Organic pollutants in protected plain areas: the occurrence of PAHs, Musks, UV-filters, Flame Retardants and Hydrocarbons in woodland soils.
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Higher contamination found in woodlands on floodplains.
First report of personal care products in forest soils.
Riverine transport of PAHs and other contaminants.
EHMC, AHTN and TCPP resulted relevant pollutants.
Leaf waxes are major sources of hydrocarbons.


Abstract
Protected woodlands are rare and small portions of the plain territory of northern Italy, where agricultural, industrial and urban activities strongly dominate the landscape. Such natural areas are frequently set on river floodplains and are therefore potentially conditioned by the contamination brought by the surface waters. We investigated the occurrence of multiple categories of organic pollutants, including Polycyclic Aromatic Hydrocarbons (PAHs), Musk fragrances, UV-filters, organophosphorus and novel brominated Flame Retardants (FRs) and Total Petroleum Hydrocarbons (TPH) in woodland soils of eight different protected areas. The samples collected in the floodplains of the Po, Adige and Fratta rivers resulted more contaminated, with levels of PAHs up to 633 ng g-1. Moreover, these samples for the first time revealed the presence of personal care products, primarily 2-ethylhexyl-4-methoxycinnamate (EHMC) and tonalide (AHTN), in soils of protected woodlands, together with the occurrence of both organophosphorus and brominated FRs. Hydrocarbons were instead reflecting the inputs of long chain n-alkanes from epicuticular waxes more than petrogenic contamination.

1. Introduction
The Veneto region is one of the most heavily human-modified landscapes of Europe and is the Italian region with the highest rate of soil consumption, reaching a total of 12.5 % of the land artificially covered. Despite national and regional parks protect wide naturally forested areas in alpine and hilly environments of the region, protected woodlands represent only small sparse portions of the lowland territory and these are frequently linked to rivers or are set in floodable plains, also after reforestation policies (arpa.veneto.it). In this context, little information is available on the soil contamination of the protected woodlands in plain areas, where the aim of this study is to investigate the occurrence of multiple categories of organic pollutants in soil, helping to safeguard these rare areas.
In order to address to this objective, we selected different organic pollutants, which are tracers of urban, domestic and industrial sources: Polycyclic Aromatic Hydrocarbons (PAHs) are widely studied compounds typically indicating combustions and/or fuel spills (Tobiszewski and Namieśnik, 2012). In forests PAHs may derive from atmospheric deposition, since the vegetation coverage may efficiently remove these contaminants from the atmosphere, finally burying them into the soil (Huang et al., 2016), while natural or human-lit fires can represent in-situ sources of production of PAHs (Argiriadis et al., 2018; Campo et al., 2017). Petrogenic pollution in soil is generally determined also by the parameter Total Petroleum Hydrocarbons (TPH). However, the relevant presence of leaf litter in woody areas may bring to relatively high concentrations of long chain n-alkanes in soil deriving from epicuticular waxes (Vecchiato et al., 2017a). Consequently, hydrocarbons of vegetal origin may be erroneously ascribed to petrogenic contamination. Much less is known about the occurrence of other categories of contaminants in woodland soils: few studies investigated the presence of organophosphorus and novel brominated Flame Retardants (FRs) in forest environments (Dreyer et al., 2019; Lorenzo et al., 2018), also considering potential usage during fire extinguishing (Campo et al., 2017). However, to the best of our knowledge this is the first research reporting personal care products, including Musk fragrances and UV-filters, in protected forest soils. In order to evaluate different types of pollution due to past and present contamination, we included among the analytes both banned products, such as nitromusks, as well as currently used compounds, e.g. 2-ethylhexyl-4-methoxycinnamate (EHMC), which was included in the first European watch list for the emerging contaminants (Decision 2015/495/EU) (Barbosa et al., 2016). The full list of the analytes is reported in the method section. 
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Figure 1: map of the sampling sites. Blue dots indicate floodable areas, while green dots represent woodlands not influenced by rivers. Adapted from Google Earth.

Most sampling sites were identified in five floodable protected areas of the Po, Adige, Fratta, Sile and Piave rivers (Figure 1), respectively located in the municipalities of Bergantino, Castelbaldo, Megliadino S.Vitale, Quarto d’Altino and Pederobba. Po and Adige rivers are the first and second longest streams of Italy, crossing densely populated and large industrial areas, with a population of respectively 16 million and 1.6 million of people living in their basins. The Fratta river collects the discharges of several manufacturing activities, while the anthropogenic impact on the Sile river is less intense. Some samples were collected in the Heronry of Pederobba, which is set at the border of the mountain course of the Piave river, therefore resulting less affected by the urban and industrial settlements characterizing the lower plains. In order to compare the riverine inputs, other sampling sites were chosen in woodlands not prone to flooding: the presence of the Olmè wood (Cessalto) was documented since the 17th century, while the Storga springs park belongs to the urban area of Treviso. Differently from the other selected protected areas, which are located in plain environment, the Fagarè wood (Cornuda) is set in the nearby foothills. There are no previous studies available on the contamination of these protected areas, therefore results will be discussed comparing data with similar woodlands and related matrices.
The linkage of most of these protected area with rivers has a dual implication: streams act both as a sink or a source of contamination, collecting and transporting pollutants deriving for example from runoff of urban and industrial areas, or discharges of untreated wastewater. The floodplains are therefore exposed to these sources of contamination: especially during overflows, suspended loads may deposit on floodplain, enriching soils with contaminants (Schulz et al., 2015). However, depending on the magnitude of the flood, intensive fluxes may also remobilize previous deposits.
 
2. Materials and methods
In the spring of 2018, we collected 28 surface soil samples in eight protected areas of the Veneto region, Italy, each reflecting different potential sources. The investigated areas, extending from 11 to 171 Ha, have a typical plain arboreal distribution and most of them belong to the Natura 2000 network. Detailed information is reported in Table SI1, together with dominant trees, sampling dates and coordinates.
Analyses were performed in the laboratories of the public utility company Società Estense Servizi Ambientali (S.E.S.A. S.p.A.; Este, PD, Italy). Soil samples were freeze-dried and ground with an agate mortar. Aliquots of about 10.0 g were spiked with internal standards and Soxhlet extracted with dichloromethane for 16 h. Extracts were cleaned onto a silica column (2.5 g, 10% water deactivated) topped with 3 g anhydrous sodium sulfate, eluted with 15 mL of n-hexane, followed by 20 mL of dichloromethane /acetone (1:1). Pesticide grade solvents and materials were purchased from Merck KGaA (Darmstadt, Germany).
Native PAHs (Acenaphthylene (ACY	); Acenaphthene (ACE); Fluorene (FLU); Phenanthrene (PHE); Anthracene (ANT); Fluoranthene (FLA); Pyrene (PYR); Benz(a)anthracene (B(a)A); Chrysene (CHR); Benzo(b)fluoranthene (B(b)F); Benzo(j)fluoranthene (B(j)F); Benzo(k) fluoranthene (B(k)F); Benzo(e)pyrene (B(e)P); Benzo(a)pyrene (B(a)P); Perylene (PER); Dibenz(a,h)anthracene (D(ah)A); Indeno(1,2,3-c,d)pyrene (I(cd)P); Benzo(g,h,i)perylene (B(ghi)P); Dibenzo(a,e)pyrene (D(ae)P); Dibenzo(a,l)pyrene (D(al)P); Dibenzo(a,i)pyrene (D(ai)P); Dibenzo(a,h)pyrene (D(ah)P)) were acquired from Agilent (Santa Clara, CA, USA), while CIL (Cambridge Isotope Laboratories, Inc., Andover, MA, USA) provided a mixture of perdeuterated PAHs (ES5164) used as internal standards. Native Musk fragrances (celestolide (ADBI); galaxolide (HHCB); tonalide (AHTN); musk moskene (MM); musk xylene (MX); musk ketone (MK); ethylene brassylate (MT)) and native UV-filters (2-ethylhexyl salicylate (EHS); 2-hydroxy-4-methoxybenzophenone (BP-3); 4-methylbenzylidene camphor (4-MBC); isoamyl 4-methoxycinnamate (IMC); EHMC) were purchased from Sigma Aldrich (Merck KGaA, Darmstadt, Germany), using respectively d3-AHTN (LGC Dr. Ehrenstorfer, Augsburg, Germany) and d15-EHMC (Sigma Aldrich) as internal standards. Accustandard (New Haven, CT, USA) provided native organophosphorus and novel brominated FRs (tris(1-Chloro-2-propyl) Phosphate (TCPP); tris(1,3-Dichloro-2-propyl) phosphate (TDCPP); Triphenyl Phosphate (TPP); tris(2-Chloroethyl) Phosphate (TCEP); Pentabromoethylbenzene (PBEB); Hexabromobenzene (HBB); Decabromodiphenyletane (DBDPE); 1,2-Bis(2,4,6-tribromophenoxy)ethane (BTBPE)), as well as perdeuterated organophosphorus FRs. Brominated compounds were quantified using 13C BTBPE, 13C BDE-47 (Wellington Laboratories; Guelph, ONT, Canada) and 13C BDE-209 (CIL) as internal standards. 
Instrumental analyses of PAHs were performed using GC-MS/MS (Agilent Technologies, 7890B-7000D) with a Select PAH column (30 m, 0.25 mm, 0.15 µm). Conditions: He, 2 mL min-1; Inj. 300°C; Oven 70°C for 0.7 min, 85°C min-1 to 180°C, 3 °C min-1 to 230°C for 7 min, 28°C min-1 to 280°C for 10 min, 14°C min-1 to 350 °C for 3 min; aux 300°C; source 275°C, quadrupoles 150°C. A single quadrupole (Agilent 5977B) was used to analyze musks and UV-filters, together with an Agilent 5MS column (30 m, 0.25 mm, 0.25 µm). Conditions: He, 1.2 mL min-1; Inj. 120 °C for 0.05 min, 600 °C min-1 to 300 °C °C; Oven 80°C for 1.3 min, 40°C min-1 to 320°C for 31.7 °C min; aux 280°C; source 175°C, quadrupole 150°C. Organophosphorus FRs were analyzed with an Agilent 7890A-5975C equipped with a DB-5MS column (30 m, 0.25 mm, 0.25 µm). Conditions: He, 1 mL min-1; Inj. 300°C; Oven 40°C for 4 min, 15°C min-1 to 190°C, 10 °C min-1 to 310°C for 8 min; aux 300°C; source 230°C, quadrupole 150°C. Analyses of novel brominated FRs were carried out using a triple quadrupole (Agilent 7890B-7000D) with a DB-5MS column (15 m, 0.18 mm, 0.18 µm). Conditions: He, 1.8 mL min-1; Inj. pulsed 100°C for 0.2 min, 900 °C min-1 to 300°C; Oven 80°C for 1 min, 37.5°C min-1 to 230°C, 30 °C min-1 to 325°C; aux 325°C; source 280°C, quadrupoles 150°C. Instrumental conditions reporting ion transitions, quantifier and qualifier masses are reported in Table SI2, together with mean blanks and procedural recoveries. Method Detection Limits (MDLs) were calculated as three times the Standard Deviation of the blanks.
TPHs were quantified according to the method ISO 16703:2004, drying samples at 40 °C for 24 h and sieving them at 2 mm. Ultrasonic extraction (1h) of 10 g of sample was performed with 20 ml of n-hexane, 40 ml of acetone and n-C10 and n-C40 as retention time window standards. The extracts were washed three times in a separatory funnel with 100 ml of ultrapure water and dried with Na2SO4. Samples (10 ml) were then purified onto a glass column with 2 g of Na2SO4 and 2 g of Florisil (Sigma Aldrich). Analyses were performed using a GC-FID (Thermo Scientific Trace 1300) equipped with a with a 15-m Select Mineral Oil column (0.32 mm I.D., 0.10 μm; Agilent Technologies). A diesel/motor oil mixture (RGO-730-1; Ultra Scientific, North Kingstown, RI, USA) was used for quantification. n-Alkanes were analyzed injecting the extracts onto an HRGC-LRMS (7890A-5975C, Agilent Technologies) instrument equipped with a 60-m HP- 5MS column (0.25 mm I.D., 0.25 μm; Agilent Technologies) in SIM mode (Ion m/z 85.1 Quan.; 57.1, 99.1 and 113.1 Qual.). Organic Carbon was determined according to DM n° 185 13/09/99 using titration (Walkley-Black method).

3. Results
PAHs
The concentrations of PAHs show different distributions between the sampling sites since the influence of rivers generally brings more contamination to the woodland soils (Figure 2). The highest levels of total PAHs were detected in the samples near the Fratta river (179 - 633 ng g-1), followed by the Po river (93 - 148 ng g-1) and Adige river (34 - 45 ng g-1). The levels of PAHs in the dry areas and near the Sile and Piave rivers result substantially lower o below detection limits (Table SI3). Moreover, in the Fratta, Po and Adige samples the PAH pattern is dominated by heavy (≥ four rings) congeners, while in the other areas generally only light PAHs occur (Table SI3). Due to the lack of other inputs, atmospheric deposition is likely the only relevant source explaining the occurrence of PAHs in the woodlands not prone to flooding. Noteworthy, the investigated areas were not recently involved in wildfire events. The patterns found in the riverbanks of the Fratta, Po and Adige rivers suggest that recent and direct petrogenic inputs (e.g. fuel and oils from boats) probably represent weaker sources of PAHs than combustions: the ANT/(ANT+PHE) ratio is generally > 0.1 suggesting prevalent pyrogenic sources (Table SI3), consistently with the FLA/(FLA+PYR) ratio, resulting > 0.5 in most cases (Tobiszewski and Namieśnik, 2012). However, PAH isomers may have differing reactivities during transport and/or transfer of compartment (Katsoyiannis and Breivik, 2014; Vecchiato et al., 2020), possibly recommending inaccurate sources (pyrogenic vs. petrogenic). Therefore, despite diagnostic ratios are widely used in the literature to distinguish PAH sources (Xiao et al., 2014), the information deriving from these tools should be interpreted with caution. Further considerations about possible petrogenic inputs are reported in the TPH paragraph. Perylene is a non-priority PAH that may have both anthropogenic and diagenetic origin (Bouloubassi and Saliot, 1993): while it ranges at 2- 43 ng g-1 in the soils of the Po, Adige and Fratta rivers, it occurs in only one sample of the Olmè wood (1 ng g-1; Table SI3). It is likely that this latter sample may derive from background diagenetic sources, while the relatively higher levels in the other floodplain samples, also considering the concurrent distribution of the other contaminants, suggest prevalent anthropogenic sources.
Several studies investigated the distribution of PAHs in protected and/or forested areas (Table 1). The concentrations of PAHs in the soil of the protected woodlands found in this study (1 - 633 ng g-1), are comparable to those characterizing similar environments in Italy, as in Astroni (Naples; 204 ± 183 ng g-1) (Rota et al., 2013) and Palermo (35 - 545 ng g-1) (Orecchio, 2010). Lower concentrations were detected in the sediments of protected ponds near Trento (0.7 - 36 ng g-1) (Argiriadis et al., 2014), while the values of the Fratta samples are comparable to the sediments at the mouths of the polluted Tiber (36 - 546 ng g-1) (Montuori et al., 2016) and Sarno (5.3 - 679 ng g-1) (Montuori and Triassi, 2012) rivers. Also the sediments of Italian marine protected areas (0.71 - 1550 ng g-1) showed higher PAH values near urban sources (Perra et al., 2011).
The levels of PAHs in the analyzed soils of Veneto fall among those typically found in protected forest areas, as in China (Pearl river; 19 - 515 ng g-1) (Xiao et al., 2014), Russia (4 - 45 ng g-1) (Gennadiev and Tsibart, 2013) and Brazil (Cunha, Sao Paulo; 180 ± 100 ng g-1) (Bourotte et al., 2009). On the contrary the influence of heavy traffic emissions lead to a peak of 16 µg g-1 in Delaware parks (USA) (Yuan et al., 2014). Also the soil of unprotected forests show a similar range of PAH concentrations, with levels comparable to the woodlands of Veneto detected in Norway (6 - 889 ng g-1) (Aamot et al., 1996), Switzerland (98 - 219 ng g-1)  (Bucheli et al., 2004) and France (Orgeval; 90 - 150 ng g-1) (Gateuille et al., 2014) and in the bank soil of Luan river (China; 37 - 378 ng g-1)  (Cao et al., 2010). Higher values were instead found in burned forest soil from Spain (Azuèbar; 1255 ng g-1)  (Campo et al., 2017), in soil of urban parks of Beijing (China; 1285 ± 1848 ng g-1) (Peng et al., 2012), in the organic horizon of German forests (Germany; 340 - 19919 ng g-1) (Krauss et al., 2000) and close to sources in UK and Norwegian forests (42 - 4850 ng g-1) (Nam et al., 2008).
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Figure 2: concentrations of PAHs (ng g-1), Musks (ng g-1), UV-filters (ng g-1), Flame retardants (FRs; ng g-1) and TPH (µg g-1) in the woodland soils. Correlation of THP with TOC (mg g-1) is also reported. Blue dots indicate floodable areas, while green dots represent woodlands not influenced by rivers.

Musks
Musk fragrances were detected only in the floodable areas of the Po, Fratta, Adige and Sile rivers (Figure 2), with nitromusks (MM, MX and MK) occurring at concentrations below 0.8 ng g-1 (Table SI3). AHTN shows relatively higher concentrations (2.0 - 5.0 ng g-1; Table SI3), while the other polycyclic musks (ADBI and HHCB) remained below detection limits. The macrocyclic MT was detected in only one Po sample (1.1 ng g-1). These data represent the first report of synthetic fragrances in forest soils. The levels of AHTN in the floodable forest soils (Table 1) are comparable or lower than amended soils (Chase et al., 2012; Chen et al., 2014). Notably the concentrations found in this study are lower than those previously found in the sediments of the Po river (16 - 159 ng g-1) (Viganò et al., 2015), which in turn were more similar to Chinese rivers (Zeng et al., 2018a, 2018b). Marine sediments (Table 1) are at intermediate levels (Combi et al., 2016; Pintado-Herrera et al., 2016), while the concentrations of AHTN in lagoon sediments (Necibi et al., 2016) and in beach sand (Homem et al., 2017) are more similar to our results. Despite the restrictions to use in the European cosmetic market (Homem et al., 2017), we should underline the presence of nitromusk in different soil samples (Table SI3). MM and MX were detected more frequently than MT and MK, consistently with the literature (Homem et al., 2017; Zeng et al., 2018b) , occurring respectively in five and six samples, in comparison to one and two samples (Table SI3).

Table 1: PAHs (ng g-1), AHTN (ng g-1), EHMC (ng g-1), TCPP (ng g-1) and TPH (µg g-1) in soils of forests, protected woodlands and related matrices. Samples from forests and woodlands are reported in italics, while samples collected in protected areas are underlined.
	Sample type
	Location
	Concentration
	Reference

	∑PAHs (ng g-1)

	Topsoil
	Veneto (Italy)
	1 - 633
	This Study

	Topsoil
	Norway
	6 - 889
	(Aamot et al., 1996)

	Topsoil
	Cunha (Sao Paulo, Brazil)
	180 ± 100
	(Bourotte et al., 2009)

	Topsoil
	Switzerland
	98 - 219
	(Bucheli et al., 2004)

	Soil (burned)
	Azuèbar (Spain)
	1255
	(Campo et al., 2017)

	Bank soil
	Luan river (China)
	37 - 378
	(Cao et al., 2010)

	Topsoil
	Orgeval (France)
	90 - 150
	(Gateuille et al., 2014)

	Topsoil
	Russia
	4 - 45
	(Gennadiev and Tsibart, 2013)

	Organic horizon
	Bavaria (Germany)
	340 - 19919
	(Krauss et al., 2000)

	Topsoil
	UK and Norway
	42 - 4850
	(Nam et al., 2008)

	Soil profile
	Palermo (Italy)
	35 - 545
	(Orecchio, 2010)

	Soil profile
	Urban parks (Beijing, China)
	1285 ± 1848
	(Peng et al., 2012)

	Topsoil
	Astroni (Naples, Italy)
	204 ± 183
	(Rota et al., 2013)

	Topsoil
	Pearl river (China)
	19 - 515
	(Xiao et al., 2014)

	Topsoil
	Delaware (USA)
	70 - 16462
	(Yuan et al., 2014)

	Pond Sediment
	Roncegno (Trento, Italy)
	0.7 - 36
	(Argiriadis et al., 2014)

	River sediment
	Tiber river (Italy)
	36 - 546
	(Montuori et al., 2016)

	River sediment
	Sarno river (Italy)
	5.3 - 679
	(Montuori and Triassi, 2012)

	Marine sediment
	Marine protected areas (Italy)
	0.71 - 1550
	(Perra et al., 2011)

	AHTN (ng g-1)

	Topsoil
	Veneto (Italy)
	2.0 - 5.0
	This Study

	Biosolid amended soil
	China
	0.7 - 29
	(Chen et al., 2014)

	Effluent amended soil
	Lubbock (TX, USA)
	0.33 – 6.24
	(Chase et al., 2012)

	Beach sand
	Oporto (Portugal)
	0.13 - 3.1
	(Homem et al., 2017)

	River sediment
	Po river (Italy)
	16 - 159
	(Viganò et al., 2015)

	River sediment
	Hun river (China)
	0.098 - 213
	(Zeng et al., 2018a)

	River sediment
	Pearl river (China)
	4.31 - 439
	(Zeng et al., 2018b)

	Lagoon sediment
	Bizerte (Tunisia)
	0.30 - 1.7
	(Necibi et al., 2016)

	Marine sediment
	Adriatic Sea (Italy)
	0.6 - 24.3
	(Combi et al., 2016)

	Marine sediment
	Andalusia (Spain)
	1.3 - 39.1
	(Pintado-Herrera et al., 2016)

	EHMC (ng g-1)

	Topsoil
	Veneto (Italy)
	0.7 - 3.4
	This Study

	River sediment
	Japan
	2.0 - 101
	(Kameda et al., 2011)

	River sediment
	Melbourne (Australia)
	11 - 640
	(Allinson et al., 2018)

	River sediment
	Iguaçu (Brazil)
	4.6 - 167
	(Mizukawa et al., 2017)

	Lake sediment
	Mjøsa (Norway)
	9.9 - 19.8
	(Langford et al., 2015)

	River and marine sediment
	Lebanon
	45 ± 6
	(Amine et al., 2012)

	Marine sediment
	Adriatic Sea (Italy)
	0.9 - 10.4
	(Combi et al., 2016)

	Marine sediment
	Andalusia (Spain)
	3.2 - 26.2
	(Pintado-Herrera et al., 2016)

	TCPP (ng g-1)

	Topsoil
	Veneto (Italy)
	0.11 - 11
	This Study

	Topsoil
	L’Albufera (Spain)
	14.1 - 89.7
	(Lorenzo et al., 2018)

	River sediment
	Spain
	13 - 365
	(Cristale et al., 2013)

	Soil (burned)
	Azuèbar (Spain)
	2.4 - 21
	(Campo et al., 2017)

	River sediment
	Adige river (Italy)
	0.53 - 54
	(Giulivo et al., 2017)

	River sediment
	Evrotas river (Greece)
	1.9 - 7.6
	(Giulivo et al., 2017)

	River sediment
	Sava river (Slovenia)
	2 - 15
	(Giulivo et al., 2017)

	River sediment
	Po river (Italy)
	6.9 - 62
	(Wolschke et al., 2018)

	River sediment
	European rivers
	1.7 - 141
	(Wolschke et al., 2018)

	River sediment
	Hun river (China)
	0.35 - 60
	(Zeng et al., 2018a)

	River sediment
	Pearl river (China)
	0.26 - 25
	(Zeng et al., 2018b)

	Lake and river sediment
	Lazio (Italy)
	0.3 - 32
	(Cavaliere et al., 2016)

	TPH (µg g-1)

	Topsoil
	Veneto (Italy)
	5 - 65
	This Study

	Topsoil
	Colli Euganei (Italy)
	49 - 213
	(Vecchiato et al., 2017a)

	Industrial areas
	Milan, Rome, Palermo (Italy)
	9 - 179
	(Riccardi et al., 2013)

	Industrial area
	Italy
	863 - 12818
	(Guarino et al., 2017)

	Background soils
	Canada
	60 - 1820
	(Wang et al., 2012)

	[bookmark: _Hlk67058953]Contaminated soils
	Canada
	2050 - 376000
	(Wang et al., 2012)

	Natural peat
	Alberta (Canada)
	2071 ± 545
	(Kelly-Hooper et al., 2013)




UV-filters
Traces of UV-filters were observed in the soils collected near the Po, Fratta, and Adige rivers (Figure 2). EHMC ranges between 0.7 and 3.4 ng g-1, while EHS and 4-MBC occur at levels below 0.9 ng g-1. BP-3 and IMC always resulted below detection limits. Notably the highest concentrations of the two major personal care products considered in this study, namely AHTN and EHMC, both result in the sample Po4 (Table SI3).
The levels of EHMC are comparable to those found in marine sediments of the Adriatic Sea (0.9 - 10.4 ng g-1) (Combi et al., 2016). Nevertheless, other sediments from different rivers, lake and marine areas (Allinson et al., 2018; Amine et al., 2012; Kameda et al., 2011; Langford et al., 2015; Mizukawa et al., 2017; Pintado-Herrera et al., 2016) generally show concentrations 1-2 orders of magnitude higher (Table 1). EHMC was recently reported also in air samples (Pegoraro et al., 2020). The absence of this compound in the samples not influenced by rivers may indicate that its atmospheric transport and deposition is probably a process less important than direct inputs form polluted waters to determine its environmental distribution. However, a comprehensive understanding of the role of the atmosphere in the transport of EHMC, and more in general also of the other personal care products (Vecchiato et al., 2020), is lacking.

FRs
Both organophosphorus and brominated flame retardants were detected in the floodable forest soils of the Po, Fratta, and Adige rivers (Figure 2). TCPP was found at relatively higher levels (0.11 - 11 ng g-1) than the other analytes, which otherwise occur at concentrations below 1.3 ng g-1 (Table SI3). This prevalence of TCPP reflects its high production volumes, consequently it is typically among the most abundant flame retardant detected in environmental samples (Iqbal et al., 2017). Relatively higher concentrations of TCPP (14.1 - 89.7 ng g-1) were found in the topsoil from L'Albufera Natural Park (Valencia, Spain), while in burned soil from Azuèbar (Spain), potentially reflecting the usage of flame retardants during fires, its concentrations (2.4 - 21 ng g-1) resulted more similar to our results (Table 1). Other studies detected the presence of TCPP in the sediments of the Adige river (0.53 - 54 ng g-1) (Giulivo et al., 2017) and of the Po river (6.9 - 62 ng g-1) (Wolschke et al., 2018), as well as in the sediments of other European (Cavaliere et al., 2016; Cristale et al., 2013; Giulivo et al., 2017; Wolschke et al., 2018) and Chinese (Zeng et al., 2018a, 2018b) rivers. These findings underline the widespread contamination of flame retardants in the riverine ecosystems. Notably, in the Veneto soil samples TCEP (0.08 - 1.3 ng g-1) occurs at concentrations lower than TCPP, as well as in most of the studies mentioned above, probably reflecting the European restrictions to use for TCEP (Wolschke et al., 2018). The other organophosphate flame retardants, namely TDCPP and TPP, found in the soils of the Po, Fratta, and Adige rivers, fall in the same ranges, resulting respectively 0.08 - 0.17 ng g-1 and 0.09 - 0.35 ng g-1 (Table SI3). Among brominated compounds, the concentrations of PBEB (0.9 - 2.4 ng g-1) was higher than HBB (0.06 - 0.87 ng g-1) and DBDPE (0.08 - 0.15 ng g-1), while BTBPE resulted lower than detection limits (Table SI3). Similar levels were found in forest soils from Germany (Dreyer et al., 2019), while in Chinese samples PBEB and DBDPE fall in broader ranges, resulting respectively 0.001 - 92 ng g-1 and 0.005 - 18 ng g-1 (Zheng et al., 2015). Higher levels of DPDPE were detected in the sediments of the Po river (27 ng g-1) (Viganò et al., 2015), as well as in Slovenian (2.4 - 21 ng g-1) (Giulivo et al., 2017) and Spanish (91 - 435 ng g-1) (Cristale et al., 2013) rivers. Even higher concentrations of DBDPE characterize urban topsoil from Australia (54 - 384 ng g-1)  (McGrath et al., 2017) and Nepal (8.8 - 2970 ng g-1)  (Yadav et al., 2018).

Hydrocarbons
Total hydrocarbons defined as TPH were detected in each sample (Figure 2). In six cases TPH concentrations resulted above 50 µg g-1, therefore exceeding the Italian limits (C>12; Legislative Decree 152/2006, Part IV, Title V, Annex 5) for this parameter in soils of green areas. Following legislative indications, considering all hydrocarbons with a number of carbon atoms higher than 12, regardless of their origin or toxicity, these soils should be considered polluted and consequently remediated (Vecchiato et al., 2017a). However, in forests and woods the most likely source of hydrocarbons derives from long chain n-alkanes as part of the epicuticular leaf waxes. We previously found that most of the topsoil samples collected in the protected woods of the nearby Colli Euganei Regional Park were paradoxically exceeding the guideline limits (49 - 213 µg g-1), due to vegetation inputs (Vecchiato et al., 2017a). This can explain why, differently form the other contaminants, the TPH levels found in the soils of the Olmè, Storga and Cornuda woods are comparable to those found in the more polluted floodplains, reflecting the on-site natural production of hydrocarbons from leaf waxes. Leaves of angiosperms typically have a predominance of odd-carbon number n-alkanes over even-carbon number compounds, expressed by the carbon preference index (CPI = [∑oddC21–33 + ∑oddC23–35]/2∑evenC22–34). Despite very large variations, average CPIs of a majority of modern plants range around 10, while this index results around 1 in petrogenic hydrocarbons (Bush and McInerney, 2013). Higher CPI values, up to 8.1 were generally found in the areas not prone to flooding, indicating biogenic sources (Table SI3). In the other samples, CPIs have large variations, with the lower values possibly indicating the contribution of petrogenic sources (Table SI3), but also possible microbial and fungal degradation phenomena, which tends to lower the CPIs (Vecchiato et al., 2017a). Moreover, the lowest values are not corresponding to the same samples, where, as mentioned above, diagnostic ratios suggest possible petrogenic origins of PAHs. Notably, in the Fratta samples, reporting the highest PAH and FR contamination, the TPH values result above the guideline limits, but this also corresponds to a CPI range of 3.2 - 5.2 and to relatively high levels of Total Organic Carbon (TOC), indicating inputs of biogenic materials (Table SI3). Mixed anthropogenic and natural sources could be hypothesized. The overall correlation of TPH with TOC is reported in the Figure 2. Background soils with high inputs of organic matter may have TPH values even higher than those found in this study (Table 1) (Kelly-Hooper et al., 2013; Wang et al., 2012), while concentrations of hydrocarbons in contaminated areas may range from comparable levels (Riccardi et al., 2013) to orders of magnitude higher (Guarino et al., 2017; Wang et al., 2012). Nevertheless, even if the analyzed woodlands are not showing glaring episodes of petrogenic contamination, oil and fuel spills may be commonly detected in riverine ecosystems (Volkman et al., 1992).

4. Conclusions
One of the clearest results is that the different protected woodlands are variously exposed to organic pollution. Rivers have a distinct influence on the contaminants in the floodplains: the soil samples collected close to the two major Italian rivers, Po and Adige, and to the deteriorated Fratta river, have a different pattern in comparison to the samples from Olmè, Storga and Cornuda, which are independent from stream depositions. However, the results from the floodplains close to the Piave and Sile rivers, being far o upstream to major industrial and urban settlements, reflect the better quality of their waters. The occurrence of musks, UV-filters and FRs, together with relatively high levels of PAH, are distinctive features of only some floodplains and underline the role of urban and domestic sources of pollutants through wastewater discharges. Moreover, our results represent the first detection of personal care products in soils from protected woodlands, highlighting how these areas may be exposed to these so far overlooked contaminants.
The different categories of the pollutants can help to evaluate the evolution of their impacts on the environment. The results of PAHs and TPHs indicate that serious episodes of petrogenic contamination are unremarkable, being comparable to other forested areas worldwide. Some of the analytes detected in the samples are commercial substitutes of previously banned generations of contaminants, as the currently used FRs, that replaced the polybrominated diphenyl ethers, which were inserted in the list of the Stockholm Convention. However also pollutants with restrictions to use, such as TCEP or nitromusks, occurred in the woodland soils. Moreover, the detection of both polycyclic and nitromusks in the soil samples indicate that whether past or present synthetic fragrances are currently representing relevant types of environmental contaminants. It should be noted that, beyond musks, also other categories of fragrances, especially Salicylates, are emerging as significant pollutants, being recently detected in different urban and remote areas (Vecchiato et al., 2018, 2017b, 2016).
The effects of rivers on the nearby protected woodlands should be investigated more in detail, as well as the potential mechanisms of contamination removal from the rivers themselves by these ecosystems, therefore helping to recover the water quality. Moreover, the load of pollutants on soils transported by rivers is also a matter of concern for the water usage for irrigation of agricultural land. In this context, the results also highlight the broader necessity of investigating the pollutants that are markers of the domestic activities, such as personal care products, potentially affecting the natural areas embedded in intensely anthropized regions.
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