decreased photodegradation, was 

therefore not seen as source of error. 

Substances adhered to the surface may be absorbed into the wax layer and thereby get protected 

from the UV radiation (Wild, Dent, Thomas, & Jones, 2005) and thereby “make it” to the 

chemical analysis instead of breaking down. Consideration was therefore put towards the 

possibility of the high L-PAH levels of black pine being due to more extensive 

photodegradation at the surface of pin oak leaves than of black pine needles, since the black 

pine has a thicker layer of epicuticular wax. However, the possibility was rejected through 

comparison with values of air concentrations. The PUF was protected from UV-irradiation but 

still provided lower concentrations of L-PAHs in September than in June while the 

concentrations in black pine needles increased. The samples of air were important throughout 

the study as a point of reference. 
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5.3 Effective mitigation measures 

Diesel vehicles has previously been viewed as larger emitter of PAHs, but due to proceeding 

technology and fuels, no significant changes were in 2001 found in the total emissions of PAHs 

in a tunnel when heavy-duty vehicles, which are most often driven by diesel, increased from 

8% to 24% (Wingfors, Sjödin, & Brorström-Lundén, 2001). If the PAHs are driven by an 

equilibrium over a few days, some tree species can potentially function as a buffer, absorbing 

PAHs at poor air quality and reemitting again when concentrations in ambient air decreases. 

Periods where vegetation could have the greatest impact on gaseous PAHs is potentially under 

inversion conditions. The trees are already within the lowest layer of air and has the capacity to 

accumulate PAHs. Benzo(a)pyrene was at several points above the limit of 0.1 ng m-3, which 

is likely to have adverse effects on human health (EEA, 2019). Concentrations of 

benzo(a)pyrene has previously been observed to get reduced by vegetation close to a busy road 

(Klingberg, Broberg, Strandberg, Thorsson, & Pleijel, 2017). 

When considering placement of trees for removal of PAHs from ambient air, several species-

specific factors should be accounted for. Both pin oak and black pine have shown an ability to 

accumulate PAHs where pin oak accumulates a larger proportion of H-PAHs while black pine 

accumulates the largest amount of all three categories. Conifers, such as black pine, are 

generally perceived as more effective at capturing fine particles because of their evergreen 

nature, dense and fine canopies and their high leaf area index (Yang, Chang, & Yan, 2015). 

However, conifers are often more sensitive to traffic related pollution and to high levels of salt 

from e.g. de-icing during winter. Therefore, they should be recommended to have some distance 

to the road (Dzierżanowski, Popek, Gawrońska, Sæbø, & Gawroński, 2011). 

Placement of greenery is an important factor as well as numerous studies show increased air 

pollution when trees are placed in heavily trafficked narrow street, as they function as a lid 

trapping the polluted air by reducing wind speed. Favourable methods for dispersion of air 

pollutants are instead to place dense and lower vegetation between emission sources and 

pedestrians while placing larger trees slightly further from the emission source, allowing them 

to capture certain pollutants rather than trapping (Janhäll, 2015). 
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6 Conclusions 
Pollution levels of PAH and NO2 had a strong positive linear correlation throughout the city of 

Gothenburg where central sites close to heavily trafficked routes were generally more polluted 

than remote sites close to green areas and further away from heavy traffic. The reason for the 

strong correlation is most likely the common emission source, combustion engines of petrol or 

diesel. Background concentrations of NO2 were higher and of larger impact on the total 

concentrations than those of PAH. Within the group of PAHs, substances with low molar 

masses are generally more mobile and more evenly spread than substances with high molar 

masses. Thus, the contrast between differently polluted sites within the city was larger for high 

molar mass PAHs than for low molar mass PAHs and NO2, which is relevant to risk assessment 

of health effects.  

While both pin oak leaves and black pine needles received significant increases of several 

compounds, needles showed a higher ability of trapping large amounts of PAHs over time, both 

from June to September and from one-year-old needles to three-year-old needles sampled 

simultaneously in June. In pin oak leaves a large fraction of accumulated PAHs had a high 

molar mass while black pine needles accumulated all fractions of PAHs. The black pine was 

several times more efficient than pin oak in total trapping of PAHs, and contained higher 

concentrations of all fractions, both gaseous and particulate associated ones. A significant 

positive linear correlation was received between the log KOA below 9 and the concentration 

ratio [PAH]plant/[PAH]air in both pin oak and black pine, indicating an equilibrium relationship 

between epicuticular wax and ambient air for PAHs of low molar mass. All significant changes 

of L-PAHs of pin oak were negative, which further implyed they followed the air concentrations 

through equilibrium. 

Particle associated PAHs (H-PAHs) being present in much higher concentrations within the 

city than outside it, and the carcinogenic benzo(a)pyrene above its guideline indicates a need 

for abatement. The results of several times higher PAH content in the conifer and lack of 

saturation throughout several years are evidence that black pine has favourable traits for 

removal of PAHs in urban areas during all seasons and might be suitable as a tool for PAH 

removal in urban areas. 
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Appendix A 
Table A1. All statistical values for time from the ANOVAs for PAH in pin oak with the unit ng m-2. 

The type of PAH (low molar mass (L) or high molar mass (H)) is explained together with the amount 

of data points above detection limit (N), the significance in the ANOVA (p) and the ratio of variance 
between groups and variance within groups (F). The Post hoc change (%) specifies the change in 

concentration from June to September. 

Substance  
 

Type 

ANOVA Post hoc 

Mass 
N P F change (%) 

Acenaphthene  154 L 38 0.000 11.2 -81.2 

Fluorene 166 L 34 0.000 31.0 -56.6 

2-phenylnaphthalene 204 L 42 0.000 5.0 -50.2 

1-methylfluorene 180 L 35 0.000 21.8 -44.4 

Acenaphthylene  152 L 29 0.000 15.3 -42.8 

3-methylphenanthrene 192 L 42 0.000 6.1 -42.4 

2-methylphenanthrene 192 L 40 0.002 6.6 -37.3 

Phenanthrene 178 L 42 0.000 12.6 -36.7 

Benzo(a)pyrene 252 H 42 0.004 15.6 -30.5 

1-methylanthracene 192 L 41 0.002 6.6 -26.0 

Anthracene 178 L 40 0.000 15.1 -23.3 

1-methylpyrene 216 M 42 0.104 7.3 -20.6 

1-methylphenanthrene 192 L 42 0.018 5.6 -19.5 

Pyrene 202 M 42 0.367 9.8 -9.0 

1-methylfluoranthene 216 M 42 0.493 4.6 -6.3 

Fluoranthene 202 M 42 0.875 19.5 +0.9 

2-methylchrysene 242 H 42 0.632 23.0 +5.2 

Benzo(g,h,i)perylene 276 H 42 0.278 23.8 +15.7 

Chrysene 228 H 42 0.000 9.9 +37.7 

Benzo(a)anthracene 228 H 42 0.002 15.0 +39.3 

Dibenzo(a,h)anthracene 276 H 27 0.008 9.5 +40.8 

Benzo(b)fluoranthene 252 H 42 0.003 14.6 +49.2 

Indeno(1,2,3-c,d)pyrene 276 H 42 0.000 4.4 +64.9 

Benzo(k)fluoranthene 252 H 42 0.000 17.5 +71.9 

Coronene 300 H 39 0.000 17.4 +225.1 

2-methylnaphthalene 142 L 0   
 

1-methylnaphthalene 142 L 0   
 

Biphenyl 154 L 0   
 

2,3-dimethylnaphthalene 156 L 0   
 

2,3,5-trimethylnaphthalene 170 L 0   
 

Retene 234 M 0   
 

Perylene 252 H 5    
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Table A2. All statistical values for time from the ANOVAs for PAH ni pin oak with the unit ng g-1. The 

type of PAH (low molar mass (L) or high molar mass (H)) is explained together with the amount of data 
points above detection limit (N), the significance in the ANOVA (p) and the ratio of variance between 

groups and variance within groups (F). The Post hoc change (%) specifies the change in concentration 

from June to September. 

Substance Mass type 
ANOVA Post hoc 

N P F change (%) 

Acenaphthene 154 L 38 0.000 6.3 -81.1 

Fluorene 166 L 34 0.000 45.4 -56.2 

2-phenylnaphthalene 204 L 42 0.000 5.3 -49.9 

1-methylfluorene 180 L 35 0.000 18.9 -44.9 

Acenaphthylene 152 L 29 0.000 10.6 -43.2 

3-methylphenanthrene 192 L 42 0.000 7.2 -42.1 

2-methylphenanthrene 192 L 40 0.001 8.5 -37.3 

Phenanthrene 178 L 42 0.000 14.5 -37.0 

Benzo(a)pyrene 252 H 42 0.005 7.7 -29.7 

1-methylanthracene 192 L 41 0.003 6.8 -25.3 

Anthracene 178 L 40 0.000 13.4 -23.0 

1-methylpyrene 216 M 42 0.096 7.6 -20.7 

1-methylphenanthrene 192 L 42 0.012 6.0 -19.9 

Pyrene 202 M 42 0.424 13.2 -8.2 

1-methylfluoranthene 216 M 42 0.465 4.1 -7.3 

Fluoranthene 202 M 42 0.963 21.4 +0.3 

2-methylchrysene 242 H 42 0.575 17.0 +6.4 

Benzo(g,h,i)perylene 276 H 42 0.301 10.9 +15.9 

Chrysene 228 H 42 0.001 8.8 +37.6 

Benzo(a)anthracene 228 H 42 0.003 11.6 +38.3 

Dibenzo(a,h)anthracene 276 H 28 0.018 7.7 +40.6 

Benzo(b)fluoranthene 252 H 42 0.005 8.7 +48.2 

Indeno(1,2,3-c,d)pyrene 276 H 42 0.000 1.8 +61.7 

Benzo(k)fluoranthene 252 H 42 0.000 8.6 +70.0 

Coronene 300 H 39 0.000 10.2 +224.2 

2-methylnaphthalene 142 L 0   
 

1-methylnaphthalene 142 L 0   
 

Biphenyl 154 L 0   
 

2,3-dimethylnaphthalene 156 L 0   
 

2,3,5-trimethylnaphthalene 170 L 0   
 

Retene 234 M 0   
 

Perylene 252 H 5   
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Appendix B 
Table B1. All statistical values for time from the ANOVAs for PAH in black pine with the unit ng m-2. 
The type of PAH (low molar mass (L) or high molar mass (H)) is explained together with the amount 

of data points above detection limit (N), the significance in the ANOVA (p) and the ratio of variance 

between groups and variance within groups (F). The Post hoc change (%) specifies the change in 

concentration from June to September. 

Substance  Mass  Type 

ANOVA Post hoc 

N P F change % 

Acenaphthene 154 L 10 0.011 0.7 -71.3 

2-methylchrysene 242 H 18 0.546 10.9 +3.9 

Dibenzo(a,h)anthracene 276 H 6 0.288 4.5 +13.2 

Benzo(a)pyrene 252 H 18 0.257 4.2 +21.1 

1-methylfluoranthene 216 M 18 0.167 7.1 +32.0 

Benzo(b)fluoranthene 252 H 18 0.104 7.4 +44.7 

Fluorene 166 L 17 0.009 6.1 +52.4 

Benzo(a)anthracene 228 H 7 0.121 3.5 +54.3 

Anthracene 178 L 18 0.102 1.8 +55.5 

Coronene 300 H 14 0.114 11.2 +62.9 

Phenanthrene 178 L 18 0.041 0.9 +70.8 

Chrysene 228 H 18 0.001 18.9 +71.3 

Benzo(g,h,i)perylene 276 H 18 0.022 9.5 +82.9 

1-methylfluorene 180 L 18 0.020 0.6 +86.5 

Indeno(1,2,3-c,d)pyrene 276 H 17 0.007 9.1 +110.2 

3-methylphenanthrene 192 L 10 0.130 3.1 +110.3 

Fluoranthene 202 M 18 0.011 2.1 +124.0 

Pyrene 202 M 18 0.010 3.0 +129.3 

1-methylanthracene 192 L 15 0.086 1.2 +135.1 

1-methylphenanthrene 192 L 17 0.020 0.9 +143.8 

2-phenylnaphthalene 204 L 17 0.020 0.9 +144.4 

1-methylpyrene 216 M 17 0.016 0.9 +146.9 

Benzo(k)fluoranthene 252 H 18 0.120 2.6 + 161.7 

2-methylphenanthrene 192 L 11 0.026 1.7 +163.0 

2-methylnaphthalene 142 L 0   
  

1-methylnaphthalene 142 L 0   
  

Biphenyl 154 L 0   
  

2,3-dimethylnaphthalene 156 L 0   
  

Acenaphthylene 152 L 0   
  

2,3,5-trimethylnaphthalene 170 L 1    

Retene 234 M 0    

Perylene 252 H 0   
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Table B2. All statistical values for time from the ANOVAs for PAH in black pine with the unit ng g-1. 

The type of PAH (low molar mass (L) or high molar mass (H)) is explained together with the amount 
of data points above detection limit (N), the significance in the ANOVA (p) and the ratio of variance 

between groups and variance within groups (F). The Post hoc change (%) specifies the change in 

concentration from June to September. 

Substance  Mass type 
ANOVA Post hoc 

N P F change (%) 

Acenaphthene   154 L 10 0.007 15.9 -72.2 

2-methylchrysene  242 H 18 0.965 0.0 -0.3 

Dibenzo(a,h)anthracene 276 H 6 0.458 0.6 +7.9 

Benzo(a)pyrene 252 H 18 0.301 1.3 +16.7 

1-methylfluoranthene 216 M 18 0.185 2.2 +25.8 

Benzo(b)fluoranthene 252 H 18 0.143 2.8 +37.3 

Benzo(a)anthracene 228 H 7 0.164 2.5 +43.6 

Fluorene 166 L 17 0.020 9.8 +44.5 

Anthracene 178 L 18 0.092 4.0 +47.0 

Coronene 300 H 14 0.139 2.9 +51.1 

Phenanthrene 178 L 18 0.034 7.5 +61.6 

Chrysene 228 H 18 0.002 29.2 +62.8 

Benzo(g,h,i)perylene 276 H 18 0.021 9.7 +73.4 

1-methylfluorene 180 L 18 0.021 9.7 +77.6 

3-methylphenanthrene 192 L 10 0.150 2.7 +98.2 

Indeno(1,2,3-c,d)pyrene 276 H 17 0.008 15.4 +100.1 

Fluoranthene 202 M 18 0.008 15.0 +108.4 

Pyrene 202 M 18 0.007 16.1 +116.4 

1-methylanthracene 192 L 15 0.099 3.8 +120.8 

1-methylphenanthrene 192 L 17 0.019 10.0 +125.8 

2-phenylnaphthalene 204 L 17 0.019 10.1 +126.4 

1-methylpyrene 216 M 17 0.014 11.7 +134.5 

Benzo(k)fluoranthene 252 H 18 0.116 3.4 +141.0 

2-methylphenanthrene 192 L 11 0.029 8.2 +144.9 

2-methylnaphthalene 142 L 0   
  

1-methylnaphthalene 142 L 0   
  

Biphenyl 154 L 0   
  

2,3-dimethylnaphthalene 156 L 0   
  

Acenaphthylene 152 L 0   
  

2,3,5-trimethylnaphthalene 170 L 1   
  

Retene 234 M 0   
  

Perylene 252 H 0   
  

 


