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from Road Traffic
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Denis Francois

Abstract
Polycyclic aromatic hydrocarbons (PAHs) and palladium are associated with
emissions from diesel and gasoline vehicles respectively. Only a few studies
have focused on their effects on roadside ecosystems. Bio-monitoring can
reveal the environmental health. This study aims at evaluating the
contamination level of environmental compartments and identifying relevant
organisms for the bio-monitoring of PAHs and Pd. First, in order to assess each
pollution extent a field and a forest were investigated near a heavy-traffic
highway. Atmospheric PAHs were measured. PAHs and Pd contents were
analyzed on soil and indigenous organisms. Second, based on these results and
the literature, four plants were selected to be tested in a growth chamber with
standard soil. Trifolium repens, Lotus corniculatus were exposed to PAHs;
Festuca arundinacea, Lolium perenne to Pd. Parameters related to germination
and aerial parts were regarded. The results show that Trifolium repens could be
a potential bio-indicator of PAHs through the number of leaves, and Festuca
arundinacea through its stretched length.
Keywords: Air, Bio-monitoring, Environmental health, Plants, Pollution, Soil
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Introduction
It is broadly acknowledged that road traffic contributes to air pollution
resulting in local and global scale ecological and health damages: among which
are, global warming, water acidification, respiratory and immune system
diseases. A wide variety of pollutants ranging from major and heavy metals to
persistent organics have been studied in exhaust emissions, roadside particles,
surface soils, sediments and/or aquatic systems (Giordano et al., 2010; Wang et
al., 2015; Gonzalez and Rodriguez, 2013). However, there is currently lack of
data about the effects of vehicular emissions on the roadside organisms. This
study focuses on two distinct pollutants of contrasting vehicular origins:
Polycyclic Aromatic Hydrocarbons (PAHs) and palladium (Pd). PAHs are
carcinogenic organics that dominantly come from diesel emissions whereas Pd
is an emerging pollutant historically used in the catalytic gasoline vehicle
’converters. On the one hand, high PAHs levels have been found in the first
meters from the road carriageway (Viskari et al., 1997; Gateuille et al., 2014)
but their post-depositional fate and potential transfers toward the local
organisms and more distant ecosystems is still poorly understood. On the other
hand, a study by Zereini et al. (2007) corroborated by further researches
(Helmers and Kümmerer, 2000; Gomez et al., 2002) demonstrated that the Pd
loads in roadside soils markedly increased (punctually >10 times) over the past
decades. This is all the more problematic since, among the platinum group
elements, Pd seems to be the most bioavailable (Schäfer et al., 1998) and is
released in the shape of nanoparticles (Zereini and Alt, 2006).
Despite the impregnation of environmental compartments with Pd and
PAHs is now ascertained; only a few studies have focused on their effects on
roadside exposed organisms. Besides, the necessary appraisal and evaluation of
these effects may also serve to propose suitable tools for impact monitoring. If
properly constructed and characterized, such tools may be useful for gauging
the importance and the extent of contamination, the transformations undergone
by PAHs and Pd and ensuing bioavailability changes as well as the eventual
impregnation of the local trophic chains. Growing roadside organisms on
contaminated soils represents a first step for estimating the biological effects of
PAHs and Pd contaminations (Fletcher, 1991; Vernay et al., 2009). Hence, this
study adopted a two-stage approach. Firstly, the fate of PAHs and Pd was
studied in various roadside environmental compartments ranging from the
atmosphere, to the surface soils and local organisms. This served to assess the
contamination levels, the spatial extent of environmental contamination and the
potential organism to be used in toxicity tests. Secondly, based on the in-situ
measurements and existing bibliography, roadside organisms that meet
specified PAHs or Pd sensitivity criteria were selected then tested for their
response to increasing soil contamination levels. These tests aim at gaining
clear information about the morphological and physiological functional traits
that allow quantifying the organisms’ PAH and Pd exposure.
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Materials and Methods for Diagnostic Study
Study Sites and Selection Criteria
In order to identify the study sites fitted to the appraisal of both the PAHs
and the Pd environmental fate, six criteria presenting a major importance in
pollutants dispersion have been analyzed. These consisted of: i) the traffic
intensity, ii) the uniformity and iii) uniqueness of the vehicular source among
sampling sites, iv) the existence of established databases for climate and
meteorological conditions, v) the nature of the ground, vi) the presence of the
sampling of contrasting vegetation covers. Local traffic intensity has been
evaluated in order to determine a daily vehicle flow representative of the
French mean for highways. Sampling sites ought to be rural in order to limit
the influence of industrial and residential sources. The local climate and
meteorological conditions have been considered for the site to be localized
downstream the vehicular PAH and Pd emissions. Moreover, soil substrata
having high sand contents had to be avoided. Finally, in order to test the effect
of vegetation cover on pollutant dispersion, the sampling sites involved an
open field as well as a mature forest under consistent traffic and environmental
conditions. Besides, the local topography of the ground should be flat not
affected by the presence of cuts and fills.
Responding to all those criteria, two sites, arable field called (site A) and a
forest (site B) have been retained near the A71 highway in Sologne 200 km
south of Paris (France). A 20 m-wide right-of-way (ROW) was located near
each side of the carriageway. The ROW differs notably from the crossed
milieus and thus has been considered a distinct type of environment. Two
ROWs have been defined herein, i.e. ROW A and ROW B, located beside each
of the study sites (A and B, respectively).
Sampling
Three transects (200m in length) were perpendicularly positioned from the
carriageway of the A 71 highway. These were separated one from another by a
distance of 33 m. Five sampling points were placed along each transect so as to
capture the traffic-induced contamination gradient: at 2, 5, 20, 50 and 200
meters, respectively.
Both the surface soils and local organisms were collected at each sampling
point. The surface soils were collected down to 20 cm deep. The ROW A,
ROW B and the site A overlaying organisms were essentially composed by
herbaceous plants. Thus, the plant communities were collected indiscriminately
within a 0.25 m2 square. Festuca arundinacea (95%) was the dominant species
of the ground cover in ROW A and ROW B. Different species, among which
were, Matricaria perforata, Myosotis arvensis, Plantago major, Senecio sp,
Stellaria sp, Taraxacum officinale and Trifolium repens, composed the field
plant community.
At site B, three representative vegetation species were collected at
different heights: a moss (Scleropodium purum Hedw) at soil level; bramble
leaves (Rubus sp) at a 1 m height; and ivy leaves (Hedera helix L.) at a 2 m
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height. Each species was collected individually and the collected mass was
close to 100g (fresh weight).
Along with the plant communities and vegetation samples, earthworm
communities were also collected. This was done by collecting indistinctly all
the individuals from 2 m long by 0.5 m wide and 0.20 m deep surface soils
monoliths. Earthworms were found at ROW A and ROW B sampling sites as
well as at site A. The high moisture contents of site B soils limited the
importance of their population. Where available, up to ~40 g of earthworms
were collected.
Analytical Section
In order to analyse only the Pd absorbed by organisms, plants and
earthworms samples were rinsed with distilled water before extraction.
Regarding the soil, all samples were directly digested with aqua regia. Plants
and earthworms were digested using only nitric acid. After keeping the
samples at room temperature, extract solutions were filtered prior to analysis.
Palladium concentrations were determined by means of a fully calibrated
quadrupole Inductively Coupled Plasma-Mass Spectrometry (Bruker ICP-MS
820 equipment) according to ISO 17294-1 and ISO 17294-2. The limit of
detection (LoD) was close to 35 ng.L-1, which represents 1.7 ng.g-1. The limit
of quantification (LoQ) was 90 ng in the digestion mixtures, which represents
5.0 ng.g-1. In order to improve measurement correctness, helium plasma was
used for the removal of multiple polyatomic interferences.
The atmospheric fallout was estimated by using a dust monitor (EDM
1.108) linked to a particulate PAH sensor (Model 130). Then, the particle size
distribution between 0.25 µm and 22.5 µm and a local concentration of the sum
of all particle-bound PAHs was measured. The 16 priority PAHs from the
United States Environmental Protection Agency (US-EPA, 2008) list were
analyzed.
Grimm filters, soils and organism samples were extracted in a mixture of
DCM and methanol using focused microwave-assisted extractions in close
cells (MultiwaveTM 3000 from Anton Paar). Following the extractions, PAHsbearing solvents were concentrated by using a Rotavapor and brought with nheptane. The cleaned-up step was achieved through silica gel columns. The 16
PAHs designated by the US-EPA were analyzed by GC/MS (Focus DSQ single
quadrupole from Thermo). Naphthalene, acenaphthylene and acenaphthene
were excluded from data analyses because of their high standard vapor
pressure. The remaining thirteen congeners are summed and named Σ13PAH.
The mean recovery and variance associated with the accuracy for PAHs
determinations were 1078%. Procedural blanks ranged from 0.5 ng to 2 ng
and the detection limits were between 20 pg and 50 pg.
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Materials and Methods for Phytotoxicity Tests
Selected Species
The species selection was based on the diagnostic study results as well as
the literature data relating to organism sensitivity with respect to the targeted
pollutants. Sought organisms were expected to have a limited sensitivity with
respect to other pollutants and background contaminants. Another important
consideration for selection was the seed mixture usually sown in the ROW
areas at a national level.
Selected Species for Pd Phytotoxicity Tests
Regarding the dominant species of the ROW, few phytotoxicity studies
have revealed some characteristics which lead to test Festuca arundinacea
sensibility to Pd exposure. Besides, it is a model plant used in the ISO 22030
standard (2005), a chronic toxicity test on higher plants via soil quality. It
maximizes phytoavailability of trace elements (As, Cd, Cu, Pb, Zn) in soils
with different pollution sources and their physicochemical properties. Its
rhizosphere microbial activity is able to degrade PAHs (Alam Cheema et al.,
2009; Huang et al., 2004; Chi hua et al., 2006) and it seems to be resistant to
PAHs exposure: an interesting property for a bioindicator candidate in order to
avoid PAH interaction on palladium effects on the site.
Lolium perenne is the second dominant species of the standard national
seed mixtures sown in highway ROW. It is a standardized biomonitoring
species for phytotoxicity tests and its sensitivity to Pd has been underlined a
long time ago (Benedict, 1970; Brenchley, 1934). Lolium perenne occurs
naturally on heavy metal polluted sites (Arienzo et al., 2004). This means that
it is able to support relatively high contamination levels, hence worth to be
tested as a Pd bioindicator candidate.
Selected Species for PAH Phytotoxicity Tests
Trifolium repens and Lotus corniculatus are not dominant in the standard
seed mixture but these two species are commonly observed in national ROW
and they have a wide natural distribution area. Scarce studies about PAHs
effect on Trifolium repens growth are available: in Smith et al. (2006; 2011)
effects are observed from a 1000 mg.kg-1 PAH content and no effect on
germination is underlined. Henner et al. (1999) shows that plant growth is
reduced by an average contamination, and totally inhibited with heavy
contamination. Regarding high PAH contamination, an effect on Lotus
corniculatus growth is also observed but no effect is noted on germination
(Smith et al., 2006; 2011).
Test Protocol
Exposure tests were conducted in a growth chamber according to the
OCDE (2006) guidelines and the specific needs for each species (AFNOR,
2005). The growth parameters were: temperature: 19°C, photoperiod: 16h,
relative humidity: 70%, light output: 300 to 400 mmol photon/m²/s. To
minimize the influential toxicological parameters, tests were conducted with
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standard soil (2.3 standard soil from LUFA Speyer) that shows close properties
to the in-situ soil (sandy / clay). Palladium metallic powder (of 0.2-0.5 nm
grain size) or a mixture of the US EPA’s 16 priority PAHs were used to
contaminate the soil. Prior to adding to the plants, contaminated soils were kept
in glass jars surrounded by aluminum to allow equilibration. During 2 weeks,
these were daily agitated for 5 min. The final contents ranged from 10-6 mg.g-1
Σ13PAH to 10-1 mg.g-1 Σ13PAH and from 10-3 mg.g-1 Pd to 10 mg.g-1 Pd. These
intervals correspond to a range varying exponentially from the natural level to
an extreme pollution level. A positive Control with Zn was used to probe the
sensitivity of the plant and the effectiveness of the experimental setup. A
negative Control with acetonitrile, i.e. PAHs solvent, was equally performed.
Uncontaminated soils were further used as a reference to gauge the effects of
PAHs or Pd. Seeds are genetically stable varieties from RAGT Company.
Initially, 27 seeds were sowed per pot, from which only 5 individuals were
cultivated until the end of the tests.
Studied Traits and Data Treatment Methods
Toxicity tests aim at identifying at what level of soil contamination the
effects on organisms become significant. This can be done by measuring
morphological and physiological traits that reflect the sensibility of each plant
to PAH and Pd exposure. These traits have been selected because of their
direct impact in the physiological functioning of the organism and the link that
can be done with the functioning of the community (Cornelissen et al., 2003;
Gross, 2007).
Germination
The percentage effect (PE) on the germination capacity was estimated
relative to the initial number of grain sown and regarding the uncontaminated
Controls. This was formulated as follows:

PE(%) 

SG PAHs; Pd  SG 0

(1)
100
SG 0
where SG is the number of sprouted seeds per pot in the presence (PAHs; Pd in
subscript) and absence (0 in subscript) of added pollutants. A germination time
was also assessed and defined as the number of days needed in order to reach a
given percentage of sprouted seeds per pot (AFNOR, 2005).
Functional Traits
Plants are collected at different stages of growth. Besides, thinning which
occurred on day 10, 20 and 30 following germination. Stem and root lengths;
fresh, dry and calcined weight for vegetative and roots system were measured
on each plant at these dates and at the end of the test: day 60 (D60). These
were used to calculate water and mineral contents in the aerial and root parts.
The number of leaves per plant was determined every 3 days. The stretched
length corresponds on herbaceous, to a stem on which the youngest expanded
leaf is selected (evergreen) and stretched to its maximum length along the stem
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axis (Cornelissen et al., 2003). This trait was also regularly measured on the
five remaining individuals kept to evaluate the pollutant effect on plant growth.
At the end of the tests, several additional leave’ traits have been measured:
The Specific Leaf Area SLA corresponds to the ratio of the leaf area and its dry
weight (mm².mg-1), Leaf Dry Matter Content LDMC which was obtained by
dividing leaf dry weight (mg) by its fresh weight (g) and Total Leaf Area TLA
which is the sum of all healthy leaves surface fully developed and rigid without
petiole (mm²). Statistical analyzes were carried out on the vegetative part and
on the roots over exposure time. Exhaustive analyzes were conducted for D60
results. A global average-to-average comparison analysis was carried out
between the trait results with respect to exposure conditions in order to assess
the existence of significant differences. The average values were compared by
pairs with the Tukey method.

Results and Discussion
Diagnostic Study
Assessment of Pd Uptake through Transfer Coefficients
Transfer coefficient (TC) values were calculated as the ratio of the
pollutant content of terrestrial organism (i.e. plants and earthworms) to the
content in the soil (Ek et al., 2004). Figure 1 presents, sites A and B average
TCs ± standard deviation (in ng.g-1, dry weight) values for earthworms (EW),
plant communities (PC), bramble leaves (BL) and ivy leaves (IL). Moss TC
was not determined due to its root system absence.
Figure 1. Transfer Coefficients in Site A (Grey Symbols) and B (Black
Symbols) for Earthworms (EW), Plant Communities (PC) In and Out of the
Right of Way (ROW), for Bramble Leaves (BL) and Ivy Leaves (IL)

The gained results show that the organisms (especially the site B
earthworms) are more contaminated with Pd toward the carriageway. This
suggests that most of the direct effects of Pd emissions would be found in the
first 20 m from the carriageway, which roughly corresponds to the ROW area.
For instance, the highest TCs are observed for earthworms in site B at 2m (0.65
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ng.g-1) and 5m (0.48 ng.g-1). Like for earthworms, the highest TCs for plant
communities are observed at site B and reaches 0.42 at 5 m. Interestingly,
while the site B TCs are low outside the ROW, the site A organisms exhibit
more homogeneous values between sampling locations. This indicates that
changes in the vegetation cover and the local dynamics of these pollutants may
notably influence the contamination of road organisms between the sampling
sites. It is also worth noting that TC values are all below 1. This means that no
substantial bioaccumulation is observed in the tested organisms, which further
suggests that, upon deposition, Pd contamination primarily remains in roadside
soils. This preliminary result must be supported by further analyzes concerning
the potential Pd transfer rates into the exposed organisms.
Assessment of Pd Footprint through Accumulation Indexes
With the local variation in the surface soil Pd contents, and when
exclusively focusing on the TC values, any higher content organism may be
considered as less contaminated than another, providing the soil within which
it develops is more contaminated than the other. In order to avoid a
misinterpretation caused by variation of contamination along transects and to
assess a local contamination of a target organism, an indicator can be more
relevant when it compares each specimen’s content to a unique reference value
(Jullien and François, 2006). This reference can be the background
contamination of the soil (Soil Reference Value-SRV); or the organism
pollutant content at the point where the background contamination of the soil is
met (Earthworm reference value-EWRV; or Plant Community Reference
Value-PCRV). The ratio between the organism’s pollutant content and this
background reference value determines an accumulation index (AI) (Figure 2).
Figure 2. Accumulations Indexes Calculated in Site A (Grey Symbols) and B
(Black Symbols)

Regarding site A, the soil reference value for the Pd content is met at 200
m: SRV(A) = 47.49 ng.g-1. For site B, the SRV is met since 20 m: SRV(B) =
44.79 ng.g-1 . The contamination of organisms at these respective points, in site
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A, are EW200m(A) = 17.86 ng.g-1 (EWRV(A)) and PC200m(A) = 8.88 ng.g-1
(PCRV(A)). For site B, EW20m(B) = 7.87 ng.g-1.
The analysis of AI, based on the respective EWRV and PCRV shows some
significant uptake within the ROW areas. Earthworms in ROW B present high
AI between 2 and 20 m: the contents are almost 5 times the EWRV at 2 m, and
more than 3 times at 5 meters. In ROW A, no substantial accumulation effect
has been evidenced due to a bias in sampling (discrimination of smaller,
younger and less contaminated earthworms due to the presence of a geotextile
close to the road). Nevertheless in site A, the plant community indicates a Pd
accumulation with AI from 1.75 to1.13. Overall, TC and AI results lead to
suppose that some in-situ plant species of the ROW areas could possibly be
tested as potential passive bio-indicators to estimate palladium contamination
in the roadside environment.
Assessment of PAH Uptake through Transfer Coefficients
PAH contents in organisms usually increase with the proximity to the
carriageway. In site B, high contents in both surface soils and organisms were
punctually observed 20 m from the carriageway (interface ROW- forest). This
is followed by a pronounced decrease indicating the existence of a barrier
effect that hinders the lateral dispersion of PAHs and presumably increases
their local deposition onto the soils and local organisms. The highest TC values
have been observed in ROW B earthworms and plant communities (Figure 3).
This corresponds to the areas where the PAHs are emitted and tend to
accumulate in the local atmosphere. The lowest TCs have been observed
outside the ROW for plant communities, bramble and ivy leaves. The latter,
however, shows higher values in a remote area 50 m from the carriageway. An
important result is TC >1 in most points. This shows that PAHs accumulate in
the roadside environmental compartments. It also points out the existence of
pronounced variations in the accumulation pattern both in terms of the exposed
organism and spatial exposure.
Figure 3. Transfer Coefficients in Sites A (Grey Symbols) and B (Black
Symbols) for Earthworms (EW), Plant Communities (PC) In and Out of the
Right of Way (ROW), for Bramble Leaves (BL) and Ivy Leaves (IL)
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Taking the analyzed PAHs individually, it appeared that PAHs having 2-3
benzene rings concentrate widely in plant communities whereas PAHs with 4
benzene rings usually accumulate in earthworm populations adjoining the
highway. Plants' impregnation with lower PAHs could be partly explained by
direct atmospheric contamination.
Assessment of PAH Footprint through Accumulation Indexes
The background soil content in Σ13PAH in site A is measured at 50 m:
SRV(A) = 59.23 ng.g-1. For site B, SRV is met since 5 m: SRV(B) = 45.32
ng.g-1. The contamination of the organisms at these respective points, in site A,
are EW50m(A) = 58.32 ng.g-1 (EWRV(A)) and PC50m(A) = 67.69 ng.g-1
(PCRV(A)). For site B, EW5m(B) = 89.57 ng.g-1.
Most AI in ROWs are higher than 1 (Figure 4). This confirms the
impregnation of the roadside organisms with PAHs. However, unlike for Pd,
this suggests a contamination of the surface soils in conjunction with a
significant uptake by the ROW organisms. In this regard, earthworms in ROW
B present the highest AI, between 2 and 5 m (5.6-2). High AI values are also
observed in many plant communities’ samples collected both in ROWs A and
B between 2 and 5 m (2.3-1.5 and 2.0-2.6, respectively).
It is worth to note that half-life of PAH depends on PAH congener (70
days for naphthalene, 230 days for fluorene) (Jones and Voogt, 1999; MacKay
and Shin, 1991). In addition, this degradation time depends on various
physical-chemical and biological factors e.g. photodegradation, oxidation,
microbial activity. In average, the Σ13HAP stocks in collected soils and
organisms represent between 1 % and 0.1 ‰ of cumulated emissions since
the highway is opened (Clement et al., 2015). This means that PAHs do not
accumulate in these compartments during exposure time. PAH are probably
degraded and / or exported. So, PAHs recently deposited are measured in the
organisms. Moreover, PAH levels increases are observed through plant
communities and earthworms CT and AI collected in ROW B near the forest
edge. These results indicate that most PAHs uptake might occur in the first 20
meters from the carriageway especially in closed environments where trees
form a barrier that may intercept the vehicular PAHs.
Accordingly, the ROW organisms, such as herbs constitutive of the plant
communities that display high TC and AI values can be regarded as potential
organisms for PAH passive bio-monitoring.
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Figure 4. Accumulations Indexes Calculated in Site A (Grey Symbols) and B
(Black Symbols)

Results of Phytotoxicity Tests
Based on in-situ observations and the previously evoked selection criteria,
four species were identified. Festuca arundinacea and Lolium perenne have
been exposed to a range of Pd contents and Trifolium repens and Lotus
corniculatus have been exposed to Σ13PAH contents via standardized soil
contamination. The effects on germination capacity and on germination rate
have been analyzed.
Functional trait responses were measured to evaluate the various pollutant
content effects and plant sensibility.
Palladium Phytotoxicity Tests
Germination Tests
Seeds’ germination is not significantly affected for both Festuca
arundinacea and Lolium perenne. The germination capacity was more
pronounced in contaminated soils than the Control. This effect was observed
over the entire Pd content range and thus could constitute a Pd
presence/absence indicator. The germination time for attaining 45% of Festuca
arundinacea seed germination at 10 mg.g-1 Pd was significantly shorter that in
the uncontaminated soil (4 vs. 22 days).
Functional Traits Responses
Changes in functional traits for Festuca arundinacea and Lolium perenne
are presented in Figure 5. The symbols indicate for which trait a significant
difference (p <0.05) is observed between plants exposed to the different Pd
contents, including the Control (0 mg.g-1). Each symbol (ϴ: Stretched length;
Ş: Specific leaf area; ϐ: Organic content / fresh matter; Ʉ: Water content)
corresponds to a specific trait.
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Figure 5. Changes in Functional Traits for Festuca arundinacea (Right-hand
Side) and Lolium perenne (Left-hand Side): Average-to-average Comparisons
(ns: No Significant Difference)

At the end of the exposure time, for Festuca arundinacea, Organic
content/fresh matter (ϐ) differs significantly between the Control and plants
exposed to 10-1 mg/g Pd.
The stretched length (ϴ) is significantly different among the various soil
contents. This significant difference is observed during the exposure time from
D10 to D60. By focusing on this trait, one observes that at the beginning of the
test (D9 to D 16), the average stretched length of all plants is similar (~±1cm).
After D10, ϴ values for plants exposed to 10 mg.g-1 Pd become higher than the
others (i.e. + 2 cm compared to the uncontaminated Control). After D24, until
the end of tests, this difference is all the more marked. On average, for plants
exposed to 10-3, 10-2, 10-1, 1 and 10 mg.g-1 Pd, there are respectively about 7, 9,
5, 8 and 7 cm less than plants Control. The difference in the ϴ values between
the Pd-exposed and the uncontaminated plants is apparent even at the lowest
Pd-addition. It thus seems to be a threshold effect for Pd that occurs close to insitu content values, i.e. <10-3 mg.g-1Pd. This indicates that the stretched length,
which is readily measurable in-situ, should be further evaluated on indigenous
Festuca arundinacea used as a passive bio-indicator in order to possibly
monitor the Pd intake into food chains.
For Lolium perenne, 3 traits (Ş: SLA; ϐ: Organic content / fresh matter; Ʉ:
Water content) exhibit significant difference with increasing Pd
contaminations. The trait ϐ differs significantly between the plants exposed to
10-1 mg.g-1 and lower level contamination tests (i.e. Control, 10-3 and 10-2 mg.g1
). This corresponds to an average 3% loss of organic content. A significant
difference was also observed between the uncontaminated Control and plants
from 1 mg.g-1 Pd soils (~6% organic content loss).
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Concerning Water content (Ʉ), some significant differences appear
between 10-1 mg.g-1 and lower contaminations levels (~3% water content loss).
This was equally observed for plants from 1 mg.g-1 Pd soils (11% water
content loss). One possible explanation would be the hydric stress caused by
the high contamination exposure (1mg.g-1) on this specie.
Finally, for SLA (Ş), two significant differences were observed between
the highest contamination level (10 mg.g-1 Pd) and 10-3 mg.g-1 or 10-2 mg.g-1
Pd. The mean difference in SLA between the relating plants is ~14 mm2.mg-1.
This underlines the potential effect of the extreme Pd-content exposures on
plants’ photosynthetic surface decrease.
PAH Phytotoxicity Tests
Germination Tests
As concerns Trifolium repens, high Σ13PAH exposure inhibits the
germination of seeds. Compared to the Control, delayed (4 days) germination
was observed for seeds exposed to 10-1 mg.g-1 Σ13PAH.
Functional Traits Responses
Changes in the functional traits for Trifolium repens and Lotus
corniculatus are presented in Figure 6. This regards [Stretched length] (ϴ);
[Specific leaf area] (Ş); [Organic content / fresh matter] (ϐ); [Organic content /
dry matter] (Π); [Minerals content/ fresh matter] (Φ); [Minerals content / dry
matter] (Ψ); [Fresh mass] (£); [Water content] (Ʉ); [Leaves number] (Ϫ). Some
traits are linked (e.i. Φ and Ψ). They allow achieving a certain assessment of
results consistency.
Figure 6. Changes in Functional Traits for Trifolium repens (Right-hand Side)
and Lotus corniculatus (Left-hand Side): Average-to-average Comparisons
a
(ns: No Significant Difference) ( : High Values Measured on Plants Exposed to
-2
-1
10 mg.g Σ13PAH)
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For Trifolium repens a threshold effect is obviously reached at 10-1 mg.g-1
Σ13PAH. Several functional traits have notably been affected by this
contamination level and the plants rapidly died as apparent by sight in by 5
traits: (Minerals content/ fresh matter (Φ); Minerals content / dry matter (Ψ);
Fresh mass (£); Water content (Ʉ); Stretched length (ϴ) and Leaves number
(Ϫ). Among them, two are of practical interest: fresh matter and the leaves
number. Significant changes in the leaves number occur at D47 (with an
average difference of 7 leaves between the Control and plants exposed to the
highest contamination level, i.e. 10-1 mg.g-1). The difference accentuates over
time and reaches 94 leaves (out of 120) at the end of the test.
As for Lotus corniculatus, several functional traits have been affected by
Σ13PAH contamination at 10-2 and 10-1 mg.g-1: water content (Ʉ), stretched
length (ϴ), leaves number (Ϫ), organic content (ϐ) and fresh matter (£).
Compared to T. repens, fewer traits respond significantly. It is worth noting
that, throughout all the test duration, L.corniculatus plants exposed to 10-2
mg.g-1 Σ13PAH displayed a pronounced development, which resulted in
significantly positive effects on the tested biological traits. For instance, at
D60, a difference of 80 leaves (out of 160) is observed between the Control
and plants exposed at 10-2 mg.g-1 Σ13PAH, whereas for the same duration, the
difference between Control and the extreme content (10-1 mg.g-1 Σ13PAH) is 63
leaves.
As a consequence, compared to Lotus corniculatus, Trifolium repens
seems to be more sensitive to Σ13PAH exposure. Because of its higher number
of traits which significantly respond (in particular leaves number), it must be
further studied in order to assess its potential as in-situ bio-indicator.

Conclusions
Through TC and AI, this study shows that vehicular Pd and PAH fallout is
mostly found within the first 20 meters from the carriageway. Regarding Pd no
effect of the hedge tree is noticed while for Σ13PAH a “tree hedge effect” is
observed by the increasing contaminations levels near such a natural barrier.
Among the analyzed organisms, earthworms and plant communities were the
most accumulative.
From these observations and based on the scarce literature studies, 4
species usually shown in highway ROW were selected for phytotoxicity tests
in the aim to reveal possible candidates for passive bio-monitoring. The tests
reveal that for Palladium, Festuca arundinacea through its stretched length,
and for PAH, Trifolium repens through its leaves number, could be in-situ bioindicators. The effects of the tested pollutants on the measured traits usually
occur after 30 days. Besides, because phytotoxicity tests’ conditions are far
from the real (on site) ones, several limits ought to be set for current results.
For instance, one major limitation lies in the Pd-PAHs and/or organisms’
interactions with other vehicular pollutants. This point must be further
examined. As a consequence, a second phytotoxicity experiment involving
roadside soils is scheduled with 3 Pd and PAHs exposure contents,
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corresponding to Control (0), in-situ common and extremes contents,
respectively with Trifolium pratense and Festuca arundinacea. The same traits
will be measured + a physiologically one (omega-3 index). These first results
will allow concluding about the influence of the natural soil and the role of
others pollutants on species responses.
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