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Abstract

:

The presence of toxic substances is one of the major causes of degradation of soil quality. Wildfires, besides affecting various chemical, physical, and biological soil properties, produce a mixture of potentially toxic substances which can reach the soil and water bodies and cause harm to these media. This review intends to summarise the current knowledge on the generation by wildfires of potentially toxic substances, their effects on soil organisms, and other associated risks, addressing the effects of fire on metal mobilisation, the pyrolytic production of potentially toxic compounds, and the detoxifying effect of charcoal. Numerous studies ascertained inhibitory effects of ash on seed germination and seedling growth as well as its toxicity to soil and aquatic organisms. Abundant publications addressed the mobilisation of heavy metals and trace elements by fire, including analyses of total concentrations, speciation, availability, and risk of exportation to water bodies. Many publications studied the presence of polycyclic aromatic hydrocarbons (PAH) and other organic pollutants in soils after fire, their composition, decline over time, the risk of contamination of surface and ground waters, and their toxicity to plants, soil, and water organisms. Finally, the review addresses the possible detoxifying role of charcoal in soils affected by fire.
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1. Introduction


Soil is a crucial component of ecosystems and plays a major role in ecosystem services. In addition to their function in plant growth and biomass production, soils are involved in water, carbon, and nutrient cycling, regulate the climate, preserve biodiversity, process wastes, and help maintain the water and air quality. The provision of ecosystem services by the soil decreases with decreasing soil quality. Therefore, soil degradation is a major challenge for ecosystem sustainability [1]. Among the major factors producing deterioration of soil quality, it is necessary to highlight the presence of toxic substances, which have a deleterious effect on soil biota, enzymatic activity and on the protective role of soil on the quality of water, air, and vegetation.



Wildfires are among the main sources of disturbance in terrestrial ecosystems, which depends on fire intensity, severity, and recurrence, as well as on the environmental and climatic characteristics of the region [2]. Forest fires can be produced by natural or anthropogenic causes and are estimated to burn 82 million ha per year worldwide [3], while the global burnt land is estimated to be between 420 and 470 million ha per year [4,5]. They can affect various environmental compartments, including soil. Soils can be affected by fire either directly, by the high soil temperatures generated by the fire (which can range between 50 and 1500 °C [6,7]) and combustion processes, or indirectly, through ash deposition, changes in vegetation cover, or post-fire erosion [7]. Major wildfire effects on soil include loss of soil organic matter, deterioration of soil structure, decreased porosity, reduced water and cations retention, increase of soil pH and electrical conductivity, alteration of soil microbial and invertebrates’ communities, increased soil water repellence, decreased infiltration, and increased runoff and erosion [8,9,10,11]. These effects depend on the fire intensity, soil properties, and type of vegetation. The combustion of vegetation and soil organic matter releases heat and a mixture of gaseous and particulate by-products, including toxic substances. The incidence of wildfires is projected to increase in a climate change scenario.



The present review is intended to summarise the current knowledge on the generation by wildfires of potentially toxic substances, their effects on soil organisms, and other associated risks, addressing the effects of fire on metal mobilisation and the pyrolytic production of potentially toxic compounds, as well as the detoxifying effect of charcoal.




2. Effects of Ash and Burning on Plants, Soil, and Water Organisms


Ash is the most common residue left by fire on the surface of burnt soils and is composed of mineral substances as well as charred organic matter, including charcoal. It has an alkaline pH, due to the presence of metal oxides and carbonates, and is rich in water-soluble species, including plant nutrients. The reported thicknesses of the ash layer range from near 0 to 50 mm [12]. Depending on the fire temperature, type of burnt vegetation, thickness of the ash layer, or soil texture, ash can either constitute a hydrophobic layer, reducing infiltration, or act as a mulch layer exerting a protective function against soil erosion [12,13,14]. In either case, ash may contain substances capable of adversely affecting soil and water organisms.



2.1. Effects of Ash or Burning on Plant Species


Thomas and Wein [15,16] investigated the establishment of jack pine (Pinus banksiana Lamb.) on the ash from wildfires in field and laboratory experiments in Canada (Table 1). The authors reported that seedlings did not survive on unleached wood ash but leaching improved germination and survival. They interpreted the results as caused by the high pH of the ash.



Ne’eman et al. [17,18] reported that high levels of ash reduced germination and/or growth of shoot and root in most species studied (Pinus halepensis, Cistus salviifolius, C. creticus, wheat, and radish). According to these authors, the inhibition of germination and growth may be due to a high osmotic potential of the soil solution or to the toxic effect of certain unidentified ions. Moreover, they reported that the harmful effects of ash were higher for Cistus salviifolius and C. creticus than for Pinus halepensis. Therefore, germination in pot experiments resulted in significant reduction of seedlings of both C. salviifolius and P. halepensis germinated with a thick cover of ash compared to control (up to 94% reduction in P. halepensis and 99% in C. salviifolius). Shoot growth of P. halepensis was not significantly affected by the ash cover, while in C. salviifolius, the shoot growth was significantly reduced (up to 93%). Furthermore, low levels of ash had a positive (not significant) effect on pine growth in petri dishes. This shows that Pinus is better adapted than Cistus to germination and growth in post-fire conditions. In a study carried out in Israel on the recovery of a Pinus halepensis Mill. forest after a wildfire, Ne’eman [19] found that pine ash inhibited post-fire seed germination and attributed this effect to the high pH of the ash. According to Henig-Sever [20], extreme pH values are the main factor in inhibiting seed germination by ash, while osmotic potential is of secondary importance. Ne’eman et al. [21] studied the germination of the post-fire pioneer species Rhus coriaria L. (Sumack) in Pinus halepensis forests in Israel. The germination of this species is restricted to microsites covered by ash under burnt pine trees, where the germination of other species is inhibited. The authors reported that germination increased with an ash cover of 1 cm (1.2 kg m−2) and 2 cm (2.4 kg m−2) but was inhibited by an ash cover of 5 cm (6 kg m−2). The post-fire germination of R. coriaria is determined by the balance between the stimulating effects of heat and the ethylene released by wet ash, and the inhibitory effects of the high pH and the high osmotic pressure in the soil under the ash layer. Similarly, Izhaki et al. [22] reported an effect of ash as germination inhibitor for all taxa in the soil seed bank in Pinus halepensis forests in Israel and attributed this effect to the high pH.



González-Rabanal and Casal [23] reported lower germination rates of various shrubland seeds, particularly two Ericaceae (Calluna vulgaris and Erica umbellata), in the presence of ash. They tentatively attributed this effect to the alkaline pH. Reyes and Casal [24] found that the addition of ash solutions did not significantly influence the germination rate of Pinus pinaster, Pinus radiata, or Eucalyptus globulus seeds, whereas the direct application of ash markedly reduced the germinative capacity of P. pinaster and P. radiata and had a completely inhibitory effect on the E. globulus seeds. Several ash effects (high osmotic pressure, high pH, or toxic effects of certain ions) can be the cause of the reduction of germination. Reyes and Casal [25] reported that, in Pinus sylvestris L., Pinus nigra Arn., Pinus radiata D. Don, and Pinus pinaster Aiton, the ash produced by forest fires has an inhibiting effect on germination and germination rate decreased as the amount of ash applied increased, especially for P. sylvestris and P. nigra. However, it appears that ash has little effect on the development of seedlings in the first months of life. By contrast, for Quercus robur, Q. pyrenaica, and Q. ilex, the same authors [26] reported that ash, either applied directly or diluted in water, did not modify the germination rates. Consistent with [24], Escudero et al. [27] found that the application of ash solutions did not have any significant effect on the germination of seeds of Pinus nigra ssp salzmannii and P. sylvestris. Recently, Reyes et al. [28] analysed the effects of three ash and one black carbon concentration on the germination of the tree species Acacia dealbata Link, A. longifolia (Andrews) Willd., A. mearnsii De Wild., A. melanoxylon R. Br., Pinus nigra Arnold, P. pinaster Aiton, P. radiata D. Don, P. sylvestris L., Quercus ilex L., Q. pyrenaica Willd., Q. robur L., and Q. rubra L. They reported that in six species (including the four species of pine), ash inhibited germination and this effect increased with increasing ash concentration, whereas in another five species (including Quercus ilex, Q. pyrenaica, and Q. robur) germination was not affected by ash or by black carbon. The ash and black carbon from Ulex europaeus L. (gorse) stimulated the germination of Q. rubra. This stimulation by gorse ash could be related to its richness in N.



Paradelo et al. [29] investigated the phytotoxicity of a forest soil burnt in the laboratory at various temperatures (100–500 °C). The soil was an acid forest soil, rich in organic matter, developed from granite in Galicia, NW Spain. Plant establishment failed when seeds were placed directly on the surface of the burnt soil, whereas the application of a mulch allowed plants to germinate and establish in the burnt soil. The authors discarded pH and salinity as plausible causes of the low plant cover in the burnt soil, since they did not reach very high values. The presence in burnt soil of polycyclic aromatic hydrocarbons does not seem to be the cause of phytotoxicity either, since their concentrations did not reach values high enough to explain a detrimental effect on seed germination and plant growth. Soil heating above 100 °C increased its phytotoxicity, determined by means of a germination-elongation test with Lepidium sativum L., pointing to the presence of non-hydrosoluble phytotoxic organic substances, which reached their highest concentrations at around 200 °C. The authors hypothesise that the inhibition of plant growth could result from a combination of the negative conditions created by the soil hydrophobicity and the presence of undetermined phytotoxic substances.



Barroso and Vaverková [30] evaluated the phytotoxicity of a soil affected by a wildfire in the Czech Republic by using phytotoxicity tests. The tests are based on measuring the inhibition of seed germination or root growth of test plants. Surface (0–20 cm) soils were sampled 6 months after the fire. The burnt soil inhibited the root growth of Lepidium sativum L. and Sinapis alba L. However, the study does not identify the substances responsible for the phytotoxicity.



Overall, most of the reviewed literature has linked the phytotoxic effects of ash to high pH, high osmotic pressure of the soil solution, or the presence of unidentified toxic substances (Table 1).




2.2. Effects of Ash and Burning on Soil Microorganisms


Widden and Parkinson [31] investigated the effects of a forest fire on soil microfungi in a Pinus contorta forest in Canada. Some fungus species were killed by the heat of the fire. Moreover, the growth of various fungus species was inhibited by aqueous extracts of burnt litter, indicating the presence of a water-soluble substance toxic to fungi produced during the forest fire (Table 2). Díaz-Raviña et al. [32] studied the effects of soil heating on bacterial activity in a forest soil in a laboratory experiment. They reported that heating at 200 °C for one hour decreased bacterial activity. This temperature can be attained in surface soil in low severity fires [11] and is below the ignition temperature of soil organic matter [33]. Díaz-Raviña et al. [32] suggest that the presence of an undetermined toxic substance could be the cause of the prolonged reduced bacterial activity in the heated soils, which is in accordance with findings by Paradelo et al. [29]. Fritze et al. [34] applied extracts from burnt humus to samples of unburnt humus of the same Myrtillus type forest and found that the application of these extracts decreased the respiration rate, modified the structure of the microbial community, and caused toxicity to the indicator luminescent bacteria Vibrio fischeri. By chemical fractionation of the dissolved organic carbon (DOC), the authors ascertained that the effects of burnt humus extracts were caused by inhibitory compounds of low molecular mass present in the hydrophilic base fraction (which contains proteins, free amino acids and peptides, aromatic amines, and aminosugar polymers). The molecular composition of these compounds was not determined.



Badía and Martí [35] studied the effects of heating and ash addition on the microbiological properties of two soils of semiarid Spain in a laboratory experiment. Topsoil samples (0–15 cm) were heated to 150 °C, 250 °C, and 500 °C. Samples of the soil heated to 250 °C were mixed with black ash (1%, w/w) from Cistus clusii burning. Soil samples were incubated for nine months and soil respiration, biomass-C, bacteria, and fungi numbers were analysed. Heating significantly reduced the basal respiration and biomass C of the gypsiferous soil up to 150 °C, and drastically reduced these at 500 °C. However, in the calcareous soil, the basal respiration and biomass C were stimulated at 150 °C and 250 °C, while reduced at 500 °C. The number of bacteria decreased significantly at 500 °C in both soils, but at intermediate temperatures the behaviour was different in both soils, increasing at 250 °C in the calcareous soil. The number of fungi decreased progressively as the temperature increased in both soils. The addition of black ash increased basal respiration in both soils but did not affect other biological properties. The results showed that deleterious effects on soil biological properties were produced by heating but not by ash addition. The increase of basal respiration was attributed to the addition of organic carbon by black ash. Similar results were reported by Fritze et al. [36], who studied the effect of burning and wood-ash fertilisation on microbiological properties of the soil organic horizon in a Pinus sylvestris L. stand in Finland. They found that the fire treatment significantly reduced the total microbial biomass and the fungal biomass by nearly 50%. In contrast, the ash application did not produce any significant change in microbial biomass or fungal biomass. Similarly, the fire treatment caused a decrease of the respiration rate, whereas the addition of ash increased the respiration rate compared to the control plots. The authors concluded that the decreases in soil microbial biomass and respiration in the fire treatment were due to the fire itself and not to the ash. The ash promoted faster mineralisation of soil organic matter.



Deleterious effects of fire on soil microorganisms were attributed in the literature reviewed to high temperatures or to the presence in ash of unidentified toxic substances (Table 2).




2.3. Effects of Ash on Other Soil and Aquatic Organisms


Oliveira et al. [37], in a study carried out after a wildfire in a Brazilian savanna (Cerrado sensu stricto), evaluated the ecotoxicological effects of ashes on the aquatic snail Biomphalaria glabrata and the soil annelid Enchytraeus sp. The ash caused a statistically significant decrease in the number of eggs per snail exposed to it (Table 3). The Enchytraeus sp. reproduction was also negatively affected when exposed to the ashes from the burnt area. The authors attributed these effects to pH and possibly to other unidentified compounds present in ash.



Several publications studied the ecotoxicological effects of fire ash to aquatic organisms. Brito et al. [38] studied the ecotoxicity of ashes from wildfires in the Cerrado region in central Brazil. These researchers assessed ashes from three wildfires, using three standard aquatic test species (Ceriodaphnia dubia, Danio rerio, and Biomphalaria glabrata). Moreover, total and water-soluble major and trace elements were determined in ash. The ecotoxicity assays showed a strong impact of ash from the three studied areas (Cerrado sensu stricto, pasture, and transition area) on C. dubia at low concentrations. Only the transition area presented toxicity to D. rerio and no toxicity to B. glabrata was observed. The study was not conclusive on which substances in the ash were responsible for the toxicity.



Harper et al. [39] tested the toxicity of ash from various plant species by studying its effects on the indicator aquatic crustacean Daphnia magna. Ash was sampled after wildfires, before any rainfall, in Australia, USA, Canada, Spain, and the UK. The ash samples were analysed for 35 PAHs, Al, B, Cu, Fe, Ni, As, Cd, Hg, Pb, and other chemical parameters. Three of the six types of ash tested (Australia, USA, and Canada) showed notable toxicity to D. magna. The toxicity was related to high values of pH and electrical conductivity. The authors suggest that pH may have an indirect effect on toxicity, by influencing the dissolution of toxic ash components. Oxyanions such as arsenate, chromate, or vanadate are more strongly adsorbed at acid pH [40,41,42,43], thus being mobilised at alkaline pH. High values of electrical conductivity are associated to high ionic concentrations in solution. High water-soluble concentrations of Mn, Fe, Zn, Pb, Cu, and As did not produce any significant ecotoxicity. The relatively high concentrations of PAH in the ash appeared to produce no observable toxicity on D. magna, maybe because they were not bioavailable. Even though this study focused on aquatic environment, the results could be extrapolated to soil systems.



The literature reviewed attributed ash toxicity to soil and water animal species to high pH or electrical conductivity or to the presence of unidentified toxic substances (Table 3).





3. Metal Mobilisation


Soils often retain potentially toxic elements from various sources, either lithologic or anthropogenic. Among anthropogenic sources, old mining works [44], burning of fossil fuels, nearby urban settlements [10,45], waste incineration, or industrial activities [46,47] are worth mentioning. Moreover, certain elements, even at low concentration in soil, can accumulate in leaves of various forest trees, so that they reach high concentrations in litter [48,49,50]. When soil is affected by a wildfire, these elements are released, particularly upon burning of forest floor or soil organic matter [51], but also by transformation of minerals bearing the concerning elements [52,53]. Furthermore, burning vegetation releases toxic elements stored therein. The released elements can be deposited on the soil surface or exported to other environmental compartments (atmosphere, water bodies). Potentially toxic elements can accumulate in the ash. Ash can be dispersed by the wind or carried by runoff into streams or rivers. Depending on the element, the mobility of these elements can be hampered or enhanced by an increase in soil pH, which usually occurs as a result of fire [53,54,55]. Elements present in cationic form in aquatic media (Cu, Fe, Mn, Ni, Zn, Pb, Cd, Hg, etc.) are more soluble and mobile at acid pH. In contrast, elements present in aquatic media as anions (arsenate, vanadate, chromate, etc.) can precipitate or be adsorbed by soil colloids at low pH and mobilise at alkaline pH [40,41,56,57,58,59]. The presence in soil of potentially toxic elements in an easily mobile form causes a deterioration of soil quality and constitutes a threat to the health of soil organisms as well as to human and ecosystem health, in addition to the risk of being exported to the atmosphere, vegetation, and water bodies. After fire, these elements can move vertically or laterally, constituting a risk of contamination of ground and surface waters. They are persistent pollutants prone to bioaccumulation and biomagnification. High concentrations of trace elements interfere with physiological functions of plants and soil microorganisms and inhibit seed germination [7]. Various trace elements and radionuclides have been shown to induce mutations in plants, yeasts, or bacteria [60].



The ecotoxicological risk posed by heavy metals and trace elements has led to the establishment of guidelines to protect human and ecosystem health. Table 4 lists values of the Dutch and Canadian guidelines as well as values of maximum allowable concentrations and trigger action values published by Kabata-Pendias [61] for agricultural soils.



Numerous publications deal with heavy metals and trace elements in ash and burnt soils. Usually, these studies analyse heavy metals in burnt and unburnt soils, although the sampling dates after fire vary widely, from a few days to several years.



Young and Jan [64] collected ash samples during and shortly after a wildfire in California in 1975. The samples were analysed for silver (Ag), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn). The results revealed that the fire mobilised significant amounts of metals, which were deposited with the ash. The metals deposited in highest amounts (4000–50 µg m−2) were Fe > Zn > Pb > Mn > Cu, while Ni > Cr > Cd > Ag were deposited in minor quantities (<10 µg m−2). These quantities were estimated between 1.8 (for Cd) and 7.8 (for Cr) times higher than the aerial fallout inputs in non-fire conditions. The results were presented on a surface basis and no soil samples were analysed.



Parra et al. [50] determined manganese forms in surface and subsurface samples of a Spanish soil under Pinus pinaster Ait., ten months after a wildfire. They reported higher concentrations of total Mn, easily reducible Mn, and Mn associated with organic matter in burnt soils, compared to control soils, in both surface (0–5 cm) and subsurface (5–40 cm) horizons. They attributed, at least partially, the increased Mn concentrations in burnt soils to manganese contributed by the ash. The total Mn concentrations ranged between 470 and 1430 mg/kg in surface horizons and between 300 and 780 mg/kg in subsurface horizons. The Dutch and Canadian laws do not provide threshold values for soil concentrations of manganese, which is an abundant element in the Earth’s crust. The reported Mn concentrations in burnt soils are higher than the world soil average of 488 mg/kg [61] in surface horizons and some subsurface horizons. Adams [65] considers that easily reducible manganese determines the toxicity of this element in soil and sets the phytotoxicity threshold at 50–100 mg/kg. In Parra et al. [50], the easily reducible manganese concentration in unburnt soils was close to 100 mg/kg in surface horizons and clearly lower in subsurface horizons, while in burnt soils the easily reducible manganese exceeded this value both in surface (126–470 mg/kg) and subsurface (5–470 mg/kg) horizons.



In the case of mercury, a volatile element, most of the soil mercury mobilised by fire is emitted to the atmosphere in gaseous form. Soils act as mercury sinks but, with an increasing incidence of fires, they can become sources of Hg emissions into the atmosphere [66,67]. Global estimates of wildfire-related mercury emissions vary between 100 and more than 1000 Mg yr−1 [68]. Volatilised Hg can be transported by the wind and finally transferred to soil or to water bodies. For these reasons, the behaviour of mercury in soils upon burning differs from other trace elements.



Numerous publications study the Hg concentrations in vegetation, litter, ash, and mineral soils, in both burnt and unburnt areas [66,69,70,71,72,73,74,75]. Usually, the mineral soil is the major mercury reservoir, but Hg in leaves, bark, and litter is more reactive and plays a more important role in Hg cycling [69]. Most of the reviewed publications show that Hg concentrations decrease in ash compared to litter (Table 5), the decrease depending on fire intensity and type of vegetation. The Hg concentrations in mineral soil either decreased [66,70,71,72,73,74,75] or did not vary significantly [69,74] upon burning. The decreases in Hg concentration resulted from mercury volatilisation or runoff losses. After the initial loss of Hg in burnt surface soils, the soil Hg concentration increased over time, by mercury sorption from the atmosphere [72,73]. Some studies [66,75] report a decrease of Hg concentration in ash and an increase in the topsoil after rainfall events, indicating the transfer of Hg from ash to soil by rainwater and possibly the fallout of atmospheric Hg. In soils unpolluted prior to fire, the concentrations of Hg in the burnt soils were below the threshold values reported by Kabata-Pendias for agricultural soils (Table 4, [61]). In a study carried out by Abraham et al. [66] on the effects of a prescribed fire in an ancient gold mining site in Australia, heavily contaminated by Hg, the Hg concentrations in soil, both before and after fire, were above the threshold values reported by Kabata-Pendias [61] and, according to the authors, were in most cases below the Australian guidelines. The values of the potential ecological risk index showed that the study area is creating an ecological risk by Hg, particularly after rainfall.



De Marco et al. [76] analysed Mn, Fe, Cu, Pb, and Cd in a shrubland sandy soil in Italy subject to experimental fires of two different burn severities. Total and available Mn, Fe, Cu, Pb, and Cd were determined over a period of three years in burnt and adjacent unburnt soils. Soils (0–5 cm depth) were sampled in the dry and in the wet seasons, at different times after the fire. Soils subject to experimental fire had significantly higher concentrations of all available trace elements and total Mn, Fe, Cu, and Pb, but not significantly different concentrations of total Cd (Table 6). The concentrations of available Fe, Cu, and Pb were lower in soils subject to high severity fire than in soils subject to low severity fire. The concentrations of the toxic Pb and Cd in available form in burnt soils fell, according to the authors, within the normal background range. The total concentrations were below the Dutch and Canadian guidelines and the threshold values reported by Kabata-Pendias [61]. Furthermore, fire returns nutrients held in the above-ground biomass to the soil, promoting the cycling of nutrients and preventing nutrient limitation.



The US Geological Survey analysed ash and burnt soils from various locations in southern California after wildfires in 2007 and 2009 [83,84]. Samples from burnt residential areas had elevated concentrations of As, Pb, Sb, Cu, Zn, and Cr (Table 7). In some cases, the concentrations were above the preliminary remediation goals (PRG) for soils of the US Environmental Protection Agency (USEPA). Moreover, the concentrations of all analysed elements in residential areas were above the Dutch and/or Canadian guidelines. Selected samples with high concentrations of arsenic, selenium, and chromium were analysed to determine the speciation. Water soluble chromium was predominantly Cr(VI). The water extractability of Cr(VI) present in ash is of particular concern because of its toxicity and carcinogenicity. The major arsenic form was generally As(V). Selenium (IV) and (VI) were present at very low levels (<2 ppb in most samples). Ash and soils sampled from burnt residential areas had higher concentrations of arsenic and total and hexavalent chromium than those from wildland areas [83,84]. Maximum trace element concentrations in ash samples from these studies are presented in Table 7 along with the corresponding values of preliminary remediation goals.



Pereira and Úbeda [85] analysed water extractable Al3+, Mn2+, Fe2+, and Zn2+ in ash from a wildfire in Portugal. Al3+ (12.51 ± 7.01 mg L−1) presented the highest and Zn2+ (1.25 ± 1.11 mg L−1) the lowest concentrations. This is not surprising, since Al, Fe, and Mn are relatively abundant elements in the Earth’s crust, while Zn is usually an element of anthropogenic origin. Al and Mn showed lower spatial variability than Fe and Zn. The concentrations of soluble Al3+ and Mn2+ (4.25 ± 1.76 mg L−1) in the ash were related to the dominant tree species (Pinus pinaster or Quercus suber), while the concentrations of soluble Fe2+ (9.38 ± 9.43 mg L−1) and Zn2+ related to topography. No data on total concentrations were presented.



In a study carried out in Lower Silesia (Poland), Bogacz et al. [54] determined heavy metals (Zn, Cu, Pb, Ni, Cr) in organic soils affected by fires and compared them with the Polish soil quality standards. The soils were sampled immediately after a fire and 2, 12 and 21 years after a fire. Soils were enriched in Zn, Cu, Cr, Ni and Pb (Table 6), mainly in surface horizons, although the concentrations did not usually exceed the Polish soil quality standards. However, the Dutch and Canadian guidelines, as well as the Kabata-Pendias’ thresholds (Table 4), were exceeded with some frequency for Zn, Cu, Pb, and Ni. The heavy metal concentrations were higher in soils sampled a short time after fire.



Jovanovic et al. [77] determined and carried out fractionation of Cu, Pb, Cd, and Zn in burnt soils from Serbia and compared them with undisturbed soil. The total heavy metal concentrations, except Cd, were higher in burnt relative to unburnt soils in most samples (Table 6). Moreover, burnt soils were enriched in all determined exchangeable metals, easily mobile, and available to plants. The acid-reducible fraction was enriched in Zn and Pb, while the organic fraction was enriched in Cu, Zn, and Pb in burnt soils. The residual fraction, considered as an inert immobile phase, was enriched in Cu, Zn, and Pb in burnt soils. According to the authors, the total concentrations of all analysed metals were close to their average concentration in the Earth’s crust, so that soils could be considered unpolluted. However, only Cu concentrations were below the Dutch and Canadian guidelines and the Kabata-Pendias thresholds (Table 4). Some Cd concentrations, in both unburnt and burnt soils, were above the Canadian environmental quality threshold for agricultural soils. The Pb concentrations in burnt soils were above the Canadian environmental quality threshold for agricultural soils. The Zn concentrations were below the Dutch and Canadian guidelines, but in the case of burnt soils were above some values of maximum allowable concentrations in agricultural soils published by Kabata-Pendias (Table 4).



Kristensen et al. [78] analysed lead in soil and ash samples from three relatively pristine sites in Australia shortly after three wildfires. Soil samples were collected from 0–2 cm and 40–50 cm depths. The 40–50 cm soil samples were used to determine local natural background soil lead concentrations and isotopic composition. Lead concentrations in soils ranged from 4 to 23 mg kg−1, while Pb concentrations in ash ranged between 1 to 36 mg kg−1. The lead isotopic compositions of most ash and surface soils indicate that the origin of Pb in these samples was a mixture of natural (lithological) lead and historical industrial lead depositions. The concentrations were below the Dutch and Canadian guidelines and the Kabata-Pendias thresholds (Table 4).



In a study conducted in the Marão Mountains (Portugal), Costa et al. [79] analysed ash five months after a wildfire and soil five and eleven months after the wildfire, in an area dominated by Pinus pinaster Ait. They reported high concentrations of Mn in the ash, which are attributed to Mn accumulation in pine needles, and estimated the amount of manganese released by the fire at 350 g per hectare. However, the Mn concentrations in both soil and ash (Table 6) were below the world soil average (488 mg kg−1, [61]). Five months after fire, the Mn concentrations in soil were higher than in ash, while the Zn and Cu concentrations were lower in soil than in ash. The reported concentrations of Mn and Zn in burnt soils were significantly higher than in unburnt soils five months after the wildfire, but similar to those in unburnt soils eleven months after the wildfire, which is attributed by the authors to high Mn and Zn solubility. These elements can be leached by runoff water and reach water courses, which still had high Mn concentrations one year after the fire, resulting in a loss of water quality. In contrast, the Cu concentrations in soil increased from five to eleven months after the wildfire. The total concentrations of Zn and Cu in soils were always well below the Dutch and Canadian guidelines and the Kabata-Pendias thresholds (Table 4).



Burton et al. [80] determined trace elements in burnt soils, ash, and ash leachates after a wildfire in California (USA). They reported trace element concentrations in burnt soils not significantly different from the unburnt soil and comparable to concentrations in other unburnt soils from western USA. Moreover, the range of trace element concentrations in ash was similar to other published values and varied by type of ash (white, coloured, or mixed ash). Concentrations of As, Pb, Mn, and Ni were significantly lower in white ash (more completely combusted ash). The concentrations of Cu, Pb, and Zn were higher in ash samples than in burnt soils, while the concentrations of As, Mn, and Ni did not differ significantly between ash and burnt soils. The authors concluded that the wildfire played a minor role in mobilising Cu, Pb, Ni, Se, and Zn during storms, whereas it played a major role in mobilising Mn, Hg, and As. The Mn concentrations (Table 6) were very often above the world soil average (488 mg kg−1, [61]) in both burnt and unburnt soils. The Fe concentrations in burnt soils were often above its average concentration in the Earth crust. The concentrations of Cu, Zn, and Cd were always well below the Dutch and Canadian guidelines (Table 4). The concentrations of Ni, Cr, and As were often above the Canadian environmental quality guidelines (Table 4) in both burnt and unburnt soils. The Pb concentrations in some burnt soils were above the Canadian environmental quality threshold for agricultural soils.



Santín et al. [86] determined trace elements (B, Cu, As, Cd, Hg, and Pb) in litter, ash, and soil after a wildfire in a dry sclerophyll eucalypt forest south-west of Sydney, Australia. The sampling was carried out 10 weeks after the fire. Ash production increased significantly with fire severity. Cd and Hg concentrations in ash did not differ significantly among fire severities (Table 8). Hg concentrations in ash were always low and below those in litter and soil, pointing to a loss by volatilisation, in accordance with the findings in above discussed studies. B, As, and Pb concentrations were significantly higher in ash formed under extreme fire severity, indicating a relative enrichment of these elements at the greatest severity due to loss of other elements. In general, the concentrations of these elements in ash were lower than those reported in other studies, in accordance with low concentrations in litter and undisturbed soil. Water soluble elements in ash were relatively low, ranging from <1% for As, Cd, and Pb and <5% for Cu to 6–14% for B. Water soluble As concentration was highest while B, Cu, and Pb concentrations were lowest in extreme fire severity ash, suggesting that different fire severities resulted in different geochemical forms and chemical behaviour of the studied elements. Despite the relatively low concentrations of potentially toxic elements in the ash, there is a risk of contamination of surface waters during a major storm event, given the amount of total ash loads. The concentrations in soils of all analysed potentially toxic elements were always below the Dutch and Canadian guidelines and/or the Kabata-Pendias thresholds (Table 4).



Campos et al. [55], in a study carried out in the Aveiro district (Portugal) after a moderate wildfire that affected an area covered by Eucalyptus globulus Labill. and Pinus pinaster Ait. plantations, reported significantly higher concentrations of V, Mn, Ni, Cd, and Pb in burnt compared to unburnt soils (Table 6). Sampling was carried out immediately and 4, 8, and 15 months after the fire. The highest increase in burnt relative to unburnt soils was observed for manganese. The increased metal concentrations in burnt soils were related to high concentrations in the ash from burnt vegetation. Over time, the concentrations of Mn and Cd in soil decreased dramatically after the first rainfall events, which is attributed to erosion and leaching losses; in contrast, the concentrations of V, Co, and Ni increased during the first 8 months and Cu and Pb did not change significantly during the study period. These behaviours indicate a higher solubility/mobility and easier desorption of Mn and Cd relative to other heavy metals. This mobility carries a risk of contamination of water bodies. The increased concentrations of V, Co, and Ni in soil four and eight months after fire denote that they are less soluble and mobile in soil than Mn and Cd and persist in the soil, while they are efficiently translated from ash to soil. Cu and Pb persisted in soil in similar concentrations 15 months after fire, accumulating in surface soils, probably in the form of oxides, hydroxides, and carbonates, limiting their leaching to groundwaters. Mn and Pb had the highest concentrations in the ashes. The concentrations of V, Mn, Ni, Cu, and Cd in the ashes declined sharply in the first 4 months, the largest decreases being those of Mn and Cd, and the smallest that of Pb, in agreement with their relative mobilities. Metal concentrations in soils were moderately and positively correlated to pH and to EC in the cases of Mn and Cd and slightly and positively correlated to soil pH in the cases of Pb and V. Soil organic matter correlated significantly and positively to Mn and Cd concentrations and negatively to Co, Cu, and Ni concentrations. The fire-related enrichment factors in soils were close to 1 for Cu and Co and higher than 1.5 for the remaining elements. The maximum enrichment factors were found for Mn (average of 7.6), followed by Cd and Pb (averages of 2.3). The Mn concentrations were below the world soil average [61] in both burnt and unburnt soils. The application of the Dutch and Canadian soil quality standards (Table 4) to assess the soil contamination after fire indicated that some of the reported concentrations (Table 6) were above the Canadian environmental quality threshold for agricultural soils only in the case of Pb. According to the authors, the increased concentrations of trace elements might negatively impact soil functioning through their toxic effects on soil microorganisms. Moreover, they pose a risk of contamination of surface and ground water bodies, within and downstream of a burnt area.



Brito et al. [38] determined major and trace elements in ash and soil samples after three wildfires in the Cerrado region, in Brazil. The studied areas corresponded to three types of vegetation: Cerrado stricto sensu, pasture, and transition area. Ash and soils (0–5 cm) were sampled one day after the end of each wildfire and analysed for total Al, B, Ca, Cd, Cr, Fe, K, Mg, Mn, Mo, P, Pb, S, Si, Sr, Ti, V, Zn, and Ni. Moreover, water-soluble elements were determined in ashes. The three studied areas showed a wide range of element concentrations in soil and ash. The concentrations of B, Ca, K, Mg, Mn, P, S, Si, Sr, and Zn were higher in ash than in the soil, while Al, Cd, Cr, Fe, Mo, Pb, Ti, and V were found at higher concentrations in the soil than in the ashes. The solubilisation rates of different elements in ashes ranged from <0.01% to 26%. The most soluble elements were S, K, and Mg. Among trace elements, the solubilisation rates were highest for Mo and B, and always lower than 0.01% for Cd, Fe, and Pb, in accordance with [86]. The reported concentrations of Cd, Cr, and V in soils were above the Canadian environmental quality threshold for agricultural soils, while the concentrations of Ni, Zn, and Pb were below the Dutch and Canadian guidelines (Table 4).



The mobilisation of ten potentially toxic elements (As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, and Zn) in surface forest soils of a legacy gold mining area in Victoria (Australia) after a controlled burn was studied by Abraham et al. [81,82]. Surface soils (0–3 cm) were sampled two days before the fire, two days after the fire, 3, 6, 9, and 12 months after the fire, and immediately after a major rainfall event. Ash was sampled two days after the fire. The concentrations of potentially toxic elements (PTE) in both unburnt and immediate post-burn soils (Table 6) were in the order Mn > Zn > As > Cr > Cu > Pb > Ni > Co > Hg > Cd. The concentrations of six PTE increased upon burning: Zn (by 87%), Mn (72%), Cd (45%), As (11.5%), Ni (6%) and Co (3.7%). The concentrations of Hg, Pb, Cr, and Cu were lower in the immediate post-burn compared to pre-burn soils, by 27%, 15.4%, 12%, and 2%, respectively. However, only the differences in Zn, Mn and Hg concentrations were significant (p < 0.05). Although the concentration of Cu was almost unchanged in surface soil, it showed a high concentration in the ash (145 mg kg−1). The increases in PTE concentrations are considered to be due to the accumulation of ash. The decrease in Hg concentration was attributed to volatilisation, volatilisation of Pb is also suggested. Mn (330–2790 mg kg−1) and Zn (221–555 mg kg−1) had the highest concentrations in ash, whereas Cd (0.02–0.22 mg kg−1) and Hg (0.02–0.41 mg kg−1) had the lowest concentrations. Concentrations of Cu (56.1 to 207 mg kg−1) and As (20.08 to 260 mg kg−1) were considerable. The presence of Mn in highest concentrations is in accordance with other studies [45,55]. The concentrations of Mn, Zn, Cu, and Ni in ash were higher than their concentrations in soil, while As, Cd, Co, Cr, Hg, and Pb had higher concentrations in soil than in ash. PTE in ash can be remobilised through post-fire water runoff and wind. From two days after the burn, the concentrations of Mn and Zn decreased during the study period to pre-burn levels. Cd, Ni, and Co showed a similar behaviour. Arsenic showed an increase immediately after the burn, decreases 3 and 6 months after the burn, and a further increase 9 months after the burn. The concentrations of Cr and Pb decreased immediately after the burn and increased 3 months after the burn; in the following sampling period, there was reduction or no change. An intense rainfall event 13 months after the burn caused considerable runoff and leaching, resulting in decreased concentrations of most PTE. The concentration of Mn in burnt soils reaches values considerably higher than the world soil average. The concentration of Cu in burnt soils exceeds the Canadian guidelines values in some samples. Zn concentration is often above the Canadian guidelines while As always exceeds these values in both burnt and unburnt soils (Table 6).



Harper et al. [39] determined Al, B, Cu, Fe, Ni, As, Cd, Hg, and Pb in ash from wildfires in Australia, USA, Canada, Spain, and the UK, sampled after the wildfire and before any rainfall. Al and Fe, which are lithogenic elements, showed high concentrations in ash (1320–22,600 and 979–30,600 mg kg−1, respectively). The highly toxic As (0.46–9.67 mg kg−1), Cd (0.17–1.13 mg kg−1), and Hg (0–0.05 mg kg−1) presented the lowest concentrations, which were below the Dutch and Canadian threshold values for soils (Table 4). The variations in concentrations may be explained by the accumulative capacity of the different vegetation types, fire temperature, and soil properties. The concentrations of water-soluble trace elements were Cd, 0–7 µg kg−1; Ni, 60–844 µg kg−1; Zn, 0–140 µg kg−1; and Hg, 1–2 µg kg−1. On average, the proportions of water-soluble Al, Pb, Mn, Fe, and Zn were less than 1%; As, Ni, Cu, Cd were less than 5%; and Hg ranged between 5 and 57%.



Alexakis [45] studied the concentrations of trace elements in ash from a wildfire in Greece, affecting wildland and residential areas. Ash was sampled at 27 sites in wildland (6 sites) and residential (21 sites) areas two months after the fire and analysed for total Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc, Sr, Th, Ti, Tl, U, V, W, and Zn. Trace element concentrations were compared with soil quality guidelines and threshold values established for ecological and human health risk. Moreover, the elements in ash that pose a health risk for human and terrestrial organisms were identified. The median values of trace elements in wildland ash decreased in the order: Mn > Ni > Zn > Ba > Sr > Cr > Pb > B > V > Cu > Co > As > La > Sc > Sb > Be > Cd. In residential ash, the order was: Mn > Zn > Sr > Ba > Ni > Pb > B > Cr > Cu > V > La > As > Co > Sc > Sb > Cd > Be. The median concentrations of B, Ba, Cd, Cu, P, Pb, Sr, and Zn were higher in residential ash than in wildland ash, whereas the median concentrations of As, Be, Co, Cr, Mn, Ni, and Sc were higher in wildland ash than in residential ash. The major sources of Pb in residential ash are the former use of leaded gasoline, the use of Pb-based paints, and old lead pipes. According to the authors, the concentrations of Al, As, Co, Fe, Mn, Ni, Sb, and Zn in the wildfire ash pose a potential risk to human health. As, B, Ba, Cu, Mn, Ni, Pb, Sb, V, and Zn may pose a threat to plant, reptile, and mammal species.



Alexakis et al. [87] determined bioavailable forms of copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) in topsoils (0–5 cm depth) and subsoils (5–25 cm depth) from burnt and unburnt sites two months after the same wildfire event in Greece as in the previous reference. The concentrations of bioavailable Fe and Mn were significantly higher in burnt compared to unburnt topsoils. This higher availability is attributed to the addition of ash during the wildfire event.



The reviewed publications show that the mobilisation of trace elements by fire and the associated risks are low in unpolluted areas and more important in areas with high pre-fire concentrations of these elements in soils or vegetation. The concentrations of trace elements in the ash depend on the vegetation from which it originates and, in the case of fires that affect urban areas or human settlements, on the presence of these elements in houses or infrastructures. The mobilisation of trace elements varies with fire severity and poses a risk to atmosphere and water bodies. The burnt soils may act as sources of toxic elements for months or even a few years after fire.



Most published studies on trace elements mobilisation upon burning deal with mobilisation from soil organic matter, litter, or plant tissues. However, fire can also mobilise trace elements associated with soil inorganic compounds. This is the case of arsenic, which in soils is commonly bound to iron oxide minerals, such as ferrihydrite (Fe10O14(OH)2) and goethite (α−FeOOH), mainly as As(V). Arsenate forms inner-sphere complexes with ferrihydrite, goethite, amorphous Fe hydroxides, and Al oxides [88,89]. Johnston et al. [52,53,90] studied the release of arsenic by thermal transformation of As(V)-bearing Fe(III) minerals in soils. Heating to more than 400 °C caused transformation of schwertmannite (Fe8O8(OH)6SO4) to nanocrystalline hematite (α−Fe2O3), which has a smaller particle size and greater surface area. Higher temperatures also caused the As to become progressively more exchangeable, thereby inducing enhanced As mobilisation. In the presence of an organic-rich soil, schwertmannite was transformed to maghemite (γ−Fe2O3) and hematite at temperatures above 300–400 °C, while As(V) was reduced to As(III). As(III) species are more readily desorbed than As(V) from adsorbing surfaces. Reducing compounds derived from pyrolysis of organic matter are critical to reduce Fe(III) to Fe(II) and As(V) to As(III), enhancing mobilisation of As(III). The results indicate that in acid sulphate soils, where As commonly associates with schwertmannite, moderate fires may generate labile As(III) species and cause As(III) mobilisation. In oxic soils, As(V) associates with oxides such as ferrihydrite and goethite. Heating at temperatures higher than 400 °C transformed ferrihydrite and goethite to maghemite. Moreover, during heating of organic-rich soils, ferrihydrite and goethite-bound As(V) can be rapidly reduced to As(III). Moreover, other authors, such as Ketterings et al. [91], reported the transformation of soil goethite into maghemite upon burning and the importance organic matter for the complete conversion of goethite. Maghemite has a higher crystallinity than ferrihydrite and, therefore, is a less efficient sorbent for both As(III) and As(V). Therefore, moderate-temperature fires of short duration in oxic soils may generate labile As(III) species and lead to As(III) mobilisation. Furthermore, As(III) is more toxic and mobile than As(V) [41,43], posing a higher risk to soils and water bodies.



In a similar way, Burton et al. [92] studied the formation of hexavalent chromium by heating Cr(III)-substituted ferrihydrite, goethite, and hematite or a natural soil rich in hematite, goethite, and ferrihydrite, with a total Cr concentration of 220 mg kg−1 and undetectable Cr(VI); there is no information on the organic matter content in the soil. Chromium(III) often exists in soil as a structural substituent for Fe(III) in Fe(III) oxide minerals. The authors heated the samples at 200, 400, 600, and 800 °C. By heating Cr(III)-substituted ferrihydrite and hematite, up to ~50% of the initial Cr(III) was oxidised to Cr(VI), the Cr(VI) formation being highest at 200–400 °C. Heating Cr(III)-substituted goethite led to oxidation of up to ~100% of Cr(III) to Cr(VI) as the temperature approached 800 °C. Heating the soil at ≥400 °C also resulted in large amounts of Cr(VI), with a maximum total Cr(VI) concentration of 77 mg kg−1 (~35% of the soil’s total Cr concentration) at 600 °C. This value is very close to the Dutch intervention value and considerably higher than the Canadian reference values for agricultural and residential uses (Table 4). A relatively large proportion (31–42%) of chromium (VI) is in exchangeable form and, therefore, bioavailable and easily mobile. Cr(VI) forms quickly by oxidation of Fe oxide-bound Cr(III) at temperatures reached in surface soils during fires, so that oxidation of Cr(III) during wildfires may represent a significant source of Cr(VI) in surface soils. Cr(VI) is considerably more mobile and toxic than C(III); so this oxidation may pose a significant environmental risk.




4. Pyrolytic Production of Toxic Compounds


The transformation of biomass and soil organic matter at high temperatures can lead to the formation of toxic compounds, especially polycyclic aromatic hydrocarbons (PAH). PAH can occur in pyrogenic materials such as charcoal, ash, and smoke. The presence of these substances in ash and charcoal can contribute importantly to the toxicity of soils and water bodies [93,94,95]. Many PAH have toxic or mutagenic effects on plants [60,96,97], soil insects [98], annelids [99,100], crustacea [101,102], collembola [100], and microorganisms [103]. The concern related to PAH lies mainly in its carcinogenicity to humans, mutagenicity, persistence, and bioaccumulation. Polychlorinated biphenyls (PCB), polychlorinated dibenzo-p-dioxins (PCDD), and polychlorinated dibenzofurans (PCDF) were also reported to be formed or remobilised as a result of fire and are a cause for concern due to their potential effects on humans and wildlife [104,105].



The risks posed by PAH and other toxic organic pollutants to human health and ecosystems had led to the establishment of different guidelines. Table 9 lists values of the Dutch and Canadian soil quality guidelines for PAH and PCDD/F.



According to Freeman and Cattell [106], wood burning can generate high concentrations of PAH. These authors studied the production of PAH from burning wood and other vegetation in Sydney, Australia. They determined by HPLC eleven PAH (fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[ah]anthracene, benzo[ghi]perylene, indeno[cd]pyrene, and coronene) in airborne particulate matter from various types of combustion (a domestic open wood fire, burning leaves and wood on an open fire, an open barbecue burning wood, a bonfire burning old vegetation and some cardboard, a large-scale uncontrolled bush fire, burning paper and cardboard in a commercial incinerator, and cigarette smoke). Bush fires were the highest sources of chrysene, benzo[a]pyrene, and coronene. Though the samples for the bush fire were taken near a road, the high concentrations of coronene cannot be explained by emissions from motor vehicles. According to these authors, burning of vegetation is estimated to provide between 6% and 24% of the PAH, the remainder being attributable to motor vehicles. Bush fires could contribute significantly to the exposure of the population to PAH, in particular to the highly carcinogenic benzo[a]pyrene. Particle-bound PAH can be transported long distances in the atmosphere and eventually reach the soil. The concentrations of fluoranthene, pyrene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[ah]anthracene, and indeno[cd]pyrene in airborne particulate matter from bush fire (Table 10) exceeded the Canadian soil quality guidelines for environmental health (Table 9).



González-Vila et al. [107] determined, by gas chromatography-mass spectrometry (GC-MS), PAH in different soils that underwent fires. The samples included pine forest soils before, immediately after and two years after a wildfire, soils where an open bonfire of pine trees took place recently or 50 years before, soils that covered home-made pine charcoal kilns, as well as charcoal itself. The highest total concentrations of PAH were found in soils that covered charcoal kilns, followed by soils where an open bonfire took place recently and forest soils immediately after a wildfire. The major determined PAH were naphthalene and phenanthrene derivatives, more condensed PAH being present in minor amounts. Naphthalene derivatives, which are rather volatile compounds, were found almost only in soils covering ovens for charcoal production. Phenanthrene derivatives were abundant in most samples. Fluorene-type PAH were detected in soils immediately after fire. Tetra- and pentacyclic PAH, particularly pyrene and chrysene, were detected in minor quantities. The highly carcinogenic benzo[a]pyrene was undetectable. The total accumulation of PAH was at most 2–4 g/ha, much less than those frequently derived from fossil fuel combustion in urban or industrial areas, and do not pose an environmental concern. Moreover, the analysis of samples 2 or 50 years after fire indicated a low persistence of PAH in soils. The concentrations in burnt surface soils (Table 11) were low compared to environmental guidelines (Table 9) and had largely disappeared two years after fire.



Bin Abas et al. [108] sampled smoke particulate matter from a controlled burn of forest litter in Amazonia, Brazil, for analysis by gas chromatography (GC) or GC-MS. Polycyclic aromatic hydrocarbons and oxy-PAH, derived from pyrolysis of biomass, were found at high levels. The results were presented on an air volume basis. The PAH consisted primarily of phenanthrene, methylenephenanthrene, methylphenanthrenes, fluoranthene, pyrene, chrysene, methylchrysenes, and benzofluoranthenes. Benzo[a]pyrene and benzo[e]pyrene were found at trace level. The smoke may propagate over long distances, spreading PAH over large areas. Pyrogenic organic compounds can disperse over soils and oceans.



Bundt et al. [104] determined 20 PAH and 14 PCB in wood ash intended to be used as a forest fertiliser and in a Swiss forest soil before and after ash application. According to the authors, the results revealed moderate soil pollution by PAH (total concentration 815–1640 µg kg−1 in the organic layer) and high concentrations of PCB (total concentration 21.7–48.8 µg kg−1 in the organic layer) before the ash application (Table 12); however, these values are below the Dutch and Canadian guidelines (Table 9). The ash had high concentrations of PAH (total concentration 16.8 mg kg−1, below the Dutch intervention value of 40 mg kg−1) and low concentrations of PCB (total concentration 3.4 µg kg−1). The ash application increased the PAH concentrations in the organic horizons up to sixfold and mobilised PCB stored in the soil (Table 12). This mobilisation is considered to be caused by the high pH of the ash, which brought about the mobilisation of soil organic matter, which in turn acted as a carrier for the organic pollutants. Even so, the concentrations were below the Dutch and Canadian guidelines.



Kim et al. [105] measured PAH and PCDD/F in soil (0–5 cm) and ash samples after forest fires in South Korea. Samples were analysed 1, 5, and 9 months after fire by GC-MS. The concentrations of PCDD/F in the burnt soils ranged from 0.037 to 0.370 ng/g whereas the PAH concentrations ranged from 153 to 1570 ng/g. The concentrations of PCDD/F in burnt soils were higher than in the corresponding unburnt soils one month after fire, but similar to unburnt soils 5 or 9 months after fire. The concentration of PCDD/F (TEQ) in burnt soils was above the Canadian environmental quality guideline (Table 9) in one sample one month after fire (Table 13). The concentrations of PAH in the burnt soils were higher than in the unburnt soils 1, 5, and 9 months after fire (Table 13) but below the Dutch intervention value (Table 9). The PAH and PCDD/F, formed by the combustion of wood and other organic matter during forest fires, are adsorbed onto ash particles and deposited onto the surface soil. The concentrations of PAH and PCDD/F declined over time due to the loss of ash by wind and rain erosion. The PCDD/F and PAH lost from the soils may be transported with ash to the atmosphere or hydrosphere, causing an increase in the concentrations of these compounds in neighbouring environments. In a later study [109], Kim et al. focussed on PAH, reporting the levels of 16 individual PAH. The total PAH concentrations in burnt soils were 4–24 times higher than in unburnt soils. The total PAH levels in the burnt soils one month after fire (average 1200 ng/g) were comparable to those of urban soils but approached with time the values reported for other forest soils. The concentrations of low molecular weight PAH (2–4 rings) in ash and soils were much higher than those of high molecular weight PAH (5–6 rings). Phenanthrene was the most abundant PAH in unburnt soils (Table 13). One month after fire, naphthalene and phenanthrene were the prevailing PAH in the burnt soils. The concentrations of naphthalene decreased and those of phenanthrene increased 5 and 9 months after fire. Low molecular weight PAH (particularly naphthalene) are more easily lost by degradation or volatilisation than high molecular weight PAH. The concentrations of naphthalene and phenanthrene (Table 13) were above the Canadian environmental quality guidelines (Table 9) one month after fire and in some samples, 5 and 9 months after fire. The concentration of pyrene was above the Canadian environmental quality guideline for agricultural use in one sample one month after fire.



Meharg and Killham [110] showed that the domestic burning of coastal peat was a significant source of dioxins and furans. In many coastal communities of Scotland, the ash from this burning was added over centuries to arable soils to improve their fertility, resulting in significant concentrations of dioxins and furans in soil. The authors report concentrations of total dioxins of 114 ng kg−1 in unburnt peat, 643 ng kg−1 in burnt peat, and 217 ng kg−1 in arable soil, which are very high values compared to reference concentrations (Table 9).



García-Falcón et al. [111] monitored for ten months eight representative PAH in the 1–5 cm layer of a burnt peri-urban woodland soil in NW Spain and compared their concentrations with those in a nearby unburnt peri-urban woodland soil, a distant (5 km) unburnt peri-urban woodland soil, and a distant (20 km) unburnt rural woodland soil. The PAH (fluoranthene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, benzo[ghi]perylene, indeno[1,2,3-cd]pyrene, benzo[a]anthracene, and dibenzo[ah]anthracene) were determined by HPLC. Moreover, the PAH adsorption capacity of ash was determined. The total concentration of PAH was 26 µg kg−1 in the unburnt rural soil, which furthermore did not present detectable quantities of the highest molecular weight PAHs, typical of vehicle traffic and other urban sources. Ten days after the wildfire, the PAH concentrations in the burnt soil were very similar to those in the distant unburnt peri-urban soil, their total concentration being nearly seven times that of the unburnt rural soil, and contained significant amounts of high molecular weight PAH. The relatively low PAH concentrations in the burnt soil suggest their retention by the ash layer, which had a very high PAH adsorption capacity (1169 µg kg−1). Ten months after the wildfire, the total concentration of PAH at the burnt site had declined from 188 to 119 µg kg−1. At that time, the total PAH concentration in the nearby unburnt peri-urban woodland soil, nearly 500 m downwind from the burnt area, was 791 µg kg−1, roughly 5 times greater than in the distant peri-urban site. This fact is interpreted as being a result of the transportation of PAH in the fire smoke and their incorporation into the soil organic layer. The total PAH concentrations in the burnt soil (119–209 µg kg−1) and in the unburnt nearby peri-urban soil were below the Dutch intervention value (Table 9). The concentrations of all the analysed individual PAH were below the Canadian environmental quality guidelines in the burnt soil. The concentrations of benzo[b]fluoranthene and indeno[1,2,3-cd]pyrene were above the Canadian environmental quality guidelines for agricultural use in the unburnt nearby peri-urban soil.



Mohd Tahir et al. [112] determined 16 EPA-priority PAH [113] in roadside soils affected by recurrent grassland fires in Malaysia. Surface soils (0–10 cm depth) from burnt and unburnt sites were analysed by GC-MS. The total PAH concentrations ranged from 30 to 450 μg kg−1, well below the Dutch intervention value, and were not significantly different in burnt and unburnt soils. The PAH profiles were also not significantly different in burnt and unburnt soils. Both biomass burning and vehicle emissions were sources of PAHs in these soils. The highly carcinogenic benzo[a]pyrene was detected in almost all sampling stations. The benzo[a]pyrene concentrations were below 15 μg kg−1 in most samples but reached 80 μg kg−1 in one sample.



De la Rosa et al. [114], studying the organic matter in burnt soils, found that PAH were abundant and diverse in burnt soils and possibly come from biomass burning.



Vergnoux et al. [115] analysed 14 priority PAH in burnt forest soils in the south of France. Sampling was carried out one and three years after the wildfire. The study showed the contribution of forest fires to the contents of PAH in surface soils. Moreover, the PAH concentrations decreased with the time elapsed since the last fire, approaching control values in old burnt soils, indicating that a natural remediation takes place after the fire event. However, this soil remediation can occur at the expense of pollution of watercourses. In accordance with the results of Kim et al. [109], the PAH prevailing in these burnt soils were low molecular weight PAH (naphthalene, acenaphtene, fluorene, phenanthrene, anthracene, fluoranthene, and pyrene), while the concentrations of the high molecular weight PAH were not significantly different from control soils. The total PAH concentrations in burnt soils were below the Dutch intervention value. Of the individual PAH analysed, only naphthalene (70 μg kg−1) exceeded the Canadian environmental quality guideline.



Sojinu et al. [116] analysed 16 EPA priority PAH, in fire-affected surface soils from a mangrove forest and a nearby unburnt soil in Nigeria, by GC-MS. The total PAH concentration was 19 µg kg−1 in the unburnt soil and ranged from 63 to 188 µg kg−1 in burnt soils, well below the Dutch intervention value. According to the authors, the total PAH concentration exceeded the range reported for uncontaminated soils in one of three sites. Naphthalene, fluoranthene, and benzo[b]fluoranthene were the major PAH in the studied soils. All the individual PAH were present at higher concentration in the burnt soils than in the control (unburnt) soil. The PAH profiles indicated the grass and wood combustion as a likely source of PAH in these soils. Comparing the measured concentrations with soil quality guidelines, the authors concluded that the PAH in the studied soils did not pose a serious risk to human health. However, naphthalene exceeded the Canadian environmental quality guideline in one soil. In a recent paper, Faboya et al. [117] investigated by GC-MS the concentrations and profiles of PAH in soils from a tropical rainforest in Nigeria affected for decades by recurrent wildfires. Mineral soil (0–15 cm depth) was sampled at four different sites (including a control site) and analysed for 29 PAH. It is worth mentioning that the number of individual PAH analysed is the highest of all the studies reviewed. The total PAH concentration was 136 ng g−1 in the control soils and ranged from 104 to 1869 ng g−1 (average 713 ng g−1), well below the Dutch intervention value, in the burnt soils. The moderately high concentrations of PAH were attributed to the recurrent burning activity. Two- and three-ring PAH prevailed in burnt soils, the most abundant being phenanthrene (average concentration 172 ng g−1) and anthracene (average concentration 165 ng g−1). One of the soils analysed exceeded the Canadian environmental quality guidelines (Table 9) for phenanthrene (with 487 ng g−1) and pyrene (with 216 ng g−1). In control soils, phenanthrene and anthracene accounted for 57% of total PAH, with concentrations of 39 ng g−1 each. The PAH profiles are consistent with an origin in the combustion of wood and biomass.



Pontevedra-Pombal et al. [118] studied the PAH accumulation over the past 1000 years in an undisturbed ombrotrophic peatland located in a remote rural area in Galicia, NW Spain. The analysed PAH were fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[ah]anthracene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene. The total concentrations of PAH ranged from 16 to 192 µg kg−1, higher than those measured in rural soils of Galicia. The PAH determined at highest concentrations were fluoranthene, pyrene, indeno[1,2,3-cd]pyrene, benzo[b]fluoranthene, and benzo[ghi]perylene. The concentrations of benzo[a]pyrene ranged between 0.1 and 9.4 µg kg−1. All the analysed individual PAH were below the Canadian environmental quality guidelines. PAH were present in the whole peat profile analysed, to a depth of 40 cm, indicating continuous pollution by PAH in the study area since at least 1050 A.D. The maximum PAH concentrations were measured in the upper 10 cm (after ca. 1700 AD). A secondary concentration peak was found at 38 cm for low molecular weight PAH. Low molecular weight PAH (fluoranthene and pyrene) prevailed in the period 1050–1600, while after 1600 or 1700, high molecular weight PAH, related to urbanisation/industrialisation, increased significantly. Based on the relative concentrations of various PAH, the authors consider that PAH in the studied site mainly derived from the combustion of coal, wood, and vegetation, and relate the accumulation of low molecular weight PAH during 12th–13th centuries with the use of fire for the expansion of agricultural land.



Campos et al. [94] tested the toxicity to four aquatic species of runoff from a burnt eucalypt stand in Portugal, collected immediately after the wildfire and nearly one year later. The two runoff samples differed in PAH concentration (higher in the first runoff) and composition. Both runoff samples produced significant inhibitory effects on the three species representing the lower trophic levels, i.e., the bacteria Vibrio fischeri, the alga Pseudokirchneriella subcapitata, and the macrophyte Lemna minor, but not on the invertebrate Daphnia magna. Unexpectedly, the runoff collected one year after fire was the most toxic to V. fischeri, P. subcapitata, and L. minor, possibly due to the predominance of naphthalene in this sample. Likewise, Silva et al. [95] prepared aqueous extracts of wildfire ash, analysed them for PAH and tested their toxicity to V. fischeri, P. subcapitata, L. minor, and Daphnia magna. Only two low molecular weight PAH (naphthalene and phenanthrene) were present in quantifiable amounts in the extracts. The ecotoxicological assays revealed that the extracts, like runoff waters, induced a significant decrease in the growth of P. subcapitata and L. minor and inhibited the luminescence of the bacterium V. fischeri, without any significant effect in D. magna. In a later article [93], Campos et al. studied the influence of forest fires in PAH concentrations and profiles in ash and topsoils in Pinus pinaster Ait. and Eucalyptus globulus Labill. stands in Portugal. Fifteen US EPA priority PAH were analysed. The total PAH concentrations changed from 34–53 ng g−1 in an unburnt eucalypt soil, typical for uncontaminated soils, to 132–242 ng g−1 immediately after fire. The PAH concentrations were considerably higher in ash (315–695 ng g−1) than in topsoil. In both ash and topsoil, the PAH concentrations were higher in pine than in eucalypt stands. In both ash and topsoil, the PAH concentrations decreased significantly with time after fire. From four months after fire onwards, the PAH concentrations in eucalypt soils were no longer significantly different from those in a nearby unburnt soil. This decrease was attributed to export by runoff or leaching, with the consequent risk of contamination of water bodies, as well as to degradation. The fire severity did not influence the total concentrations of PAH in the burnt soils or in the ash. Consistent with [109] and [115], the wildfire changed the PAH composition, with enrichment in three-ring PAH (69% vs. 27% of total PAH immediately after the fire in burnt and unburnt eucalypt soils, respectively). The three-ring PAH were always predominant in the ash, especially in the case of the less severe fire. The PAH profiles point to plant biomass combustion as the source of the immediate postfire PAH. Immediately after fire, the relative fraction of the three-ring PAH in soil was higher in eucalypt than in pine stands and decreased with the time elapsed after fire. The preferential disappearance of the three-ring PAH is consistent with their greatest water solubility and volatility.



Choi [119] determined by GC/MS 16 US-EPA priority PAH in pine bark, litter, and surface soil samples collected one, three, five, and seven months after a forest fire in South Korea. Maximum total PAH concentrations were determined one month after fire, with average values of 5920 ng g−1 in pine bark, 1540 ng g−1 in litter, and 133 ng g−1 in soil, while in control (unburnt) samples the concentrations were 124, 75, and 26 ng g−1 in pine bark, litter, and soil, respectively. Thereafter, the PAH concentrations progressively decreased over time, but remained above the control values until seven months after fire (last sampling). The decrease was attributed to leaching, volatilisation, and degradation and was slower in soils than in bark and litter. The low molecular weight (2–4 rings) PAH prevailed over the high molecular weight (5–6 rings) PAH, especially in bark, showing that more directly burnt samples have relatively higher light PAH/heavy PAH ratios. Naphthalene (2 rings) was the prevalent PAH in bark and litter (76% and 44% of the total PAH, respectively), followed by phenanthrene (3 rings), fluoranthene, pyrene, and chrysene (4 rings). The soil samples also showed relatively high fractions of naphthalene and phenanthrene. The ratios fluoranthene/(fluoranthene + pyrene) were consistent with an origin in biomass burning. In a later paper [120], Simon et al. monitored the same 16 PAH in burnt and unburnt soils (0–5 cm depth) and ash for 16 months after a forest fire in South Korea. The total PAH concentrations ranged between 120 and 335 ng g−1 in the control soils, pointing to moderate contamination and representing the semi-rural characteristics of the study area, and decreased with time after fire. Tetracyclic PAH were dominant, averaging 41% of total PAH, while phenanthrene (15%) was the most abundant individual compound. In burnt soils, the total PAH concentrations decreased from 294 ng g−1 (19 days after fire) to 40 ng g−1 (492 days after fire), in accordance with [119]. Although tetracyclic PAH were dominant in burnt soils, they were enriched in light (2–4 ring) PAH compared to control soil, naphthalene (22%) and phenanthrene (19%) being the most abundant individual compounds. The total PAH concentrations in the ash samples decreased continually from 11,007 ng g−1 (19 days after fire) to 1169 ng g−1 (492 days after fire). The ash samples were also enriched in light PAH. The decreasing trend of total PAH in ash was driven by light PAH, indicating that low molecular weight PAH were dominantly produced by the forest fire. The PAH profiles indicated an origin in biomass burning. The PAH leached from the ash layer, particularly the water-soluble light PAH, are mostly transported by surface runoff and, to a much lesser extent, transferred to the underlying soil. Thus, the rainfall events occurred after the fire lead to removal of PAH from burnt trees and ash layer and consequent contamination of surface waters.



Mansilha et al. [121] analysed for 16 PAH spring water samples from burnt and unburnt areas in Serra do Gerês and Serra da Estrela, Portugal, with the aim of investigating the impact of extensive forest fires on groundwater contamination by PAH. The presence of PAH in groundwater would reveal the inefficiency of the soil as a filter for these pollutants. All analysed PAH, except the highly carcinogenic benzo[a]pyrene, were found in samples analysed in burnt areas, the total concentrations ranging from 23.1 to 95.1 ng L−1. Mostly the PAH concentrations in burnt areas were significantly higher than in control (unburnt) areas (average total concentration 16.2 ng L−1). Naphthalene, fluorene, anthracene, benzo[a]anthracene, dibenzo[ah]anthracene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene were the main PAH resulting from burning. In control samples, the low molecular weight PAH prevailed, naphthalene accounting for 60% of the total concentrations. In burnt area samples, naphthalene contributed 41% and 5- and 6-rings PAH, not present in control samples, were found in significant amounts, dibenzo[ah]anthracene, benzo[ghi]perylene and indeno[1,2,3-cd]pyrene contributing 27% of the total concentration.



Marynowski et al. [122], analysing paleo-charcoal samples, a proxy for ancient wildfires, found adsorbed PAH at relatively low concentrations. According to the authors, their distribution, with a significant contribution from typical pyrolytic compounds such as anthracene, 4H-cyclopenta[def]phenanthrene, benzo[a]anthracene, and benzo[a]pyrene, was typical for rapid combustion.



Dymov et al. [123,124] analysed 15 PAH (naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[ah]anthracene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene) in burnt and unburnt podzol soils from the Russian taiga. The unburnt soil presented moderately high contents of PAH in the lower subhorizon of the litter (total concentration 432 ng g−1), particularly chrysene, phenanthrene, naphthalene, and fluorene, which are thought to be associated with former fires evidenced by the presence of charcoal in the upper mineral horizons. The PAH concentrations in the mineral horizons were much lower, with a predominance of the relatively soluble fluorene and phenanthrene. In the burnt soil, the concentrations of all PAH increased notably in the pyrogenic litter horizon, rich in charcoal particles, the total concentration reaching 1910 ng g−1. The PAH concentrations were notably higher two years after fire than 10 or 16 years after fire, but even 16 years after fire, the concentrations were significantly higher than in control (unburnt) soil. The concentrations of chrysene, fluorene, naphthalene, anthracene, and pyrene increased most significantly. The total concentration of PAH slightly increased after the fire in the lower organic subhorizon, fluorene and naphthalene increasing the most. An increase in the total concentration of PAH was also observed in the illuvial Bh horizon, which could be due to migration in water.



Tsibart et al. [125] studied the soil contamination by PAH in drained peatlands affected by smouldering wildfires in the Moscow region, Russia. In peat smouldering, the fire propagates slowly and deep soil horizons are affected by high temperature; these conditions favour PAH formation. The burning gave rise to new ash horizons, charry peat horizons, and incipient O horizons. The PAH naphthalene, phenanthrene, chrysene, pyrene, anthracene, benzo[a]anthracene, benzo[a]pyrene, benzo[ghi]perylene, fluorene, dibenzotiophene, triphenylene, benzo[e]pyrene, benzo[k]fluoranthene, and coronene were determined by spectrofluorometry in various horizons of the studied soils. The total concentrations of PAH ranged from 0.2 to 137.2 ng g−1 in unburnt soil samples and from 0.0 to 332.6 ng g−1 in burnt soil samples. The highest PAH concentrations were found in charry peat horizons and in post-fire incipient O horizons. Naphthalene, phenanthrene, and benzo[a]anthracene were the major PAH in unburnt soils. Besides low molecular weight PAH, 5–6 rings PAH (benzo[ghi]perylene, benzo[e]pyrene, and benzo[k]fluoranthene) appeared in charry peat horizons. Benzo[a]pyrene concentrations never exceeded 3 ng g−1. The measured PAH concentrations were not hazardous for biota or humans. The accumulation or not of PAH in burnt peat soils depended on the initial thickness of the peat horizon [126].



Chen et al. [127] focussed on the effects of burn intensity on the PAH produced by wildfires. They determined 16 EPA-regulated PAH, 6 chlorinated PAH, and 3 brominated PAH in forest soils affected by severe or moderate wildfires and unburnt soils in California, USA. Ash + soil samples (0–5 cm) from severely burnt, moderately burnt, and unburnt sites were collected and analysed. Contrary to [93], the fire severity significantly influenced the total PAH concentration. The total PAH concentration in moderately burnt ash + soil (893 µg kg−1) was significantly higher than those in unburnt soil (247 µg kg−1) and in severely burnt ash + soil (515 µg kg−1). The relatively high PAH concentration in the unburnt soil is attributed to previous wildfires. The total concentrations of chlorinated PAH were 3.58 µg kg−1 in unburnt soils, 3.63 µg kg−1 in moderately burnt samples, and 1.03 µg kg−1 in severely burnt samples. Thus, moderate burning had no effect but severe burning decreased the chlorinated PAH concentrations. In contrast, the total concentrations of brominated PAH were significantly lower in both moderately burnt (9.26 µg kg−1) and severely burnt (2.66 µg kg−1) samples compared to unburnt soils (16.33 µg kg−1). Therefore, wildfires are not a significant source of soil chlorinated or brominated PAH, rather severe fires cause the loss of halogenated PAH from soil. Consistent with other studies, the wildfire modified the PAH profiles, although the PAH were in all samples dominated by naphthalene, followed by phenanthrene. The percentage of naphthalene in unburnt soils was significantly higher (72.8%) than in moderately burnt samples (43.9%) but did not differ significantly from severely burnt samples (57.4%). The percentage of phenanthrene was lower in unburnt soils compared to burnt samples. The PAH concentrations in both burnt and unburnt samples were dominated by low molecular weight (<4 rings) PAH, which accounted for 94–97% of total PAH. According with the variations in concentrations, a fire of moderate severity increased the toxicity of PAHs in soils, whereas the high severity fire did not cause increased toxicity. On the other hand, a high severity fire resulted in a decrease of the toxicity of halogenated PAH in soils. Burn severity is an important factor regarding the risk for ecosystems and human health derived from soil contamination by PAH after wildfires.



Rey-Salgueiro et al. [128] investigated the influence of the dominant species and fire severity on PAH production in forest and shrubland fires in north-western and central Spain. The authors sampled and analysed for PAH unburnt or charred litter from four sites affected by wildfires, dominated by Pinus pinaster, Pinus nigra, Ulex europaeus, or Erica arborea. Unburnt soils and two burn severities (moderate, 200–400 °C, and high, 400–600 °C) were compared at each site. The sampling was carried out three to seven days after wildfire. The PAH analysed were fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[ah]anthracene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene. The total PAH concentrations ranged from 8.5 µg kg−1 (in high severity burnt P. pinaster litter) to 50 µg kg−1 (in moderate severity burnt P. pinaster litter), well below the Dutch intervention value. These values are low compared to those reported for South Korea [105,109,119], Malaysia [112], Nigeria [116,117], Portugal [93], Russia [123,124], or California [127]. However, it must be emphasised that the referred studies include some compounds, namely two- and three-ring PAH, not determined in the present study and reported as abundant in the studies cited. The values reported here are also lower than those reported by García-Falcón et al. [111] for a burnt peri-urban woodland soil in north-west Spain, although that study includes less PAH than the present study. The values reported by Rey-Salgueiro et al. [128] are comparable to those of Vergnoux et al. [115], which included PAH not included here but sampling was performed one and three years after the wildfire. Consistent with other studies, the low molecular weight PAH (including fluoranthene, pyrene, and chrysene) were found at higher concentrations than high molecular weight PAH (including benzo[b]fluoranthene, benzo[k]fluoranthene, and benzo[a]pyrene) in all samples. In agreement with Chen et al. [127], for each type of litter the concentration of PAH, and especially of low molecular weight PAH, increased with moderate severity burning and decreased again with high severity burning. The lower concentrations of PAH at high severity burning compared to moderate severity burning are related to high combustion efficiency. According to the authors, the PAH concentrations are expected to decrease with time through transport or biodegradation.



Ribeiro et al. [129] investigated the presence of PAH in burnt and unburnt soils in the Caramulo range in Portugal. Two soil horizons (0–5 cm and 5–20 cm depth) were sampled from burnt and unburnt soils immediately after wildfires and then every 6 months for 2 years. The O horizon was excluded in unburnt soils while the ash layer was sampled in burnt soils in the first sampling date. The 16 EPA priority PAH were determined by GC-MS. The total PAH concentrations ranged between 0.66 and 223.2 ng g−1 in soils and amounted up to 13.51 ng g−1 in ash, in both cases clearly below the Dutch intervention value. Excepting a sample with a total concentration of 223.2 ng g−1, the concentrations were in line with those of Rey-Salgueiro et al. [128]. The variations of PAH concentrations with soil depth or time after wildfire did not show a consistent trend, although from six months after fire, the PAH declined over time in all soils. In contrast to most published studies, high molecular weight (4–6 ring) PAH predominated over low molecular weight (2–3 ring) PAH, the most abundant in soil samples being benzo[k]fluoranthene, followed by minor proportions of fluoranthene, pyrene, chrysene, benzo[b]fluoranthene, and indeno[1,2,3-cd]pyrene. Naphthalene, acenaphthylene, and acenaphthene were not detected in any sample. The authors attributed their absence to degradation and volatilisation during burning. Benzo[a]pyrene was present in burnt soils at a maximum concentration of 1.30 ng g−1, but not in unburnt soils. Only the concentration of benzo[k]fluoranthene exceeded the limit established by Portuguese guidelines for agricultural soils in one sample.



The literature reviewed showed an enrichment in PAH, PCB, and dioxins of burnt soils relative to unburnt soils. Usually, low molecular weight PAH prevailed over high molecular weight PAH. Transportation of PAH by the wind can lead to contamination of distant soils or water bodies. PAH, PCB, and dioxins were sporadically present in concentrations exceeding the Dutch or Canadian guidelines and had low persistence in soil, disappearing by transport or biodegradation. These compounds can be exported by runoff and reach water bodies. Some studies reported lower concentrations of pyrogenic organic pollutants in high-severity fires compared to moderate-severity fires, which was related to higher combustion efficiency.




5. Detoxifying Effect of Charcoal


In contrast to all that has been reviewed so far, charcoal, highly aromatic pyrogenic organic matter produced by fires, having a long residence time in soil and a high sorbing capacity, can produce a detoxifying effect. According to various publications, charcoal creates bioactive zones in the soil, where the soil surrounding charcoal is designated as “charosphere” [130,131].



In this respect, Zackrisson et al. [132] reported the ability of charcoal in once burnt boreal forest soils to adsorb phytotoxic phenolic compounds produced by the shrub Empetrum hermaphroditum. The effectiveness for this detoxifying function was high in charcoal younger than 100 years. Reheating deactivated older charcoal at temperatures above 450 °C can reactivate it. Furthermore, charcoal can enhance microbial activity. Keech et al. [133] compared the capacity to adsorb allelochemicals of charcoal from nine different woody plant species, using seed germination to measure this capacity. These authors found that the adsorption capacity of charcoal was significantly higher for deciduous trees than for conifers and ericaceous species. Moreover, they reported that the charcoal macroporosity was a determining factor of the adsorption capacity. Therefore, seed germination and success of establishing new tree seedlings after fire seems to be dependent on charcoal properties. These results highlight the need for conservation of broad-leaved deciduous trees in boreal forests.



DeLuca et al. [134] studied N mineralisation, nitrification, and sorption of free phenolic compounds along a fire-induced chronosequence (forest stands varying in age since the last fire) in northern Sweden. Nitrification and net N mineralisation were highest in recently burnt soils. The decline of nitrification with time since last fire could be due either to increasing cover of ericaceous shrubs (which release polyphenols that could inhibit nitrification) or to decrease in the charcoal sorption capacity. However, no significant relationships were found between nitrification rate and ericaceous vegetation cover or between nitrification rate and total polyphenol concentration. The authors argue that the decline in net N mineralisation with time may result from increasing N immobilisation or from the presence of a recalcitrant N pool rather than from inhibition. Amending the soil with glycine (an organic N source) resulted in increased ammonification but not nitrification. The addition of charcoal and glycine to soil stimulated nitrification. Moreover, the addition of charcoal significantly reduced the concentration of polyphenols. According to the authors, it is possible that the charcoal adsorbed specific phenolic compounds which otherwise would have been inhibitory to autotrophic nitrifying bacteria.



Berglund et al. [135] conducted laboratory and field studies to investigate the effect of soil amendment with activated carbon (used as a surrogate for soil charcoal) on nitrification in boreal forest soils. Glycine was added to the soils as an organic nitrogen source, both in laboratory and field experiments. Laboratory incubations showed increased net nitrification in soils amended with activated carbon, but no significant differences were observed in the field study. Significant adsorption of free phenols by activated carbon was shown in the field study. The authors suggest that the positive effect of activated carbon on nitrification in laboratory incubation could result from the adsorption of phenolic compounds, which have a generally negative effect on nitrifying bacteria, while in the field study there might have been an increase in gross nitrification but not in net nitrification.



Gundale and DeLuca [136] investigated several properties of charcoal produced in the laboratory from ponderosa pine (Pinus ponderosa) and Douglas-fir (Psuedotsuga menziesii) bark and wood at two temperatures (350 and 800 °C, which represent lower and upper thresholds for charcoal formation). They reported that all charcoal types were effective at sorbing catechin, an allelochemical identified as a root exudate of many plant species. The determined sorption capacity was in all cases more than 5 mg catechin g−1 charcoal. The catechin sorption capacity was significantly higher in charcoals produced at higher temperature. This fact highlights the importance for charcoal properties of charring temperature during fire events, which is related to fire intensity. Ponderosa pine wood and bark charcoals also had a significantly higher capacity to sorb catechin than Douglas-fir wood and bark charcoals at both temperatures, but these differences were minor compared to those produced by temperature. A high capacity of natural charcoals to sorb allelochemicals may contribute to a high biodiversity observed in some fire-maintained ecosystems.



MacKenzie and DeLuca [137] reported that field-collected charcoal was extremely effective at sorbing phenols from leachates of litter of Arctostaphylos uva-ursi (L.) Spreng., an ericaceous shrub, removing more than 80% of phenolic compounds in solution. In the same study, they found that glycine (an organic nitrogen source) stimulated significant nitrification when applied to incubated litter samples of Carex geyeri Boott (a sedge) but not of Arctostaphylos uva-ursi. However, in agreement with DeLuca et al. [134], the addition of glycine and charcoal to incubated litter of Arctostaphylos uva-ursi triggered nitrification, so increasing available nitrogen, which has been observed in forest soils for years after a fire. Various authors reported the increase of nitrification by charcoal [136,138,139,140]. MacKenzie and DeLuca [137] interpret their results as an evidence that increased nitrification results from adsorption by charcoal of phenols that inhibit microbes responsible for nitrification.



DeLuca and Sala [141] studied in laboratory and field experiments the nitrogen dynamics in ponderosa pine/Douglas fir forests, comparing stands not burnt for at least 69 years (designed as “unburnt”) with others that underwent at least two fires over the last 100 years (designed as “frequently burnt”). Total N in the forest floor decreased in frequently burnt soils (from 8.8 g/kg in unburnt stands to 6.2 g/kg in frequently burnt stands). In the mineral soil, there was no significant change in total N but the potentially mineralisable N (measured by anaerobic incubation) decreased in frequently burnt soils. In contrast, the net nitrification (measured both in the laboratory and in situ) and net N mineralisation (in laboratory measurements) increased significantly in frequently burnt stands relative to unburnt stands. Similar to fire-exposed soils, soils amended with charcoal showed a significant increase in the nitrification potential (measured by a short-term aerobic slurry method). The results indicate the role of charcoal in maintaining nitrification in frequently burnt stands for a long time after fire. The effect of charcoal could be related to adsorption of compounds that might inhibit nitrification.



Makoto et al. [142] investigated the dynamics of nitrogen and other nutrients after an experimental burning of low intensity in a Japanese forest of Japanese white birch (Betula platyphylla var. japonica) with understorey of dwarf bamboo (Sasa senanensis). These authors compared unburnt control plots, burnt plots, and burnt plots from which the charcoal was removed. In contrast to other studies, the results of this research did not indicate a stimulation of nitrification by charcoal, the nitrate extractable from the soil humus layer being highest in soils from which the charcoal was removed, from immediately after the fire up to two months later. It is worth mentioning that the charcoal in this study, produced at low temperature, had, according to the authors, a low adsorption capacity. It should also be noted that phenolics were not abundant in the forest floor, derived mainly from dwarf bamboo. In a recent review, Makoto and Koike [143] highlight the prevalence of articles that report charcoal favouring nutrient mineralisation rather than immobilisation, enhancing litter and humus decomposition in boreal forests.



Pingree et al. [144] evaluated the adsorption of phenol by field-collected and laboratory-produced charcoal. The adsorption capacity of wildfire-produced charcoal was on average 29.70 μg phenol mg charcoal−1 and was not affected by time since fire. The adsorption capacity of laboratory-produced charcoal increased with increasing formation temperature, ranging between 61.2 μg phenol mg charcoal−1 (300 °C) and 174.8 μg phenol mg charcoal−1 (800 °C).



In a laboratory study, Carter et al. [145] collected unburnt soil samples from Jeffrey pine (Pinus jeffreyi Balf.) or lodgepole pine (Pinus contorta Douglas) dominated areas, added charcoal derived from Jeffrey pine or lodgepole pine, and incubated the amended and unamended samples for eight weeks. The incubation conditions may be representative for low-severity burns. The authors reported that the charcoal adsorbed polyphenols from both soils. However, in contrast to other studies, the effects of charcoal amendments on potential nitrification were small; the data did not show consistent increases in nitrification potential at higher amendment levels, nor was nitrification lower in the soil amended with the less polyphenol adsorbing charcoal. The study showed that, after three weeks, the microbial respiration was generally higher in amended than in unamended soils. Nevertheless, no relationship was observed between respiration and polyphenol sorption. The adsorption of polyphenols did not seem relevant for the microbial activity and the exact mechanisms responsible for the charcoal effects were not identified.



In a similar way, Baker et al. [146] analysed charcoal produced by a historical wildfire occurred in Idaho, USA, in 1910. The study site is a wetland heavily contaminated by mine waste, where the charcoal appears as a sedimentary layer at 33–38 cm depth. The charcoal samples were analysed for As, Cd, P, Pb, Zn, Fe, and Mn and compared to the surrounding soil. The charcoal samples were enriched in all reported elements by 5 to 40 times compared to the surrounding soil. The most enriched elements were Pb, As, and Cd. The concentrations of potentially toxic elements in soil at 40–50 cm depth are at or near background levels, whereas the charcoal from these depths contains elevated concentrations of these elements. These results indicate that charcoal has an important role in controlling contaminant fate in the environment.




6. Summary and Research Needs


Besides affecting the physical, chemical, and biological soil properties and influencing the global carbon cycle and climate change, wildfires can produce or release substances potentially toxic to soil and ecosystems.



Numerous studies ascertain inhibitory effects of ash on seed germination and seedling growth as well as its toxicity to soil and aquatic organisms. Frequently, the substances responsible for this toxicity have not been identified.



The mobilisation of heavy metals and trace elements by fire was addressed by copious publications. Besides total concentrations, speciation, availability, and risk of exportation to water bodies have been analysed. Mercury is one of the most extensively studied elements. Upon combustion of litter or plant biomass, most of the mercury stored in them is released into the atmosphere.



Shortly after fire, some studies found PAH levels comparable to those of contaminated urban soils. In a few cases, reported concentrations of some PAH were above the environmental soil quality guidelines. Despite their resistance to degradation, various authors reported decreasing PAH concentrations in soil with time elapsed since fire. The decrease can occur through ash erosion, leaching, and volatilisation, but also by biological and photochemical degradation. Leaching and erosion losses of PAH pose a risk of contamination of surface and ground waters, which implies the possible entrance of PAH into the aquatic food chain and an impact on drinking water. In most studies, low molecular weight (2–4 rings) PAH prevailed over high molecular weight (5–6 rings) PAH in ash and burnt soils.



Finally, the possible detoxifying role of charcoal in soils affected by fire is addressed in this review. The detoxifying effect occurs mainly through adsorption of potentially toxic elements or toxic organic compounds.



This review has identified some research gaps which deserve to be filled. The need to study the vertical and lateral variation of the toxic substances generated by the fires is perceived. In the studies reviewed, the depth of soil sampling is highly variable. Some works study only the organic horizon (litter or ash); others sample only mineral soil or both organic and mineral horizons; in some cases, the ash is sampled together with the topsoil. Rarely various soil depths are analysed and the migration of pollutants in depth is studied. Even more rarely, the studies address the lateral downslope migration of these substances or their transport by the wind. Although it is common to sample different soils within an area or transect, the directions of the slope or wind are seldom taken into account.



Numerous studies report ecotoxicological effects of ash on soil organisms, but usually the substance causing the toxic effect is not identified. On the other hand, abundant research analyses heavy metals or organic pollutants in burnt soils but does not include an ecotoxicological study. It seems necessary to carry out studies that combine ecotoxicological research in burnt soils with the identification and quantification of the substances causing the toxicity.



In the case of PAH, the number of individual PAH analysed is variable. Most of the studies analyse the EPA’s 16 priority PAH; some analyse a smaller number; in one case, 29 PAH were analysed. However, some recent studies [147,148,149,150,151] question the adequacy of the 16 priority PAH to diagnose an environmental or health risk. Therefore, it is necessary to adapt the PAH analysed to the new emerging criteria for the selection of individual PAH indicative of environmental or health hazard. The analysis of other organic pollutants, such as PCB and dioxins which have rarely been studied, is also seen as necessary.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


I wish to acknowledge Timoteo C. Ferreira and Carlos F. Marcos for reviewing the manuscript. I am grateful to three anonymous reviewers, who made very valuable suggestions helping to improve the manuscript.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Adhikari, K.; Hartemink, A.E. Linking soils to ecosystem services—A global review. Geoderma 2016, 262, 101–111. [Google Scholar] [CrossRef]

	



Kelly, R.; Montgomery, W.I.; Reid, N. Differences in soil chemistry remain following wildfires on temperate heath and blanket bog sites of conservation concern. Geoderma 2018, 315, 20–26. [Google Scholar] [CrossRef]

	



Zhang, Z.; Long, T.; He, G.; Wei, M.; Tang, C.; Wang, W.; Wang, G.; She, W.; Zhang, X. Study on Global Burned Forest Areas Based on Landsat Data. Photogramm. Eng. Remote Sens. 2020, 86, 503–508. [Google Scholar] [CrossRef]

	



Ramo, R.; Roteta, E.; Bistinas, I.; van Wees, D.; Bastarrika, A.; Chuvieco, E.; van der Werf, G.R. African burned area and fire carbon emissions are strongly impacted by small fires undetected by coarse resolution satellite data. Proc. Natl. Acad. Sci. USA 2021, 118, e2011160118. [Google Scholar] [CrossRef]

	



Randerson, J.T.; Chen, Y.; van der Werf, G.R.; Rogers, B.M.; Morton, D.C. Global burned area and biomass burning emissions from small fires. J. Geophys. Res.-Biogeosci. 2012, 117, G04012. [Google Scholar] [CrossRef]

	



Mataix-Solera, J.; Guerrero, C.; García-Orenes, F.; Bárcenas, G.M.; Torres, M.P. Forest Fire Effects on Soil Microbiology. In Fire Effects on Soils and Restoration Strategies; Cerdà, A., Robichaud, P.R., Eds.; Science Publishers: Enfield, NH, USA, 2009; pp. 133–175. [Google Scholar]

	



Santin, C.; Doerr, S.H. Fire effects on soils: The human dimension. Philos. Trans. R. Soc. B Biol. Sci. 2016, 371, 20150171. [Google Scholar] [CrossRef]

	



Abraham, J.; Dowling, K.; Florentine, S. Risk of post-fire metal mobilization into surface water resources: A review. Sci. Total Environ. 2017, 599, 1740–1755. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, J.; Dowling, K.; Florentine, S. The Unquantified Risk of Post-Fire Metal Concentration in Soil: A Review. Water Air Soil Pollut. 2017, 228, 175. [Google Scholar] [CrossRef]

	



Burke, M.P.; Hogue, T.S.; Kinoshita, A.M.; Barco, J.; Wessel, C.; Stein, E.D. Pre- and post-fire pollutant loads in an urban fringe watershed in Southern California. Environ. Monit. Assess. 2013, 185, 10131–10145. [Google Scholar] [CrossRef]

	



Mataix-Solera, J.; Guerrero, C. Efectos de los incendios forestales en las propiedades edáficas. In Incendios Forestales, Suelos y Erosión Hídrica; Mataix-Solera, J., Ed.; Caja Mediterráneo: Alcoi, Spain, 2007; pp. 5–40. [Google Scholar]

	



Bodi, M.B.; Martin, D.A.; Balfour, V.N.; Santin, C.; Doerr, S.H.; Pereira, P.; Cerda, A.; Mataix-Solera, J. Wild land fire ash: Production, composition and eco-hydro-geomorphic effects. Earth-Sci. Rev. 2014, 130, 103–127. [Google Scholar] [CrossRef]

	



Pereira, P.; Jordan, A.; Cerda, A.; Martin, D. Editorial: The role of ash in fire-affected ecosystems. Catena 2015, 135, 337–339. [Google Scholar] [CrossRef]

	



Pereira, P.; Martínez-Murillo, J.F.; Francos, M. Chapter Four—Environments affected by fire. In Advances in Chemical Pollution, Environmental Management and Protection; Pereira, P., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; Volume 4, pp. 119–155. [Google Scholar]

	



Thomas, P.A.; Wein, R.W. Jack pine establishment on ash from wood and organic soil. Can. J. For. Res.-Rev. Can. De Rech. For. 1990, 20, 1926–1932. [Google Scholar] [CrossRef]

	



Thomas, P.A.; Wein, R.W. Amelioration of wood ash toxicity and jack pine establishment. Can. J. For. Res.-Rev. Can. De Rech. For. 1994, 24, 748–755. [Google Scholar] [CrossRef]

	



Ne’eman, G.; Meir, I.; Ne’eman, R. The effect of ash on the germination and early growth of shoots and roots of Pinus, Cistus and annuals. Seed Sci. Technol. 1993, 21, 339–349. [Google Scholar]

	



Ne’eman, G.; Meir, I.; Ne’eman, R. The influence of pine ash on the germination and early growth of Pinus halepensis Mill. and Cistus salviifolius L. Water Sci. Technol. 1993, 27, 525–532. [Google Scholar] [CrossRef]

	



Ne’eman, G. Regeneration of natural pine Forest—Review of work done after the 1989 fire in Mount Carmel, Israel. Int. J. Wildland Fire 1997, 7, 295–306. [Google Scholar] [CrossRef]

	



Henig-Sever, N.; Eshel, A.; Ne’eman, G. pH and osmotic potential of pine ash as post-fire germination inhibitors. Physiol. Plant. 1996, 96, 71–76. [Google Scholar] [CrossRef]

	



Ne’eman, G.; Henig-Sever, N.; Eshel, A. Regulation of the germination of Rhus coriaria, a post-fire pioneer, by heat, ash, pH, water potential and ethylene. Physiol. Plant. 1999, 106, 47–52. [Google Scholar] [CrossRef]

	



Izhaki, I.; Henig-Sever, N.; Ne’eman, G. Soil seed banks in Mediterranean Aleppo pine forests: The effect of heat, cover and ash on seedling emergence. J. Ecol. 2000, 88, 667–675. [Google Scholar] [CrossRef]

	



González-Rabanal, F.; Casal, M. Effect of high-temperatures and ash on germination of 10 species from gorse shrubland. Vegetatio 1995, 116, 123–131. [Google Scholar] [CrossRef]

	



Reyes, O.; Casal, M. Germination of Pinus pinaster, P. radiata and Eucalyptus globulus in relation to the amount of ash produced in forest fires. Ann. Sci. For. 1998, 55, 837–845. [Google Scholar] [CrossRef]

	



Reyes, O.; Casal, M. Effects of forest fire ash on germination and early growth of four pinus species. Plant Ecol. 2004, 175, 81–89. [Google Scholar] [CrossRef]

	



Reyes, O.; Casal, M. Seed germination of Quercus robur, Q. pyrenaica and Q. ilex and the effects of smoke, heat, ash and charcoal. Ann. For. Sci. 2006, 63, 205–212. [Google Scholar] [CrossRef]

	



Escudero, A.; Barrero, S.; Pita, J.M. Effects of high temperatures and ash on seed germination of two Iberian pines (Pinus nigra ssp salzmannii, P-sylvestris var iberica). Ann. Sci. For. 1997, 54, 553–561. [Google Scholar] [CrossRef]

	



Reyes, O.; Kaal, J.; Aran, D.; Gago, R.; Bernal, J.; Garcia-Duro, J.; Basanta, M. The effects of ash and black carbon (biochar) on germination of different tree species. Fire Ecol. 2015, 11, 119–133. [Google Scholar] [CrossRef]

	



Paradelo, R.; Devesa-Rey, R.; Cancelo-Gonzalez, J.; Basanta, R.; Pena, M.T.; Diaz-Fierros, F.; Barral, M.T. Effect of a compost mulch on seed germination and plant growth in a burnt forest soil from NW Spain. J. Soil Sci. Plant Nutr. 2012, 12, 73–86. [Google Scholar] [CrossRef]

	



Barroso, P.M.; Vaverkova, M. Fire Effects on Soils—A Pilot Scale Study on the Soils Affected by Wildfires in the Czech Republic. J. Ecol. Eng. 2020, 21, 248–256. [Google Scholar] [CrossRef]

	



Widden, P.; Parkinson, D. The effects of a forest fire on soil microfungi. Soil Biol. Biochem. 1975, 7, 125–138. [Google Scholar] [CrossRef]

	



Diaz-Raviña, M.; Prieto, A.; Baath, E. Bacterial activity in a forest soil after soil heating and organic amendments measured by the thymidine and leucine incorporation techniques. Soil Biol. Biochem. 1996, 28, 419–426. [Google Scholar] [CrossRef]

	



Salgado, J.; Gonzalez, M.I.; Armada, J.; Pazandrade, M.I.; Carballas, M.; Carballas, T. Loss of organic-matter in Atlantic forest soils due to Wildfires—Calculation of the ignition temperature. Thermochim. Acta 1995, 259, 165–175. [Google Scholar] [CrossRef]

	



Fritze, H.; Pennanen, T.; Kitunen, V. Characterization of dissolved organic carbon from burned humus and its effects on microbial activity and community structure. Soil Biol. Biochem. 1998, 30, 687–693. [Google Scholar] [CrossRef]

	



Badia, D.; Marti, C. Effect of simulated fire on organic matter and selected microbiological properties of two contrasting soils. Arid Land Res. Manag. 2003, 17, 55–69. [Google Scholar] [CrossRef]

	



Fritze, H.; Smolander, A.; Levula, T.; Kitunen, V.; Malkonen, E. Wood-ash fertilization and fire treatments in a Scots pine forest Stand—Effects on the organic layer, microbial biomass, and microbial activity. Biol. Fertil. Soils 1994, 17, 57–63. [Google Scholar] [CrossRef]

	



Oliveira, E.C.; Brito, D.Q.; Dias, Z.M.B.; Guarieiro, M.S.; Carvalho, E.L.; Fascineli, M.L.; Niva, C.C.; Grisolia, C.K. Effects of ashes from a Brazilian savanna wildfire on water, soil and biota: An ecotoxicological approach. Sci. Total Environ. 2018, 618, 101–111. [Google Scholar] [CrossRef]

	



Brito, D.Q.; Passos, C.J.S.; Muniz, D.H.F.; Oliveira, E.C. Aquatic ecotoxicity of ashes from Brazilian savanna wildfires. Environ. Sci. Pollut. Res. 2017, 24, 19671–19682. [Google Scholar] [CrossRef] [PubMed]

	



Harper, A.R.; Santin, C.; Doerr, S.H.; Froyd, C.A.; Albini, D.; Otero, X.L.; Vinas, L.; Perez-Fernandez, B. Chemical composition of wildfire ash produced in contrasting ecosystems and its toxicity to Daphnia magna. Int. J. Wildland Fire 2019, 28, 726–737. [Google Scholar] [CrossRef]

	



Baken, S.; Larsson, M.A.; Gustafsson, J.P.; Cubadda, F.; Smolders, E. Ageing of vanadium in soils and consequences for bioavailability. Eur. J. Soil Sci. 2012, 63, 839–847. [Google Scholar] [CrossRef]

	



Pigna, M.; Caporale, A.G.; Cavalca, L.; Sommella, A.; Violante, A. Arsenic in the Soil Environment: Mobility and Phytoavailability. Environ. Eng. Sci. 2015, 32, 551–563. [Google Scholar] [CrossRef]

	



Taylor, R.W.; Shen, S.Y.; Bleam, W.F.; Tu, S.I. Chromate removal by dithionite-reduced clays: Evidence from direct X-ray adsorption near edge spectroscopy (XANES) of chromate reduction at clay surfaces. Clays Clay Miner. 2000, 48, 648–654. [Google Scholar] [CrossRef]

	



Violante, A.; Gaudio, S.D.; Pigna, M.; Pucci, M.; Amalfitano, C. Sorption and desorption of arsenic by soil minerals and soils in the presence of nutrients and organics. In Soil Mineral Microbe-Organic Interactions: Theories and Applications; Springer: Berlin/Heidelberg, Gemany, 2008; pp. 39–69. [Google Scholar] [CrossRef]

	



Murphy, S.F.; McCleskey, R.B.; Martin, D.A.; Holloway, J.M.; Writer, J.H. Wildfire-driven changes in hydrology mobilize arsenic and metals from legacy mine waste. Sci. Total Environ. 2020, 743, 140635. [Google Scholar] [CrossRef]

	



Alexakis, D.E. Suburban areas in flames: Dispersion of potentially toxic elements from burned vegetation and buildings. Estimation of the associated ecological and human health risk. Environ. Res. 2020, 183, 109153. [Google Scholar] [CrossRef] [PubMed]

	



Odigie, K.O.; Flegal, A.R. Pyrogenic Remobilization of Historic Industrial Lead Depositions. Environ. Sci. Technol. 2011, 45, 6290–6295. [Google Scholar] [CrossRef]

	



Odigie, K.O.; Flegal, A.R. Trace Metal Inventories and Lead Isotopic Composition Chronicle a Forest Fire’s Remobilization of Industrial Contaminants Deposited in the Angeles National Forest. PLoS ONE 2014, 9, e107835. [Google Scholar] [CrossRef] [PubMed]

	



Krämer, U. Metal Hyperaccumulation in Plants. Annu. Rev. Plant Biol. 2010, 61, 517–534. [Google Scholar] [CrossRef]

	



Lambers, H.; Hayes, P.E.; Laliberte, E.; Oliveira, R.S.; Turner, B.L. Leaf manganese accumulation and phosphorus-acquisition efficiency. Trends Plant Sci. 2015, 20, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Parra, J.G.; Rivero, V.C.; Lopez, T.I. Forms of Mn in soils affected by a forest fire. Sci. Total Environ. 1996, 181, 231–236. [Google Scholar] [CrossRef]

	



Terzano, R.; Rascio, I.; Allegretta, I.; Porfido, C.; Spagnuolo, M.; Khanghahi, M.Y.; Crecchio, C.; Sakellariadou, F.; Gattullo, C.E. Fire effects on the distribution and bioavailability of potentially toxic elements (PTEs) in agricultural soils. Chemosphere 2021, 281, 130752. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, S.G.; Bennett, W.W.; Burton, E.D.; Hockmann, K.; Dawson, N.; Karimian, N. Rapid arsenic (V)-reduction by fire in schwertmannite-rich soil enhances arsenic mobilisation. Geochim. Et Cosmochim. Acta 2018, 227, 1–18. [Google Scholar] [CrossRef]

	



Johnston, S.G.; Karimian, N.; Burton, E.D. Fire Promotes Arsenic Mobilization and Rapid Arsenic(III) Formation in Soil via Thermal Alteration of Arsenic-Bearing Iron Oxides. Front. Earth Sci. 2019, 7, 139. [Google Scholar] [CrossRef]

	



Bogacz, A.; Wozniczka, P.; Labaz, B. Concentration and pools of heavy metals in organic soils in post-fire areas used as forests and meadows. J. Elem. 2011, 16, 515–524. [Google Scholar] [CrossRef]

	



Campos, I.; Abrantes, N.; Keizer, J.J.; Vale, C.; Pereira, P. Major and trace elements in soils and ashes of eucalypt and pine forest plantations in Portugal following a wildfire. Sci. Total Environ. 2016, 572, 1363–1376. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Rodriguez, S.; Fernandez-Marcos, M.L. Sorption and Desorption of Vanadate, Arsenate and Chromate by Two Volcanic Soils of Equatorial Africa. Soil Syst. 2021, 5, 22. [Google Scholar] [CrossRef]

	



Jiang, J.; Xu, R.K.; Wang, Y.; Zhao, A.Z. The mechanism of chromate sorption by three variable charge soils. Chemosphere 2008, 71, 1469–1475. [Google Scholar] [CrossRef]

	



Moreno-Alvarez, J.M.; Orellana-Gallego, R.; Fernandez-Marcos, M.L. Potentially Toxic Elements in Urban Soils of Havana, Cuba. Environments 2020, 7, 43. [Google Scholar] [CrossRef]

	



Sparks, D.L. Metal and oxyanion sorption on naturally occurring oxide and clay mineral surfaces. In Environmental Catalysis; Grassian, V.H., Ed.; CRC Press LLC: Boca Raton, FL, USA, 2005; pp. 3–36. [Google Scholar]

	



He, T.H.; Lamont, B.B. Fire as a Potent Mutagenic Agent Among Plants. Crit. Rev. Plant Sci. 2018, 37, 1–14. [Google Scholar] [CrossRef]

	



Kabata-Pendias, A. Trace Elements in Soils and Plants; CRC: Boca Raton, FL, USA, 2011. [Google Scholar]

	



Ministry of Infrastructure and Water Management. Soil Remediation Circular 2013, Version of 1 July 2013. 2013. Available online: https://docplayer.net/58133676-Soil-remediation-circular-2013.html (accessed on 31 October 2021).

	



Canadian Council of Ministers of the Environment (CCME). Soil Quality Guidelines for the Protection of Environmental and Human Health. 2018. Available online: https://ccme.ca/en/summary-table (accessed on 31 October 2021).

	



Young, D.R.; Jan, T.K. Fire fallout of metals off California. Mar. Pollut. Bull. 1977, 8, 109–112. [Google Scholar] [CrossRef]

	



Adams, F. Crop Response to Lime in the Southern United States. Soil Acidity Lim. 1984, 12, 211–265. [Google Scholar] [CrossRef]

	



Abraham, J.; Dowling, K.; Florentine, S. Effects of prescribed fire and post-fire rainfall on mercury mobilization and subsequent contamination assessment in a legacy mine site in Victoria, Australia. Chemosphere 2018, 190, 144–153. [Google Scholar] [CrossRef]

	



Turetsky, M.R.; Harden, J.W.; Friedli, H.R.; Flannigan, M.; Payne, N.; Crock, J.; Radke, L. Wildfires threaten mercury stocks in northern soils. Geophys. Res. Lett. 2006, 33, L16403. [Google Scholar] [CrossRef]

	



Obrist, D.; Moosmuller, H.; Schurmann, R.; Chen, L.W.A.; Kreidenweis, S.M. Particulate-phase and gaseous elemental mercury emissions during biomass combustion: Controlling factors and correlation with particulate matter emissions. Environ. Sci. Technol. 2008, 42, 721–727. [Google Scholar] [CrossRef]

	



Engle, M.A.; Gustin, M.S.; Johnson, D.W.; Murphy, J.F.; Miller, W.W.; Walker, R.F.; Wright, J.; Markee, M. Mercury distribution in two Sierran forest and one desert sagebrush steppe ecosystems and the effects of fire. Sci. Total Environ. 2006, 367, 222–233. [Google Scholar] [CrossRef]

	



Biswas, A.; Blum, J.D.; Klaue, B.; Keeler, G.J. Release of mercury from Rocky Mountain forest fires. Glob. Biogeochem. Cycles 2007, 21, Gb1002. [Google Scholar] [CrossRef]

	



Biswas, A.; Blum, J.D.; Keeler, G.J. Mercury storage in surface soils in a central Washington forest and estimated release during the 2001 Rex Creek Fire. Sci. Total Environ. 2008, 404, 129–138. [Google Scholar] [CrossRef] [PubMed]

	



Burke, M.P.; Hogue, T.S.; Ferreira, M.; Mendez, C.B.; Navarro, B.; Lopez, S.; Jay, J.A. The Effect of Wildfire on Soil Mercury Concentrations in Southern California Watersheds. Water Air Soil Pollut. 2010, 212, 369–385. [Google Scholar] [CrossRef] [PubMed]

	



Woodruff, L.G.; Cannon, W.F. Immediate and Long-Term Fire Effects on Total Mercury in Forests Soils of Northeastern Minnesota. Environ. Sci. Technol. 2010, 44, 5371–5376. [Google Scholar] [CrossRef]

	



Melendez-Perez, J.J.; Fostier, A.H.; Carvalho, J.A.; Windmoller, C.C.; Santos, J.C.; Carpi, A. Soil and biomass mercury emissions during a prescribed fire in the Amazonian rain forest. Atmos. Environ. 2014, 96, 415–422. [Google Scholar] [CrossRef]

	



Campos, I.; Vale, C.; Abrantes, N.; Keizer, J.J.; Pereira, P. Effects of wildfire on mercury mobilisation in eucalypt and pine forests. Catena 2015, 131, 149–159. [Google Scholar] [CrossRef]

	



De Marco, A.; Gentile, A.E.; Arena, C.; De Santo, A.V. Organic matter, nutrient content and biological activity in burned and unburned soils of a Mediterranean maquis area of southern Italy. Int. J. Wildland Fire 2005, 14, 365–377. [Google Scholar] [CrossRef]

	



Jovanovic, V.P.S.; Ilic, M.D.; Markovic, M.S.; Mitic, V.D.; Mandic, S.D.N.; Stojanovic, G.S. Wild fire impact on copper, zinc, lead and cadmium distribution in soil and relation with abundance in selected plants of Lamiaceae family from Vidlic Mountain (Serbia). Chemosphere 2011, 84, 1584–1591. [Google Scholar] [CrossRef] [PubMed]

	



Kristensen, L.J.; Taylor, M.P.; Odigie, K.O.; Hibdon, S.A.; Flegal, A.R. Lead isotopic compositions of ash sourced from Australian bushfires. Environ. Pollut. 2014, 190, 159–165. [Google Scholar] [CrossRef]

	



Costa, M.R.; Calvão, A.R.; Aranha, J. Linking wildfire effects on soil and water chemistry of the Marão River watershed, Portugal, and biomass changes detected from Landsat imagery. Appl. Geochem. 2014, 44, 93–102. [Google Scholar] [CrossRef]

	



Burton, C.A.; Hoefen, T.M.; Plumlee, G.S.; Baumberger, K.L.; Backlin, A.R.; Gallegos, E.; Fisher, R.N. Trace Elements in Stormflow, Ash, and Burned Soil following the 2009 Station Fire in Southern California. PLoS ONE 2016, 11, e0153372. [Google Scholar] [CrossRef]

	



Abraham, J.; Dowling, K.; Florentine, S. Controlled burn and immediate mobilization of potentially toxic elements in soil, from a legacy mine site in Central Victoria, Australia. Sci. Total Environ. 2018, 616, 1022–1034. [Google Scholar] [CrossRef]

	



Abraham, J.; Dowling, K.; Florentine, S. Influence of controlled burning on the mobility and temporal variations of potentially toxic metals (PTMs) in the soils of a legacy gold mine site in Central Victoria, Australia. Geoderma 2018, 331, 1–14. [Google Scholar] [CrossRef]

	



Plumlee, G.S.; Martin, D.A.; Hoefen, T.; Kokaly, R.; Hageman, P.; Eckberg, A.; Meeker, G.P.; Adams, M.; Anthony, M.; Lamothe, P.J. Preliminary Analytical Results for Ash and Burned Soils from the October 2007 Southern California Wildfires; U.S. Geological Survey: Reston, VA, USA, 2007; p. 15.

	



Wolf, R.E.; Hoefen, T.M.; Hageman, P.L.; Morman, S.A.; Plumlee, G.S. Speciation of Arsenic, Selenium, and Chromium in Wildfire Impacted Soils and Ashes; Open-File Report 2010–1242; U.S. Geological Survey: Reston, VA, USA, 2010; p. 29.

	



Pereira, P.; Ubeda, X. Spatial distribution of heavy metals released from ashes after a wildfire. J. Environ. Eng. Landsc. Manag. 2010, 18, 13–22. [Google Scholar] [CrossRef]

	



Santin, C.; Doerr, S.H.; Otero, X.L.; Chafer, C.J. Quantity, composition and water contamination potential of ash produced under different wildfire severities. Environ. Res. 2015, 142, 297–308. [Google Scholar] [CrossRef] [PubMed]

	



Alexakis, D.; Kokmotos, I.; Gamvroula, D.; Varelidis, G. Wildfire effects on soil quality: Application on a suburban area of West Attica (Greece). Geosci. J. 2021, 25, 243–253. [Google Scholar] [CrossRef]

	



Goldberg, S.; Johnston, C.T. Mechanisms of arsenic adsorption on amorphous oxides evaluated using macroscopic measurements, vibrational spectroscopy, and surface complexation modeling. J. Colloid Interface Sci. 2001, 234, 204–216. [Google Scholar] [CrossRef]

	



Smith, E.; Naidu, R.; Alston, A.M. Arsenic in the Soil Environment: A Review. In Advances in Agronomy; Donald, L.S., Ed.; Academic Press: Cambridge, MA, USA, 1998; Volume 64, pp. 149–195. [Google Scholar]

	



Johnston, S.G.; Burton, E.D.; Moon, E.M. Arsenic Mobilization Is Enhanced by Thermal Transformation of Schwertmannite. Environ. Sci. Technol. 2016, 50, 8010–8019. [Google Scholar] [CrossRef] [PubMed]

	



Ketterings, Q.M.; Bigham, J.M.; Laperche, V. Changes in soil mineralogy and texture caused by slash-and-burn fires in Sumatra, Indonesia. Soil Sci. Soc. Am. J. 2000, 64, 1108–1117. [Google Scholar] [CrossRef]

	



Burton, E.D.; Choppala, G.; Karimian, N.; Johnston, S.G. A new pathway for hexavalent chromium formation in soil: Fire-induced alteration of iron oxides. Environ. Pollut. 2019, 247, 618–625. [Google Scholar] [CrossRef] [PubMed]

	



Campos, I.; Abrantes, N.; Pereira, P.; Micaelo, A.C.; Vale, C.; Keizer, J.J. Forest fires as potential triggers for production and mobilization of polycyclic aromatic hydrocarbons to the terrestrial ecosystem. Land Degrad. Dev. 2019, 30, 2360–2370. [Google Scholar] [CrossRef]

	



Campos, I.; Abrantes, N.; Vidal, T.; Bastos, A.C.; Goncalves, F.; Keizer, J.J. Assessment of the toxicity of ash-loaded runoff from a recently burnt eucalypt plantation. Eur. J. For. Res. 2012, 131, 1889–1903. [Google Scholar] [CrossRef]

	



Silva, V.; Pereira, J.L.; Campos, I.; Keizer, J.J.; Gonçalves, F.; Abrantes, N. Toxicity assessment of aqueous extracts of ash from forest fires. Catena 2015, 135, 401–408. [Google Scholar] [CrossRef]

	



Maliszewska-Kordybach, B.; Smreczak, B. Ecotoxicological Activity of Soils Polluted with Polycyclic Aromatic Hydrocarbons (PAHs)—Effect on Plants. Environ. Technol. 2000, 21, 1099–1110. [Google Scholar] [CrossRef]

	



Somtrakoon, K.; Chouychai, W. Phytotoxicity of single and combined polycyclic aromatic hydrocarbons toward economic crops. Russ. J. Plant Physiol. 2013, 60, 139–148. [Google Scholar] [CrossRef]

	



Gospodarek, J.; Petryszak, P. The Effect of Soil Pollution by Oil Derivatives on Harpalus rufipes Deg. (Coleoptera, Carabidae). Pol. J. Environ. Stud. 2019, 28, 4163–4170. [Google Scholar] [CrossRef]

	



Charrois, J.W.A.; McGill, W.B.; Froese, K.L. Acute ecotoxicity of creosote-contaminated soils to Eisenia fetida: A survival-based approach. Environ. Toxicol. Chem. 2001, 20, 2594–2603. [Google Scholar] [CrossRef]

	



Eom, I.C.; Rast, C.; Veber, A.M.; Vasseur, P. Ecotoxicity of a polycyclic aromatic hydrocarbon (PAH)-contaminated soil. Ecotoxicol. Environ. Saf. 2007, 67, 190–205. [Google Scholar] [CrossRef]

	



Hamdi, H.; Benzarti, S.; Manusadzianas, L.; Aoyama, I.; Jedidi, N. Bioaugmentation and blostimulation effects on PAH dissipation and soil ecotoxicity under controlled conditions. Soil Biol. Biochem. 2007, 39, 1926–1935. [Google Scholar] [CrossRef]

	



Oleszczuk, P. Toxicity of Light Soil Fertilized by Sewage Sludge or Compost in Relation to PAHs Content. Water Air Soil Pollut. 2010, 210, 347–356. [Google Scholar] [CrossRef]

	



Suszek-Lopatka, B.; Maliszewska-Kordybach, B.; Klimkowicz-Pawlas, A.; Smreczak, B. Influence of temperature on phenanthrene toxicity towards nitrifying bacteria in three soils with different properties. Environ. Pollut. 2016, 216, 911–918. [Google Scholar] [CrossRef]

	



Bundt, M.; Krauss, M.; Blaser, P.; Wilcke, W. Forest fertilization with wood ash: Effect on the distribution and storage of polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs). J. Environ. Qual. 2001, 30, 1296–1304. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.J.; Oh, J.E.; Chang, Y.S. Effects of forest fire on the level and distribution of PCDD/Fs and PAHs in soil. Sci. Total Environ. 2003, 311, 177–189. [Google Scholar] [CrossRef]

	



Freeman, D.J.; Cattell, F.C.R. Wood-burning as a source of atmospheric polycyclic aromatic-hydrocarbons. Environ. Sci. Technol. 1990, 24, 1581–1585. [Google Scholar] [CrossRef]

	



Gonzalez-Vila, F.J.; Lopez, J.L.; Martin, F.; del Río, J.C. Determination in soils of PAH produced by combustion of biomass under different conditions. Fresenius J. Anal. Chem. 1991, 339, 750–753. [Google Scholar] [CrossRef]

	



Bin Abas, M.R.; Simoneit, B.R.T.; Elias, V.; Cabral, J.A.; Cardoso, J.N. Composition of higher molecular-weight organic-matter in smoke aerosol from biomass combustion in Amazonia. Chemosphere 1995, 30, 995–1015. [Google Scholar] [CrossRef]

	



Kim, E.J.; Choi, S.-D.; Chang, Y.-S. Levels and patterns of polycyclic aromatic hydrocarbons (PAHs) in soils after forest fires in South Korea. Environ. Sci. Pollut. Res. 2011, 18, 1508–1517. [Google Scholar] [CrossRef] [PubMed]

	



Meharg, A.A.; Killham, K. A pre-industrial source of dioxins and furans. Nature 2003, 421, 909–910. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Falcon, M.S.; Soto-Gonzalez, B.; Simal-Gandara, J. Evolution of the concentrations of polycyclic aromatic hydrocarbons in burnt woodland soils. Environ. Sci. Technol. 2006, 40, 759–763. [Google Scholar] [CrossRef]

	



Mohd Tahir, N.; Seng, T.H.; Ariffin, M.; Suratman, S.; Hoe, L.S. Concentration and distribution of PAHs in soils affected by grassland fire. Malays. J. Anal. Sci. 2006, 10, 41–46. [Google Scholar]

	



USEPA. Method 8310: Polynuclear Aromatic Hydrocarbons. Available online: https://www.epa.gov/hw-sw846/sw-846-test-method-8310-polynuclear-aromatic-hydrocarbons (accessed on 29 October 2021).

	



De la Rosa, J.M.; Gonzalez-Perez, J.A.; Gonzalez-Vazquez, R.; Knicker, H.; Lopez-Capel, E.; Manning, D.A.C.; Gonzalez-Vila, F.J. Use of pyrolysis/GC-MS combined with thermal analysis to monitor C and N changes in soil organic matter from a Mediterranean fire affected forest. Catena 2008, 74, 296–303. [Google Scholar] [CrossRef]

	



Vergnoux, A.; Malleret, L.; Asia, L.; Doumenq, P.; Theraulaz, F. Impact of forest fires on PAH level and distribution in soils. Environ. Res. 2011, 111, 193–198. [Google Scholar] [CrossRef]

	



Sojinu, O.S.; Sonibare, O.O.; Zeng, E.Y. Concentrations of polycyclic aromatic hydrocarbons in soils of a mangrove forest affected by forest fire. Toxicol. Environ. Chem. 2011, 93, 450–461. [Google Scholar] [CrossRef]

	



Faboya, O.L.; Sojinu, S.O.; Oguntuase, B.J.; Sonibare, O.O. Impact of forest fires on polycyclic aromatic hydrocarbon concentrations and stable carbon isotope compositions in burnt soils from tropical forest, Nigeria. Sci. Afr. 2020, 8, e00331. [Google Scholar] [CrossRef]

	



Pontevedra-Pombal, X.; Rey-Salgueiro, L.; García-Falcón, M.S.; Martínez-Carballo, E.; Simal-Gándara, J.; Martínez-Cortizas, A. Pre-industrial accumulation of anthropogenic polycyclic aromatic hydrocarbons found in a blanket bog of the Iberian Peninsula. Environ. Res. 2012, 116, 36–43. [Google Scholar] [CrossRef]

	



Choi, S.-D. Time trends in the levels and patterns of polycyclic aromatic hydrocarbons (PAHs) in pine bark, litter, and soil after a forest fire. Sci. Total Environ. 2014, 470, 1441–1449. [Google Scholar] [CrossRef]

	



Simon, E.; Choi, S.D.; Park, M.K. Understanding the fate of polycyclic aromatic hydrocarbons at a forest fire site using a conceptual model based on field monitoring. J. Hazard. Mater. 2016, 317, 632–639. [Google Scholar] [CrossRef]

	



Mansilha, C.; Carvalho, A.; Guimaraes, P.; Marques, J.E. Water Quality Concerns Due to Forest Fires: Polycyclic Aromatic Hydrocarbons (PAH) Contamination of Groundwater From Mountain Areas. J. Toxicol. Environ. Health-Part A-Curr. Issues 2014, 77, 806–815. [Google Scholar] [CrossRef]

	



Marynowski, L.; Kubik, R.; Uhl, D.; Simoneit, B.R.T. Molecular composition of fossil charcoal and relationship with incomplete combustion of wood. Org. Geochem. 2014, 77, 22–31. [Google Scholar] [CrossRef]

	



Dymov, A.A.; Dubrovsky, Y.A.; Gabov, D.N. Pyrogenic changes in iron-illuvial podzols in the middle taiga of the Komi Republic. Eurasian Soil Sci. 2014, 47, 47–56. [Google Scholar] [CrossRef]

	



Dymov, A.A.; Gabov, D.N. Pyrogenic alterations of Podzols at the North-east European part of Russia: Morphology, carbon pools, PAH content. Geoderma 2015, 241, 230–237. [Google Scholar] [CrossRef]

	



Tsibart, A.; Gennadiev, A.; Koshovskii, T.; Watts, A. Polycyclic aromatic hydrocarbons in post-fire soils of drained peatlands in western Meshchera (Moscow region, Russia). Solid Earth 2014, 5, 1305–1317. [Google Scholar] [CrossRef]

	



Tsibart, A.S.; Gennadiev, A.N.; Koshovskii, T.S.; Gamova, N.S. Polycyclic aromatic hydrocarbons in pyrogenic soils of swampy landscapes of the Meshchera lowland. Eurasian Soil Sci. 2016, 49, 285–293. [Google Scholar] [CrossRef]

	



Chen, H.; Chow, A.T.; Li, X.W.; Ni, H.G.; Dahlgren, R.A.; Zeng, H.; Wang, J.J. Wildfire Burn Intensity Affects the Quantity and Speciation of Polycyclic Aromatic Hydrocarbons in Soils. ACS Earth Space Chem. 2018, 2, 1262–1270. [Google Scholar] [CrossRef]

	



Rey-Salgueiro, L.; Martinez-Carballo, E.; Merino, A.; Vega, J.A.; Fonturbel, M.T.; Simal-Gandara, J. Polycyclic Aromatic Hydrocarbons in Soil Organic Horizons Depending on the Soil Burn Severity and Type of Ecosystem. Land Degrad. Dev. 2018, 29, 2112–2123. [Google Scholar] [CrossRef]

	



Ribeiro, J.; Marques, J.E.; Mansilha, C.; Flores, D. Wildfires effects on organic matter of soils from Caramulo Mountain (Portugal): Environmental implications. Environ. Sci. Pollut. Res. 2021, 28, 819–831. [Google Scholar] [CrossRef] [PubMed]

	



Pingree, M.R.A.; DeLuca, T.H. Function of Wildfire-Deposited Pyrogenic Carbon in Terrestrial Ecosystems. Front. Environ. Sci. 2017, 5, 53. [Google Scholar] [CrossRef]

	



Quilliam, R.S.; Glanville, H.C.; Wade, S.C.; Jones, D.L. Life in the ‘Charosphere’—Does biochar in agricultural soil provide a significant habitat for microorganisms? Soil Biol. Biochem. 2013, 65, 287–293. [Google Scholar] [CrossRef]

	



Zackrisson, O.; Nilsson, M.C.; Wardle, D.A. Key ecological function of charcoal from wildfire in the Boreal forest. Oikos 1996, 77, 10–19. [Google Scholar] [CrossRef]

	



Keech, O.; Carcaillet, C.; Nilsson, M.C. Adsorption of allelopathic compounds by wood-derived charcoal: The role of wood porosity. Plant Soil 2005, 272, 291–300. [Google Scholar] [CrossRef]

	



DeLuca, T.; Nilsson, M.C.; Zackrisson, O. Nitrogen mineralization and phenol accumulation along a fire chronosequence in northern Sweden. Oecologia 2002, 133, 206–214. [Google Scholar] [CrossRef] [PubMed]

	



Berglund, L.M.; DeLuca, T.H.; Zackrisson, O. Activated carbon amendments to soil alters nitrification rates in Scots pine forests. Soil Biol. Biochem. 2004, 36, 2067–2073. [Google Scholar] [CrossRef]

	



Gundale, M.J.; DeLuca, T.H. Temperature and source material influence ecological attributes of ponderosa pine and Douglas-fir charcoal. For. Ecol. Manag. 2006, 231, 86–93. [Google Scholar] [CrossRef]

	



MacKenzie, M.D.; DeLuca, T.H. Charcoal and shrubs modify soil processes in ponderosa pine forests of western Montana. Plant Soil 2006, 287, 257–266. [Google Scholar] [CrossRef]

	



Ball, P.N.; MacKenzie, M.D.; DeLuca, T.H.; Montana, W.E.H. Wildfire and Charcoal Enhance Nitrification and Ammonium-Oxidizing Bacterial Abundance in Dry Montane Forest Soils. J. Environ. Qual. 2010, 39, 1243–1253. [Google Scholar] [CrossRef] [PubMed]

	



DeLuca, T.H.; MacKenzie, M.D.; Gundale, M.J.; Holben, W.E. Wildfire-Produced Charcoal Directly Influences Nitrogen Cycling in Ponderosa Pine Forests. Soil Sci. Soc. Am. J. 2006, 70, 448–453. [Google Scholar] [CrossRef]

	



Gundale, M.J.; DeLuca, T.H. Charcoal effects on soil solution chemistry and growth of Koeleria macrantha in the ponderosa pine/Douglas-fir ecosystem. Biol. Fertil. Soils 2007, 43, 303–311. [Google Scholar] [CrossRef]

	



DeLuca, T.H.; Sala, A. Frequent fire alters nitrogen transformations in ponderosa pine stands of the inland northwest. Ecology 2006, 87, 2511–2522. [Google Scholar] [CrossRef]

	



Makoto, K.; Shibata, H.; Kim, Y.S.; Satomura, T.; Takagi, K.; Nomura, M.; Satoh, F.; Koike, T. Contribution of charcoal to short-term nutrient dynamics after surface fire in the humus layer of a dwarf bamboo-dominated forest. Biol. Fertil. Soils 2012, 48, 569–577. [Google Scholar] [CrossRef]

	



Makoto, K.; Koike, T. Charcoal ecology: Its function as a hub for plant succession and soil nutrient cycling in boreal forests. Ecol. Res. 2021, 36, 4–12. [Google Scholar] [CrossRef]

	



Pingree, M.R.A.; DeLuca, E.E.; Schwartz, D.T.; DeLuca, T.H. Adsorption capacity of wildfire-produced charcoal from Pacific Northwest forests. Geoderma 2016, 283, 68–77. [Google Scholar] [CrossRef]

	



Carter, Z.W.; Sullivan, B.W.; Qualls, R.G.; Blank, R.R.; Schmidt, C.A.; Verburg, P.S.J. Charcoal Increases Microbial Activity in Eastern Sierra Nevada Forest Soils. Forests 2018, 9, 93. [Google Scholar] [CrossRef]

	



Baker, L.L.; Strawn, D.G.; Rember, W.C.; Sprenke, K.F. Metal content of charcoal in mining-impacted wetland sediments. Sci. Total Environ. 2011, 409, 588–594. [Google Scholar] [CrossRef]

	



Jacob, J.; Seidel, A. Aspects of using benzo a pyrene as the lead component for assessment of the carcinogenic potential of PAH in environmental matrices. Gefahrst. Reinhalt. Der Luft 2002, 62, 239–246. [Google Scholar]

	



Andersson, J.T.; Achten, C. Time to Say Goodbye to the 16 EPA PAHs? Toward an Up-to-Date Use of PACs for Environmental Purposes. Polycycl. Aromat. Compd. 2015, 35, 330–354. [Google Scholar] [CrossRef] [PubMed]

	



Andersson, J.T.; Achten, C. Introduction to This Special Issue: A Critical Look at the 16 EPA PAHs. Polycycl. Aromat. Compd. 2015, 35, 143–146. [Google Scholar] [CrossRef]

	



Keith, L.H. The Source of US EPA’s Sixteen PAH Priority Pollutants. Polycycl. Aromat. Compd. 2015, 35, 147–160. [Google Scholar] [CrossRef]

	



Samburova, V.; Zielinska, B.; Khlystov, A. Do 16 Polycyclic Aromatic Hydrocarbons Represent PAH Air Toxicity? Toxics 2017, 5, 17. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Effects of ash or burning on plant species.
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	Species
	Effect
	Cause
	References





	Pinus banksiana Lamb.
	Impaired seedling survival
	High pH
	[15,16]



	Pinus halepensis, Cistus salviifolius, C. creticus, Triticum aestivum and Raphanus sativus
	Reduced germination and growth
	High osmotic potential of the soil solution, toxic effect of certain ions, or high pH
	[17,18,19]



	Pinus halepensis, Cistus salviifolius, C. creticus, Raphanus sativus and Avena sativa
	Reduced germination
	High pH
	[20]



	Rhus coriaria
	Germination increased by ash cover of 1 or 2 cm but inhibited by ash cover of 5 cm
	Balance between the stimulating effects of heat and ethylene released by wet ash, and the inhibitory effects of the high pH and high osmotic pressure
	[21]



	All taxa in the soil seed bank in Pinus halepensis forests in Israel
	Inhibition of germination
	High pH
	[22]



	Calluna vulgaris and Erica umbellata
	Lower germination rates
	High pH
	[23]



	Pinus pinaster, Pinus radiata, and Eucalyptus globulus
	Reduced or inhibited germination
	High osmotic pressure, high pH, or toxic effects of certain ions
	[24]



	Pinus sylvestris, P. nigra, P. radiata, and P. pinaster
	Reduced germination, no effect on seedling growth
	Likely high pH
	[25]



	Quercus robur, Q. pyrenaica, and Q. ilex
	No effect on germination rates
	
	[26]



	Pinus nigra and P. sylvestris
	No effect of ash solutions on germination rates
	
	[27]



	Acacia dealbata, A. longifolia, A. mearnsii, A. melanoxylon, Pinus nigra, P. pinaster, P. radiata, P. sylvestris, Quercus ilex, Q. pyrenaica, Q. robur, and Q. rubra
	Germination inhibited in six species (including the four species of pine), not affected in five species (including Quercus ilex, Q. pyrenaica, and Q. robur) and stimulated in Q. rubra by ash of Ulex europaeus
	Decreased germination

likely related to the sensitivity of seeds to the high osmotic pressure induced by the ash

Stimulating effect of ash of Ulex europaeus likely related to its richness in N
	[28]



	Lepidium sativum
	Reduced germination
	Undetermined non-hydrosoluble phytotoxic organic substances
	[29]



	Lepidium sativum L. and Sinapis alba L.
	Reduced root growth
	Undetermined
	[30]
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Table 2. Effects of ash or burning on soil microorganisms.
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	Species
	Effect
	Cause
	Reference





	Soil microfungi
	Growth inhibited by aqueous extracts of burnt litter
	Presence of an undetermined toxic water-soluble substance
	[31]



	Soil bacteria
	Decreased bacterial activity by soil heating
	Presence of an undetermined toxic substance
	[32]



	Soil microorganisms
	Decreased respiration rate, modified structure of the microbial community, and toxicity of extracts of burnt humus to the indicator luminescent bacteria Vibrio fischeri
	Inhibitory compounds of low molecular mass present in the hydrophilic base fraction of DOC
	[34]



	Soil microorganisms
	The addition of black ash increased basal respiration but did not affect biomass-C, bacteria, and fungi numbers
	Organic carbon content of ash
	[35]



	Soil microorganisms
	Microbial and fungal biomass reduced by fire treatment but not affected by ash application. Respiration rate decreased by fire treatment and increased by ash application
	Decreased microbial biomass and soil respiration in the fire treatment due to fire itself, not to ash. Faster mineralisation of organic material in ash-fertilised plots
	[36]










[image: Table] 





Table 3. Effects of ash on other soil and aquatic organisms.
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	Species
	Effect
	Cause
	Reference





	Enchytraeus sp. and Biomphalaria glabrata
	Adverse effects on reproduction of Enchytraeus sp. and Biomphalaria glabrata
	High pH and possibly unidentified compounds present in ash
	[37]



	Ceriodaphnia dubia, Danio rerio, and Biomphalaria glabrata
	Acute toxicity to C. dubia at low concentrations, minor toxic effects to D. rerio, and no acute toxicity to B. glabrata
	Presence of unidentified toxic substances
	[38]



	Daphnia magna
	Three of the six types of ash tested (Australia, USA, and Canada) showed notable toxicity to D. magna
	High pH and electrical conductivity. Mobilisation of toxic ash components at high pH
	[39]
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Table 4. Dutch and Canadian guidelines and values published by Kabata-Pendias et al. [61] for threshold concentrations of trace elements in agricultural soils (mg/kg). Data from [61,62,63].
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	Element
	DIV a
	DIL b
	CGA c
	CGR d
	CGIA e
	CGIR f
	MAC g
	TAV h





	Ag
	-
	15
	-
	-
	20
	20
	-
	2–40



	As
	76
	-
	12
	12
	
	
	15–20
	10–65



	Ba
	-
	-
	750
	500
	
	
	-
	400–600



	Be
	-
	30
	4
	4
	
	
	10
	10–300



	Cd
	13
	-
	1.4
	10
	
	
	1–5
	2–20



	Co
	190
	-
	-
	-
	40
	50
	20–50
	30–100



	Cr(total)
	-
	-
	64
	64
	
	
	50–200
	50–450



	Cr(III)
	180
	-
	-
	-
	
	
	-
	-



	Cr(VI)
	78
	-
	0.4
	0.4
	
	
	-
	3–25



	Cu
	190
	-
	63
	63
	
	
	60–150
	60–500



	Hg (total)
	-
	-
	-
	-
	
	
	0.5–5
	1.5–10



	Hg (inorganic)
	36
	-
	6.6
	6.6
	
	
	-
	-



	Hg (organic)
	4
	-
	-
	-
	
	
	-
	-



	Mo
	190
	-
	-
	-
	5
	10
	4–10
	5–20



	Ni
	100
	-
	45
	45
	
	
	20–60
	75–150



	Pb
	530
	-
	70
	140
	
	
	20–300
	50–300



	Sb
	22
	-
	-
	-
	20
	20
	10
	10–20



	Se
	-
	100
	1
	1
	
	
	-
	3–10



	Sn
	-
	900
	-
	-
	
	
	-
	35–50



	V
	-
	250
	130
	130
	
	
	150
	100–340



	Zn
	720
	-
	250
	250
	
	
	100–300
	200–1500







a Dutch intervention value (mg/kg) [62], b Dutch indicative levels for severe contamination (mg/kg) [62], c Canadian Environmental Quality Guidelines. Agricultural (mg/kg) [63], d Canadian Environmental Quality Guidelines. Residential/parkland (mg/kg) [63], e Canadian Environmental Quality Guidelines. Interim remediation criteria for soil (1991). Agricultural (mg/kg) [63], f Canadian Environmental Quality Guidelines. Interim remediation criteria for soil (1991). Residential/parkland (mg/kg) [63], g Ranges of maximum allowable concentrations in agricultural soils (mg/kg) [61], h Trigger action value for trace metals in agricultural soils (mg/kg) [61].
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Table 5. Total mercury concentrations in burnt and unburnt soils, litter and ash (µg kg−1).
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Unburnt

	
Burnt

	
Reference






	
Litter or ash

	
81–96

	
24–49

	
[69]




	
Mineral soil

	
3–47

	
3–49




	
Litter or ash

	
58–208

	
14–73

	
[70]




	
Mineral soil

	
30–68

	
12–63




	
Litter or ash

	
38–75

	
5–38

	
[71]




	
Mineral soil

	
9–17

	
9–18




	
Mineral soil

	
4–176

	
2–349

	
[72]




	
Litter or ash *

	
30–290

	

	
[73]




	
Mineral soil *

	
10–350

	
1–80




	
Litter or ash

	
84

	
5–26

	
[74]




	
Mineral soil

	
92

	
80




	
Litter or ash

	

	
100–150

	
[75]




	
Mineral soil

	
86–88

	
61–67




	
Litter or ash

	

	
20–400

	
[66]




	
Mineral soil

	
3100

	
2200–4900








* In this case, burnt means recently burnt soils and unburnt means old burnt soils.
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Table 6. Concentrations of various trace elements in some burnt and unburnt soils, litter, and ash (mg kg−1).
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Mn

	
Fe

	
Cu

	
Pb

	
Cd

	
Zn

	
Ni

	
Cr

	
As

	
Co

	
V

	
References






	
Unburnt

Burnt

	
Total

	
1100

	
22,000

	
8

	
28

	
0.40

	

	

	

	

	

	

	
[76]




	
Available

	
30

	
30

	
0.55

	
0.4

	
0.12




	
Total

	
1200–1300

	
23,000–24,000

	
9–10

	
30

	
0.40–0.45




	
Available

	
50

	
40–45

	
0.65–0.70

	
0.5–0.6

	
0.16–0.17




	
Burnt

	
Litter

	

	

	
7.7–501

	
20.2–246

	

	
8.5–136

	
3.1–37.0

	
3.8–18.4

	

	

	

	
[54]




	
Organic soil

	
2.5–203

	
1.4–333

	
3.5–865

	
0.4–76.7

	
2.0–67.1




	
Unburnt Soil

	

	

	
16–27

	
18–42.5

	
0.4–6.5

	
14.5–68.7

	

	

	

	

	

	
[77]




	
Burnt Soil

	
16–34

	
95–162

	
0.0–5.6

	
168–219




	
Ash

	

	

	

	
1.0–36.5

	

	

	

	

	

	

	

	
[78]




	
Burnt soil

	
4.3–23.0




	
Ash

	
107–190

	

	
3.1–4.3

	

	

	
31.9–68.2

	

	

	

	

	

	
[79]




	
Burnt soil, 5 months

	
172–449

	
0.9–2.8

	
5.9–17.6




	
Burnt soil, 11 months

	
15.9–38.5

	
1.7–4.7

	
3.4–5.5




	
Unburnt soil, 11 months

	
2.8–242

	
1.1–4.6

	
3.2–11




	
Ash

	
328–4250

	
5500–68,000

	
24–2010

	
6–617

	
0.03–16

	
27–2820

	
0.3–107

	
8–1130

	
1–161

	

	

	
[80]




	
Burnt soil

	
429–2050

	
17,400–134,000

	
20–55

	
14–97

	
0.06–0.36

	
42–149

	
7.3–59

	
13–164

	
1–18




	
Unburnt soil

	
460–1100

	
15,700–47,900

	
12–56

	
20–33

	
0.03–0.11

	
48–67

	
3.5–83

	
8.6–154

	
1–13




	
Ash

	
67–598

	

	
22–54

	
52–122

	
0.12–0.49

	

	
12–32

	

	

	
1.8–4.8

	
25–62

	
[55]




	
Burnt soil

	
13–177

	
15–32

	
17–132

	
0.06–0.18

	
8–18

	
1.1–4.1

	
29–57




	
Unburnt soil

	
12

	
19

	
40

	
0.05

	
5

	
1.8

	
20




	
Ash

	
139–317

	
1191–2996

	

	
3.4–6.6

	
0.1–0.3

	
29.9–85.5

	
1.3–5.7

	
12.8–19.9

	

	

	
9.6–21

	
[38]




	
Burnt soil

	
46–110

	
33–61

	
15–17

	
4.0–7.3

	
17.9–25.8

	
<<<

	
164–270

	
107–160

	




	
Ash

	
330–2790

	

	
56–207

	
1.8–14.9

	
0.02–0.22

	
221–555

	
9.5–37.6

	
3.3–9.0

	
21–260

	
5.2–12.6

	

	
[81,82]




	
Burnt soil

	
70–7000

	
6–90

	
8–52

	
0.01–0.7

	
12–611

	
5–26

	
15–61

	
12–544

	
3–16




	
Unburnt soil

	
85–560

	
14–59

	
12–76

	
0.03–0.37

	
22–328

	
7–23

	
23–57

	
19–185

	
4–25








<<<: below detection limit.
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Table 7. Maximum concentrations of As, Pb, Sb, Cu, Zn, and Cr in ash from burnt areas of southern California after wildfires in 2007 and 2009 and USEPA preliminary remediation goals. Data from [83,84].
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	Element
	Concentration in Ash, mg/kg
	USEPA PRG (Soil), mg/kg *





	As
	≤140
	0.4–0.62



	Pb
	≤344
	150–400



	Sb
	≤32
	31



	Cu
	≤1370
	3100



	Zn
	≤2800
	23,000



	Cr
	≤354
	210 (30 mg/kg of Cr(VI))







* PRG = Preliminary Remediation Goal.
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Table 8. Total concentrations of trace elements in litter (unburnt), ash, and soil (3–8 cm depth) samples at three fire severities 10 weeks after a wildfire south-west of Sydney, Australia. Data from [86].






Table 8. Total concentrations of trace elements in litter (unburnt), ash, and soil (3–8 cm depth) samples at three fire severities 10 weeks after a wildfire south-west of Sydney, Australia. Data from [86].





	
Element

	
Litter

	
Ash

	
Soil




	

	

	
Low Severity

	
High Severity

	
Extreme Severity

	
Unburnt

	
Low Severity

	
High Severity

	
Extreme Severity






	
B, mg kg−1

	
6.0

	
2.9

	
3.4

	
4.1

	
0.8

	
0.6

	
1.0

	
1.3




	
Cu, mg kg−1

	
4.3

	
6.3

	
5.1

	
5.3

	
1.9

	
2.4

	
1.7

	
1.2




	
As, mg kg−1

	
0.1

	
5.1

	
4.0

	
7.3

	
5.1

	
3.9

	
3.8

	
4.2




	
Cd, µg kg−1

	
102.1

	
88.3

	
79.6

	
82.5

	
31.0

	
23.2

	
32.5

	
25.1




	
Hg, µg kg−1

	
72.6

	
1.7

	
1.8

	
4.2

	
5.4

	
5.8

	
6.7

	
6.9




	
Pb, mg kg−1

	
0.6

	
10.7

	
12.6

	
21.4

	
12.9

	
10.5

	
14.2

	
13.5
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Table 9. Dutch and Canadian guidelines for PAH, PCB, and PCDD/F concentrations in soils.
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	Substance
	DIV a
	CGA b
	CGR c





	PAH (total), mg kg−1
	40
	-
	-



	Naphthalene, mg kg−1 *
	-
	0.013
	0.013



	Anthracene, mg kg−1 *
	-
	2.5
	2.5



	Phenanthrene, mg kg−1 *
	-
	0.046
	0.046



	Fluoranthene, mg kg−1 *
	-
	50
	50



	Pyrene, mg kg−1 *
	-
	0.1
	10



	Benzo[a]anthracene, mg kg−1 *
	-
	0.1
	1



	Benzo[b]fluoranthene, mg kg−1 *
	-
	0.1
	1



	Benzo[k]fluoranthene, mg kg−1 *
	-
	0.1
	1



	Benzo[b + j + k]fluoranthene, mg kg−1 *
	-
	0.1
	1



	Dibenz[a,h]anthracene, mg kg−1 *
	-
	0.1
	1



	Indeno[1,2,3-c,d]pyrene, mg kg−1 *
	-
	0.1
	1



	Benzo[a]pyrene, mg kg−1 *
	-
	20
	20



	PCB, mg kg−1
	
	0.5
	1.3



	PCDD/F, ng TEQ ** kg−1
	180
	4
	4







a Dutch intervention value [62], b Canadian Environmental Quality Guidelines. Agricultural [63], c Canadian Environmental Quality Guidelines. Residential/parkland [63], * The values presented for PAH are intended for protection of the environment, not of human health, ** Toxic equivalent quantity.
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Table 10. Concentrations of PAH in airborne particulate matter from bush fire (mg/kg). Data from [106].
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	FLU
	PYR
	BaA
	CHR
	BbF
	BkF
	BaP
	DbA
	BghiP
	IP
	COR





	200
	128
	38.1
	125
	6.0
	20.7
	194
	12.2
	8.2
	19.5
	26.0







FLU: fluoranthene, PYR: pyrene, BaA: benz[a]anthracene, CHR: chrysene, BbF: benzo[b]fluoranthene, BkF: benzo[k]fluoranthene, BaP: benzo[a]pyrene, DbA: dibenz[a,h]anthracene, BghiP: benzo[ghi]perylene, IP: indeno[cd]pyrene, COR: coronene.
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Table 11. Concentrations of PAH in surface soils immediately after a wildfire (W-A) and two years after a wildfire (W-2), µg/kg. Data from [107].
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	Compounds
	W-A
	W-2





	Alkylnaphthalenes
	50
	-



	Fluorene and derivatives
	96
	-



	Phenanthrene
	10
	-



	Alkylphenanthrenes
	1198
	22



	4/5 cycles PAH *
	20
	-







* pyrene, chrysene, benz[a]anthracene, benz[c]pyrene, perylene.
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Table 12. Mean concentrations ± standard errors of ∑20 polycyclic aromatic hydrocarbons (PAH), and ∑14 polychlorinated biphenyls (PCBs) in the control plots (n = 4) and in the soil surface horizons 1 y after application of 8 Mg ha−1 wood ash. The percentage of low molecular weight PAH (LMPAH) and lower chlorinated PCB (LCPCB) is given in parentheses. Data from [104].






Table 12. Mean concentrations ± standard errors of ∑20 polycyclic aromatic hydrocarbons (PAH), and ∑14 polychlorinated biphenyls (PCBs) in the control plots (n = 4) and in the soil surface horizons 1 y after application of 8 Mg ha−1 wood ash. The percentage of low molecular weight PAH (LMPAH) and lower chlorinated PCB (LCPCB) is given in parentheses. Data from [104].





	

	
∑20 PAH (µg kg−1)

	
∑14 PCB (µg kg−1)




	
Horizon

	
Control

	
+Wood Ash

	
Control

	
+Wood Ash






	
Oi

	
1250 ± 330 (49)

	
1390 ± 270 (46)

	
25.4 ± 5 (47)

	
21.1 ± 5 (43)




	
Oe

	
1350 ± 120 (42)

	
7660 ± 2960 (30)

	
33.1 ± 3 (31)

	
21.3 6 ± (40)




	
Oa

	
1390 ± 220 (38)

	
8050 ± 4120 (29)

	
32.5 ± 8 (27)

	
33.7 ± 5 (26)




	
Ah

	
527 ± 81 (40)

	
492 ± 97 (47)

	
5.5 ± 0.5 (29)

	
6.0 ± 1 (18)
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Table 13. Concentrations of PCDD/F and PAH in the burnt and unburnt soils 1, 5, and 9 months after a forest fire. Data from [105,109].






Table 13. Concentrations of PCDD/F and PAH in the burnt and unburnt soils 1, 5, and 9 months after a forest fire. Data from [105,109].





	Compounds
	1 Month
	5 Months
	9 Months
	Control





	Total PCDD/F, ng kg−1
	197–368
	98–130
	37–168
	142



	PCDD/F, ng TEQ kg−1
	2.60–4.82
	0.68–1.42
	0.32–1.35
	0.99



	Total PAH, ng g−1
	942–1570
	153–304
	205–481
	49.4



	Naphthalene, ng g−1
	268–420
	3.21–39.1
	1.18–63.5
	4.91



	Acenaphthylene, ng g−1
	12.1–126
	0.40–4.27
	3.94–43.1
	0.17



	Acenaphthene, ng g−1
	5.88–31.5
	0.78–1.88
	8.96–17.7
	1.31



	Fluorene, ng g−1
	77.4–105
	5.09–25.9
	9.10–21.8
	4.77



	Phenanthrene, ng g−1
	169–299
	44.9–105
	40.7–175
	7.14



	Anthracene, ng g−1
	138–202
	12.5–39.6
	4.61–29.4
	1.17



	Fluoranthene, ng g−1
	54.8–234
	22.9–41.6
	19.0–53.9
	5.11



	Pyrene, ng g−1
	27.1–116
	17.6–20.3
	11.6–33.8
	3.55



	Benz[a]anthracene, ng g−1
	8.39–61.3
	9.37–6.16
	9.79–12.9
	2.90



	Chrysene, ng g−1
	12.7–42.2
	7.68–8.69
	13.5–37.1
	4.72



	Benzo[b]fluoranthene, ng g−1
	6.07–33.7
	5.23–8.57
	8.46–16.0
	5.16



	Benzo[k]fluoranthene, ng g−1
	0.93–7.49
	1.00–1.92
	5.71–10.7
	3.92



	Benzo[a]pyrene, ng g−1
	3.93–23.9
	1.83–2.19
	4.78–6.46
	1.63



	Indeno[1,2,3-c,d]pyrene, ng g−1
	10.9
	1.68–2.69
	14.3
	1.22



	Dibenzo[a,h]anthracene, ng g−1
	3.82
	1.06–1.20
	n.d.
	0.66



	Benzo[ghi]perylene, ng g−1
	11.6
	1.65–2.99
	4.70–5.38
	1.03
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