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Post-wildfire contamination of soils and sediments by 
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ABSTRACT 

Background. The Nechako River Basin (NRB) is a large, regulated basin in north-central British 
Columbia, Canada that has been impacted by numerous landscape disturbances, including a 
severe wildfire in 2018. Aims. The aims of this study were to quantify the post-wildfire temporal 
and spatial extent of contamination by polycyclic aromatic hydrocarbons (PAHs) of both soils and 
riverine sediments, and to identify the primary sources of PAHs in the watershed. Methods. Soil 
samples were collected at burned and unburned sites in 2018 and at the burned sites in 2020 and 
2021. Sediment samples were collected at three tributaries impacted by wildfire and three 
Nechako River mainstem (i.e. main channel) sites from 2018 to 2021. Samples were analysed 
for parent PAHs. Key results. PAH concentrations decreased in soil samples from 2018 to 2021 
but are not below the concentrations found in unburned samples. Tributary sediment samples 
showed higher concentrations immediately post-fire relative to the mainstem Nechako River, but 
in the years since, that trend has reversed. Conclusions. PAHs persist in terrestrial and aquatic 
environments for years following wildfire, but at concentrations below various quality guidelines. 
PAHs were primarily derived from the wildfires, with some mixed sources at the downstream 
sites. Implications. Wildfires are an important source of environmental contamination of 
terrestrial and aquatic environments.  

Keywords: Nechako River Basin, polycyclic aromatic hydrocarbons, post-wildfire contamination, 
regional scale, soils, soil pollutants, suspended sediment, water pollutants, water quality, 
watershed. 

Introduction 

Wildfire is critical to the functioning and succession of many ecosystems throughout the 
world. In North America, fires have been increasing in size and frequency from 2000 to 
2009 compared with previous decades (Iglesias et al. 2022), which can have negative 
impacts on terrestrial and aquatic environments (Samanta et al. 2002; Abdel-Shafy and 
Mansour 2016; Marvin et al. 2021). Wildfire causes physical, biological and chemical 
changes in soils, including changes in soil stability (Mataix-Solera et al. 2011; Thomaz 
2017), changes in the microbial community (Hernández et al. 1997; Köster et al. 2021) 
and changes in macronutrients (Weston and Attiwill 1990; Driscoll et al. 1999; Ketterings 
and Bigham 2000). Additionally, when wildfire burns organic matter, it can create a 
gaseous layer that follows a temperature gradient to the deeper layers of soils and 
condenses onto soil aggregates and large grains, creating a water repellent soil layer 
that can exacerbate runoff and erosion (Doerr et al. 1996; Huffman et al. 2001). Although 
debris flows and landslides are not uncommon (Cannon and Gartner 2005; Kean et al. 
2011; Jordan 2016; Kampf et al. 2016), even smaller scale erosion is detrimental. This 
movement of soils and sediments into the aquatic environment is problematic because it 
can cause issues that affect the health of aquatic organisms, such as increased turbidity 
and sedimentation of spawning habitat (McAdam et al. 2005; Jensen et al. 2009;  
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Franssen et al. 2014), and also because sediment often 
carries pollutants with it such as heavy metals, excess 
nutrients and organic compounds such as polychlorinated 
biphenyls (PCBs), per- and polyfluoroalkyl substances (PFAS) 
and polycyclic aromatic hydrocarbons (PAHs) among others 
(Owens et al. 2005; Bilotta and Brazier 2008; Taylor and 
Owens 2009; Pulster et al. 2022). 

PAHs are created during the combustion of organic matter 
and are often defined as either petrogenic or pyrogenic 
in origin (Nam et al. 2003; Masih and Taneja 2006). 
Petrogenic PAHs are produced in the form of natural hydro-
carbons such as coal, oil and gas, whereas pyrogenic PAHs are 
produced from the combustion of organic materials including 
fossil fuels, vegetation and soil organic matter (Freeman and 
Cattell 1990; Baek et al. 1991; Zakaria et al. 2002; Zhang et al. 
2008). There are hundreds of PAHs composed of a varying 
number of aromatic rings made up of carbon–hydrogen bonds 
that are then fused together by shared carbon atoms, which 
can affect their ability to break down in the environment due 
in part to differences in solubility and volatility (Pearlman 
et al. 1984; Baek et al. 1991; Achten and Andersson 2015). 
In general, PAHs are divided into low molecular weight 
(LMW) compounds, composed of two to three rings, and 
high molecular weight (HMW) compounds, composed of 
four or more rings. Several studies have shown that, as a 
group, LMW PAHs are found in greater abundance than 
HMW PAHs after wildfire (Gennadiev and Tsibart 2013;  
Chen et al. 2018; Rey‐Salgueiro et al. 2018), and that LMW 
PAHs are more abundant in the dissolved fraction compared 
with HMW PAHs, which are more abundant in the particu-
late fraction. However, numerous factors can impact PAH 
concentrations and the matrices in which they are found 
(Certini 2005; Yang et al. 2022). 

Significant concentrations of PAHs have been found to be 
deposited in soils post-fire (Olivella et al. 2006; Campos et al. 
2019), though the concentrations and species of PAHs vary 
depending on a range of factors including burn severity, 
vegetation type and antecedent soil conditions (Certini 
2005; Rey‐Salgueiro et al. 2018). Campos et al. (2019) 
found elevated concentrations of PAHs in burned topsoil 
compared with unburned topsoil after a 5300 ha fire in 
Portugal, but the PAH concentrations had returned to baseline 
in just 4 months. Similar results were found in a study in 
South Korea, where PAH concentrations in topsoil had 
decreased significantly from their post-wildfire peak after 
just 5 months (Kim et al. 2011). Additionally, LMW PAHs 
were found in greater abundance in soils post-fire than 
HMW PAHs across a number of studies (Kim et al. 2011;  
Vergnoux et al. 2011; Simon et al. 2016; Rey‐Salgueiro 
et al. 2018), which is significant given the higher solubility 
of LMW PAHs and the well-documented increase in runoff and 
erosion following wildfire. Consequently, there is potential for 
PAHs to be transported to and through the aquatic environ-
ment (Campos and Abrantes 2021). This is important because 
at certain concentrations PAHs are known to be carcinogenic, 

toxic and mutagenic (Meador et al. 1995; Carls et al. 2008;  
Incardona 2017; Ainerua et al. 2020); therefore, specific PAHs 
are regulated in drinking water, soils and sediments (US EPA 
1980; CCME 1999; WHO 2008). However, their production 
and mobilisation post-fire has been understudied (Kieta et al. 
2023), with a few exceptions. In the Catalonia region of Spain, 
two studies of post-wildfire PAH contamination showed that 
the highest concentrations of HMW PAHs occur in sediments, 
whereas LMW PAHs dominate the dissolved phase (Olivella 
et al. 2006; Vila-Escalé et al. 2007). 

Aquatic organisms are exposed to PAHs in two primary 
ways, the first being aqueous exposure through ventilation in 
the gills (Birdsall et al. 2001) and diffusion through skin 
(Landrum and Stubblefild 1991). The second, and potentially 
more important, is through burrowing in or ingesting 
sediments, which primarily applies to HMW PAHs due to 
their hydrophobicity and affinity to adsorb to sediment and 
organic matter (Leppänen and Kukkonen 2000; Wong et al. 
2004; De La Torre-Roche et al. 2009; Hayakawa et al. 2019).  
Bilodeau et al. (2019) found that tadpoles accumulated 
greater concentrations of PAHs from sediment than from 
an aqueous source, and Kwok et al. (2013) found that 
biota–sediment accumulation factors of ƩPAHs in prey fish 
and shrimp taken from marshes in Hong Kong, China, were 
significantly higher than in studies of larger fish, likely due 
to the consumption of sediment by these organisms. With the 
acknowledgement that PAHs can be toxic to a wide range of 
aquatic organisms (Malcolm and Shore 2003; Wallace et al. 
2020), determining PAH concentrations in soils and assess-
ing if they are being transported to the aquatic environment 
and stored in sediment is important. This is even more 
essential in regions where there are sensitive species, some 
of which are already declining in population due to other 
pressures. 

This research aims to determine the short- to medium- 
term impacts of severe wildfires with respect to concentra-
tions of PAHs in soils and sediments in a large watershed in 
British Columbia, Canada. More specifically, the objectives 
were to determine: (1) the changes in PAH concentrations in 
soils and sediments for multiple years after wildfire; (2) the 
spatial scale (i.e. how far downstream) over which wildfire- 
derived PAHs could be detected; and (3) the primary sources 
of PAHs in the study area. 

Materials and methods 

Study area 

The Nechako River Basin (NRB), 54° 01ʹ 36″ N 124° 00ʹ 31″ W 
is located in north-central British Columbia (BC), Canada, 
and drains 47 200 km2 before joining the Fraser River in 
Prince George, BC, which eventually discharges to the 
Pacific Ocean in Vancouver, BC. The NRB is an ecologically 
important river that supports sockeye (Oncorhynchus nerka) 
and chinook salmon (Oncorhynchus tshawytscha), and the 
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endangered Nechako white sturgeon (Acipenser transmonta-
nus) (McAdam et al. 2005). Constructed in the 1950s, the 
Kenney Dam and Skins Lake spillway have significantly 
altered the flow of the Nechako River. Today, approximately 
50% of the historic discharge is diverted outside of the basin 
to produce power for an aluminium smelter in Kitimat, BC. 

Soils in the NRB are primarily brunisols beneath a thin 
surficial humus layer, and parent material is primarily grey 
basalt or sandy till (Cook and Dunn 2006). Mean annual air 
temperature in the basin is 3.7°C and mean annual precipita-
tion is 601 mm. The mean annual discharge of the Nechako 
River at the Water Survey of Canada hydrometric station in 
Vanderhoof, BC, is 114.4 m3 s−1 with peak discharges 
between 350 and 400 m3 s−1 (1981–2017), typically occurring 

during the snowmelt period, between late May and late June. 
In the 3 weeks prior to the deployment of sediment samplers 
on 11 October 2018, conditions were dry, with just 14.2 mm 
of precipitation falling, but from the deployment of the 
samplers to collection of the sample in November 2018, 
75.6 mm of rain and 8 cm of snow fell, potentially causing 
runoff of the PAH-laden ash. 

Land use within the basin is dominated by forests (natu-
ral and harvested) and agriculture, with some mining and 
small residential communities (Fig. 1a). The Mountain Pine 
Beetle (MPB) outbreak began in the late 1990s and peaked 
in 2005 but continues today, a period that corresponds 
to nearly 50% of total merchantable pine trees being 
killed across BC (BC Ministry of Forests 2021). In response, 

(a)

(b)

(c)

Burn severity
High N

0 10 20 km

Medium

Low

Unburned

Legend
Nechako River Basin
Waterbodies
Consolidated cutblocks (1930–2021)
Mountain pine beetle impacted area
Coastal gaslink pipeline route

2009–2017
2018

Historical !re extent (2009–2018)
N

N

0 10 20 km

Ormond creek watershed

N@Dog N@Hwy27

N@VA
Tatsutnai creek watershed
Nine Mile creek watershed
Soil sampling sites
Sediment sampling sites

0 50 100 150 km

Fig. 1. (a) Map of landscape distur-
bances within the Nechako River Basin 
and research study area. (b) Map of the 
studied tributaries, soil and sediment 
sampling sites. (c) Fire severity map of 
the 2018 Shovel Lake fire, created using 
the differenced normalised burn ratio 
on pre- and post-fire short wave and 
near-infrared imagery bands ( BC Forest 
Analysis and Inventory Branch 2020).    
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the BC Ministry of Forests increased the annual allowable 
cut (AAC) to capture as much monetary value from the dead 
trees as possible (Bogdanski et al. 2011). For example, in the 
area around the NRB, the AAC was doubled, corresponding 
to trees being harvested within 5–15 years of the outbreak, 
which normally would have been harvested over decades 
(BC Ministry of Forests and Range 2007). This is relevant 
because the large number of dead trees remaining after the 
MPB outbreak are a source of fuel for wildfires, and the loss 
of forest cover increased the risk of runoff and erosion. In 
2018, the NRB experienced its worst fire season in the past 
decade, with one of the largest being the Shovel Lake wild-
fire, which began 27 July 2018 and was considered con-
tained by 5 September 2018. This mixed severity fire 
(Fig. 1c) burned 92 000 ha (i.e. 920 km2), nearly all of 
which was within the boundary of the NRB. Fire severity 
categories were determined by calculating the difference 
between the pre- and post-fire short wave and near- 
infrared imagery bands from LANDSAT 8. A differenced 
normalised burn ratio calculation on those bands was used 
to create a raster with continuous values, which was reclas-
sified into the four categories as seen in Fig. 1c (BC Forest 
Analysis and Inventory Branch 2020). 

Soil sampling 

Soil samples were collected from five burned (B1–B5) and 
five unburned (U1–U5) sites in October 2018 (Table 1), 
immediately following the rescinding of the evacuation 
order (Fig. 1b). At each burned site, samples were collected 
at three depths, consisting of the burned organic material 
that was scraped from the soil surface, the burned soil layer 
(0–2 cm) and the unburned subsurface soil (2–10 cm). 

The burned organic material was primarily composed of 
the burned O-horizon, with large debris such as pine needles 
and pine cones removed. It included white ash, material that 
was decomposing at the time of the fire and some mineral 
soil. At the unburned sites, only the upper soil layer 
(0–2 cm), with the organic layer removed, and subsurface 
soil (2–10 cm) were collected. The unburned soil sites con-
sisted of a mix of land uses and vegetation cover (Table 1) 
because these are established sites with prior data and 
because they were areas of unburned forest within the burned 
watersheds that were also accessible. The burned organic 
layer and burned upper soil layer were collected by scraping 
the surface using a hand trowel, and the samples down to 
10 cm were collected using a JMC Backsaver Hand Soil 
Sampler (Clements Associates Inc., Newton, Iowa, USA). At 
each of the five burned and five unburned sites, 15–20 soil 
sub-samples were collected and composited to capture poten-
tial soil heterogeneity, while ensuring that all sub-samples 
were collected within the same soil type. Soil texture at the 
10 sampling sites was primarily loam but ranged from silty 
clay loam to loamy sand (Table 1). Soil samples were col-
lected from the burned sites again in 2020 and 2021, but 
were confined to only the surface soil layer (to be referred to 
as topsoil throughout the manuscript) because the burned 
organic layer had mostly been removed and because of the 
low concentrations of PAHs in the subsurface soils collected 
in 2018. 

Sediment sampling 

Sediment sampling was undertaken from October 2018 
through September 2021, during the ice-free period (gener-
ally April to November). Samplers were located at six sites, 

Table 1. Land cover, land use and fire characteristics for soil sampling sites.        

Site Previous land cover Date harvested Burn severity Tree species (%) Dominant soil type (texture)   

B1 Cutblock 2013 Medium PLI (70), SX (30) Barrett – orthic grey luvisol (L) 

B2 Cutblock 2013 Medium PLI (70), SX (30) Barrett – orthic grey luvisol (L) and 
Ormond – orthic dry brunisol (SL) 

B3 Cutblock 2013 Medium FDI (90), PLI (10) Barrett – orthic grey luvisol (L) and 
Ormond – orthic dry brunisol (SL) 

B4 Shrubland – Low AT (40), PLI (40), SX (20) Vanderhoof – orthic grey luvisol (SiCL) 

B5 Cutblock 2012 Medium AT (60), SX (20), PLI (10), 
ACT (10) 

PETA – eluviated dystric brunisol (SL) 

R1 Cropland – – – Nechako – orthic grey luvisol (SiL) 

R2 Forested – – AT (50), SX (20), PLI (20), 
ACT (10) 

Nechako – orthic grey luvisol (SiL) 

R3 Forested/Riparian – – AT (60), SX (30), PLI (10) Berman – orthic grey luvisol (SiL) 

R4 Cropland – – – Vanderhoof – orthic grey luvisol (SiCL) 

R5 Exposed land (roadside) – – – Mapes – orthic regosol (LS) 

Tree species: PLI, lodgepole pine; SX, spruce hybrid; FDI, interior Douglas fir; AT, trembling aspen; ACT, black cottonwood. Soil texture: L, Loam; SL, sandy loam; 
SiCL, silty clay loam; SiL, silty loam; LS, loamy sand.  
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which included three tributaries (Fig. 1b): Ormond; Nine 
Mile and Tatsutnai Creeks; and at three sites on the Nechako 
River mainstem: immediately upstream from the outlet of 
Dog Creek (N@Dog); beneath the bridge crossing at 
Highway 27 (N@Hwy27); and beneath the bridge in the 
town of Vanderhoof (N@VA). Ormond Creek is the largest 
of the three tributaries (248 km2), with steep headwaters 
that level out into large flood plains near its outlet into 
Fraser Lake. Nine Mile (66.1 km2) and Tatsutnai Creeks 
(68.2 km2) are smaller watersheds that are less steep and 
empty directly into the Nechako River. These tributaries 
were chosen because they were all significantly impacted 
by the Shovel Lake wildfire and were primarily forested or 
harvested and replanted prior to the fire. 

In order to collect a suitable mass of sediment for PAH 
analysis, at each site two passive sediment samplers (Phillips 
et al. 2000) were attached to weights and placed on the bed 
of the stream or river. The samplers were emptied every 
2 weeks beginning during the snowmelt period (April/May) 
through mid-July, after which they were only emptied 
monthly due to low flows in late summer and autumn. 
After emptying the water and sediment contained in the 
samplers into 19 L buckets, they were transported back to 
the laboratory and were left to settle for ∼48 h, after which 
they were dewatered by siphoning the water by hand, with 
caution taken to avoid siphoning any of the sediment that had 
been collected. The sediment remaining in the buckets was 
prepared for analysis in two ways depending on the analysis 
being undertaken, as described in the following section. 

Laboratory analysis 

Sediment and soil samples were wet sieved to 1 mm and a 
sub-sample was taken and frozen at −20°C for additional 
laboratory analysis. Unfrozen samples that were analysed for 
PAHs were shipped on ice to maintain a temperature below 
4°C. All samples were analysed for PAHs by AXYS/SGS labo-
ratories (Sidney, BC, Canada). In brief, samples were homo-
genised and fortified with a suite of 17 deuterium-labelled 
quantification standards, after which they were extracted by 
Soxhlet using dichloromethane. Extracts were chromato-
graphically cleaned using a combination of silica and alumina 
columns, and once cleaned, the extracts were then reduced in 
volume and fortified with internal recovery standard. 
Instrumental analysis was performed by gas chromatography 
with mass spectrometric detection (GC/MS) using an Agilent 
6890N gas chromatography/MSD system, and final concen-
trations were reported in ng g−1. More detailed methods can 
be found in the Supplementary material. 

The following 16 US Environmental Protection Agency 
(EPA) Priority PAHs were analysed for: naphthalene (Nap); 
acenaphthene (Ace); acenaphthylene (Acy); anthracene 
(Ant); fluorene (Flu); phenanthrene (Phe); fluoranthene 
(Flt); pyrene (Pyr); chrysene (Chr); benz[a]anthracene 
(BaA); benzo[a]pyrene (BaP); benzo[b]fluoranthene (BbF); 

benzo[j,k]fluoranthenes (BjkF); dibenz[a,h]anthracene (DaA); 
indeno[1,2,3-cd]pyrene (Ind); benzo[ghi]perylene (BgP). 

Analysis of the frozen sub-samples was undertaken by 
first thawing samples, then drying them for 48 h at 40°C. 
They were then ground and sieved to 1 mm, and analysed 
for organic matter content by the loss on ignition method 
(Heiri et al. 2001). Particle size and specific surface area 
(SSA) analysis was undertaken on the 1 mm samples after 
treatment with hydrogen peroxide (with the exception of 
the burned organic material) to remove organic material, 
and after chemical (sodium hexametaphosphate) and physi-
cal (ultrasonic) dispersion on a Malvern Mastersizer 3000 
(Malvern Panalytical, Malvern, UK). 

Statistical analysis 

All statistical analysis was undertaken using R software 
(v 4.1.0; R Core Team 2021) in R Studio (v. 1.4.1717), and 
plots were created using the ggplot2 package (Wickham 
2016). The Shapiro–Wilk test was undertaken to check for 
normality on soil and sediment samples, and all data sets 
were found to be non-normal. Therefore, the Kruskal–Wallis 
and Friedman Rank Sum tests, non-parametric alternatives 
to a one-way ANOVA and ANOVA repeated measures tests 
respectively, were used. 

PAH apportionment using molecular ratios and 
PAH profiles with chi-square tests 

Molecular ratios are a common tool used to determine 
sources of PAHs, primarily by differentiating between pyro-
genic and petrogenic sources, though some ratios can be used 
to further elucidate specific sources (i.e. coal burning or diesel 
fuel emissions vs wildfires) (Kieta et al. 2023). For this study, 
the two molecular ratios used were Flt/(Flt + Pyr) and Phe/ 
(Phe + Ant), from the 202 and 178 molecular weight series, 
respectively. 

A secondary method used for source apportionment 
in this study was to first calculate PAH profiles for each 
sediment sample, and for the burned organic material and 
burned topsoil. This was completed using proportional 
concentrations of 12 PAHs (Ant, BaA, BaP, BbF, BgP, BjkF, 
Chr, Flt, Ind, Phe, Pyr and benzo[e]pyrene (BeP)), meaning 
the individual compound was calculated as a fraction of the 
sum of the aforementioned 12 compounds for each sediment 
sample. These proportional concentrations were compared 
with proportional concentrations calculated in the same way 
from the burned organic material (BORM) and burned top-
soil (BTOP) samples collected for this study in 2018, and 
from proportional concentration values from the literature. 
The values from the literature came from Van Metre and 
Mahler (2014), with the exception of weathered creosote- 
treated railway ties (CRE2) (Covino et al. 2016) and pine 
wood soot particles (PIN2) (Crane 2014). To evaluate the 
comparison between proportional values from the sediment 
samples and those from the literature and from the source 
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(i.e. soil) samples collected in this study, the chi-square test 
statistic was used. This was calculated as the squared differ-
ence in proportional concentrations of the sediment sample 
and source for each individual compound divided by the 
mean of these two values and summed for the 12 PAHs, 
following the methods of Van Metre and Mahler (2010). 

Results 

Particle size composition and organic matter 
content of soils and sediments 

The highest measures for specific surface area (SSA, based 
on mass) were found in the soil samples from an unburned 
topsoil site (868.8 m2 kg−1), though the subsoil samples 
from the unburned sites were consistently elevated with 
the exception of one sample, which was collected beside a 
road. All of the burned organic material samples had a SSA 
below 500 m2 kg−1, and of the five samples, four had the 
highest recorded values for LOI, all above 20% and with two 
samples above 40%. In the sediment samples, there was a 
significant difference (P < 0.005) between mainstem and 
tributary sites, with higher LOI found in the tributary sam-
ples, which was primarily driven by Tatsutnai Creek. None of 

the mainstem sites recorded values of LOI greater than 12%, 
and 35% of tributary samples were greater than 12%. The 
distribution of SSA for sediment samples did not produce any 
clear patterns because there were no significant differences 
between the tributary and mainstem samples (P > 0.05). 

As shown in Fig. 2, the results of Spearman’s correlation 
tests found that in the soil samples, there was a significant 
positive correlation between LOI and SSA in the subsurface 
soils across all sites (rho = 0.788, P = 0.004). However, the 
positive correlation in topsoil and negative correlation in 
the ash were not significant (P > 0.05). There was a positive 
correlation between LOI and SSA in both the mainstem and 
tributary sites, though neither were significant (P > 0.05). 
There were also no significant correlations (P > 0.05) found 
between total PAHs and SSA or LOI for any of the grouped 
sites (i.e. tributaries, mainstem, etc.). 

Concentrations of PAHs in burned organic 
material 

Samples of burned organic material and burned topsoil 
(0–2 cm) collected in October 2018 contained the highest 
concentrations of ∑PAHs throughout the duration of the 
study (Fig. 3). Of those samples, the burned organic material 
had the highest average ∑PAH concentrations, and the 
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Fig. 2. Scatterplot showing correlation between specific surface area and loss on ignition for soil and sediment samples.    
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samples collected at B1 (6504.6 ng g−1), B2 (8260.8 ng g−1) 
and B3 (4576.0 ng g−1) had more than double the ∑PAH 
concentrations than at sites B4 (1170.5 ng g−1) and B5 
(1990.8 ng g−1). Site B4 exhibited the lowest concentrations 
of PAHs for each individual analyte. 

The burned organic layer was dominated by LMW PAHs, 
which made up >90% of ƩPAHs. More specifically, Nap was 
the predominant analyte, with concentrations ranging from 
940 ng g−1 at B4 to 6540 ng g−1 at site B2. Except for site B4 
(130 ng g−1), Phe was the second-most prevalent PAH, with 
concentrations ranging from 256 to 874 ng g−1 (Fig. 3). 
Two- and three-ring PAHs constituted the majority of PAHs 
at all sites. There was a significant difference between the 
burned organic material and both the topsoil (P = 0.008) 
and the subsurface soil (P = 0.002). 

Concentrations of PAHs in topsoil 

Topsoil samples from 2018 followed similar patterns to 
the burned organic layer across sites with respect to the 

dominant species of PAHs and the ring size distribution 
(Fig. 3), but ƩPAH concentrations were significantly lower 
(P < 0.0455) in topsoil samples. The maximum ƩPAH con-
centration was recorded at site B5 (1456.2 ng g−1) and the 
minimum was recorded at B4 (525.4 ng g−1). The dominant 
PAHs in all topsoil samples were LMW PAHs and more 
specifically, Nap, which made up the majority of total 
PAHs in 2018. 

Concentrations of ƩPAHs in topsoil decreased signifi-
cantly at all burned sites from 2018 to 2020 (P = 0.025) 
and decreased again in 2021 (Fig. 4), though not signifi-
cantly (P = 0.254). Many of the HMW PAHs were higher 
at unburned sites from 2018 than the burned sites 
from 2021 (Fig. 4). However, for the LMW PAHs, samples 
from the burned sites B1–B3, and B3 in particular, 
still exhibited significantly elevated concentrations in 
2021 compared with unburned sites sampled in 2018 
(P = 0.03). As concentrations decreased over time, LMW 
PAHs, and more specifically Nap, were the most domi-
nant PAHs. 
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Concentrations of PAHs in subsurface soil 

PAH concentrations in subsurface soil samples were signifi-
cantly lower (P = 0.002) than topsoil samples (Fig. 3). 
Additionally, samples collected from the subsurface soil layer 
(2–10 cm) showed no significant differences (P = 0.44) 
between burned and unburned sites for individual PAHs nor 
for ƩPAHs. 

Concentrations of PAHs in tributary sediments – 
Ormond, Tatsutnai and Nine Mile Creeks 

Samples collected in November 2018 had the highest con-
centrations of ∑PAHs recorded throughout the study for 
each of the tributary sites (Fig. 5), with Ormond Creek 
(91.9 ng g−1) and Tatsutnai (76.8 ng g−1), the two more 
severely burned tributaries, higher than Nine Mile Creek 
(26.3 ng g−1). At both Ormond and Tatsutnai Creeks, the 
sample collected in November 2018 also was significantly 
(P < 0.05) higher in each individual PAH than at these sites 
throughout the rest of the study period, with the exception 
of Ind, BgP and BbF. 

There were no significant differences in ƩPAHs (Table 2) 
when comparing the three tributary sites through the dura-
tion of the study (P > 0.05). Additionally, LMW PAHs (2–3 
rings) were more abundant than HMW PAHs (4–6 rings) at 
the tributary sites, and 3-ring PAHs were the most abundant 
group (Fig. 5), which was similar to trends in the Nechako 
mainstem, as described below. 

Concentrations of PAHs in Nechako River 
mainstem sediments 

The three highest concentrations of ∑PAHs were recorded at 
N@VA, with concentrations reaching 232 and 166 ng g−1 in 
spring 2019, and 110 ng g−1 after a large rainfall event in July 
2020 (Fig. 5). Concentrations of ∑PAHs at all of the mainstem 
sites were higher than at the tributaries, though only signifi-
cantly higher when comparing each mainstem site with Nine 
Mile Creek, and when comparing N@VA with Ormond and 
Tatsutnai Creeks (P < 0.05). There was a mostly equal split 
between LMW and HMW PAHs at N@Dog and N@Hwy27 
throughout the study, though at N@VA during the 2019 spring 
snowmelt, LMW PAHs were prominent. Unlike the soil sam-
ples where 2-ringed PAHs were prolific, for sediment samples, 
3-ringed and 4-ringed PAHs were the most abundant (Fig. 5). 

There was no discernable temporal trend across the main-
stem sites but at nearly all sites and across all analytes, there 
were elevated PAH concentrations in April and May 2019, 
which coincided with runoff during the first spring 
snowmelt post-wildfire. Concentrations of ƩPAHs were the 
highest at N@VA for nearly all sampling dates, with the 
exception being the last sample collected, in June 2021 
(Table 2). Concentrations of ƩPAHs at N@VA were signifi-
cantly higher than those at N@Dog (P = 0.037), but not at 
N@Hwy27 (P = 0.310) when comparing across all dates. 
There was a spike in the proportion of HMW PAHs at this 
site in the sample collected in July 2020 following a large 
rain event. 
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Apportionment of PAH sources using molecular 
ratios 

Although the relative remoteness of the tributary sites as well 
as N@Dog provides some qualitative evidence that the pri-
mary source of PAHs was the wildfire, the other two sites (N@ 
Hwy27 and N@VA) are both likely to have been influenced 
by other sources because of their proximity to roadways. 
As described above, samplers at these sites were located 
under bridges that carry industrial and recreational traffic, 
and N@VA is in the heart of the town of Vanderhoof 

(pop. 4300), which has multiple lumber mills and industrial 
sites, and services a greater population of∼10 000 people 
(Statistics Canada 2022). Molecular ratio values >0.5 for 
Flt/(Flt + Pyr) denote wood and grass combustion, whereas 
ratios between 0.4 and 0.5 denote fuel combustion (Yunker 
et al. 2002). In this study, 25 samples had ratios >0.5 and 18 
samples had ratios between 0.4 and 0.5 (Fig. 6a). No samples 
fell below 0.4, which denotes sources of petrogenic origin. 
However, using the Phe/(Phe + Ant) ratio, all of the samples 
fell within the range (0.6–1.0) for biomass combustion 
(Vicente et al. 2012), though samples collected at N@VA on 
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18 April 2019 and 1 May 2019 had lower ratios, falling closer 
to the range of combustion of fossil fuels (<0.6) (Fig. 6b). 

Apportionment of PAH sources using PAH 
profiles and chi-square analysis 

In a chi-square analysis, values closest to zero denote the 
greatest similarity between samples and source. In this study, 
PAH profiles of the sediment sites show that diesel vehicle 
particulate emissions, vehicle and traffic averaged emissions, 
asphalt and weathered creosote-treated railway ties had the 
lowest chi-square values across all sites (Fig. 7). However, in 
Ormond and Tatsutnai Creeks, BTOP and BORM, which were 
the soil source samples collected in this study, were similarly 
close to zero as the fossil fuel derived sources. This trend was 
not the same at Nine Mile Creek or at the mainstem sites. 
In total, these results show that based on sources from the 
literature and from samples collected for this study, at the 
tributary sites, a mix of burned soils, diesel emissions, average 
vehicle traffic emissions, asphalt and creosote-treatedrailway 
ties were of similar influence. This is in contrast to the main-
stem sites, which were less influenced by burned soils. 
However, as with the molecular ratios, further lines of evi-
dence regarding the sources of the PAHs were considered, 
including historical data from the region (Brewer et al. 1998;  
Owens et al. 2019), and are described below. 

Discussion 

This study was undertaken in a relatively remote part of 
north-central BC, which stands in contrast to much of the 
literature on PAH contamination in sediment and soils that 
is based on highly urbanised and industrialised landscapes. 
As such, the initial impetus for this study and primary 
objective was to determine concentrations of PAHs with a 
specific focus on the role of wildfire. Although the values for 
individual PAHs immediately following the fire were ele-
vated, they were still significantly lower than those in other 
wildfire studies (Table 3) and studies from industrial and 
urbanised locations across the globe generally, and across 
Canada specifically (see Marvin et al. 2021). 

Organic matter content 

Baran et al. (2021) focused on a range of organic matter 
fractions and found that there was a positive correlation 
between total organic carbon (TOC) and ƩPAHs in bottom 
sediments in the Rożnów reservoir in Poland, and for dis-
solved organic carbon and fulvic acid carbon there was a 
significant relationship between ƩPAHs and 2–3-ring com-
pounds. In the context of the work presented here, this 
finding is of particular note because of the dominance of 
2–3 ring PAHs in both soils and sediments. However, the 
correlation between TOC and PAH concentrations is not T
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always agreed upon in the literature, with some studies 
finding TOC to be a determinate of PAH concentrations 
(Jiang et al. 2009; Nascimento et al. 2017) and others find-
ing no correlations (Nudi et al. 2007; Mostafa et al. 2009). 
Determining other factors that may influence this relation-
ship will better predict the potential impacts that PAHs 
bound to organic material may have on aquatic organisms 
(Honda and Suzuki 2020). 

PAH concentrations in soils and sediments 

Samples of burned organic material contained the highest 
concentrations of PAHs and were predominantly LMW 
PAHs. These results are similar to those of Kim et al. 
(2011), who found that 2–4 ring PAHs were the most abun-
dant after wildfire in South Korea, and that Nap and Phe 
were significantly elevated compared with the other indi-
vidual PAHs. Additionally, Campos et al. (2019) found that 

both ash and soil samples collected after a eucalyptus forest 
fire in Portugal were dominated by 3–4 ring PAHs, which was 
a similar result to this study. These findings are particularly 
important when considering the potential impacts on water-
ways, because LMW PAHs are found in higher concentrations 
than HMW PAHs in the dissolved form (Rabodonirina 
et al. 2015). 

One of the objectives of this research was to determine 
temporal changes in PAH concentrations in soils and sedi-
ments to better understand the potential long-term risk after 
wildfire. Particularly with respect to soils, this is also an 
area where there are significant differences across studies. 
In the present study, concentrations had not returned to 
background levels after 3 years, whereas Kim et al. (2011) 
found that concentrations in soils returned to background 
levels within just 5 months, likely due to the loss of burned 
soils and ash from wind erosion, volatilisation and most 
importantly, runoff. Mean annual precipitation was not 
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reported in that study, but the authors note that sampling 
occurred in the 1–5 month period after their rainy season, 
which produces significant precipitation and likely created 
enough runoff and erosion to significantly decrease PAH 
concentrations. In a comprehensive study focused on the 
temporal changes of PAH concentrations post-wildfire,  
Vergnoux et al. (2011) found that although Flt and Pyr 
returned to baseline levels within 3 years, Nap remained at 
elevated concentrations for more than 16 years, a surprising 
result because it is a 2-ring PAH that is susceptible to rapid 
volatilisation and leaching. That study was undertaken in a 
mediterranean ecosystem, with mean annual precipitation of 
800–1200 mm – higher than the present study (∼601 mm). 
However, although the results from Vergnoux et al. (2011) 
were unexpected with respect to the elevated Nap concen-
trations, in the present study, concentrations of Nap were 
still significantly higher than in unburned soils collected in 
2018, though this study area has only been monitored for 
3 years post-fire. Also, with the exception of Nap, concentra-
tions of the other individual PAHs in this study had 
decreased significantly and were nearly back to baseline, 

as has been reported in numerous other wildfire studies 
(Kim et al. 2011; Simon et al. 2016; Campos et al. 2019). 

The high concentrations of ƩPAHs in sediments in the 
tributaries immediately following the wildfire in November 
2018 are evidence that the late autumn rain and snow events 
generated runoff, which likely transported the burned 
organic material and some topsoil to the aquatic environ-
ment. This is consistent with results from numerous studies 
that concluded reduced PAH concentrations in soils in the 
short and long term were partially due to loss by runoff (Kim 
et al. 2011; Simon et al. 2016). Additionally, Campos et al. 
(2012) explicitly measured runoff and found elevated con-
centrations of PAHs that decreased over time, another line of 
evidence showing that enriched ash and soils are a driver of 
PAH concentrations in sediments. In this study, the Nechako 
mainstem showed high concentrations in spring 2019, which 
points to the spring snowmelt being another avenue for 
delivery of PAHs to the aquatic environment. The other 
studies on PAHs in sediment post-wildfire have not been 
undertaken in cold climates with significant snowfall, but 
the findings of this study align with research of other 
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contaminants that show elevated concentrations during the 
spring snowmelt period (Westerlund et al. 2003; Engelhard 
et al. 2007; Blecken et al. 2012). In addition to material 
mobilised during the snowmelt, sediments that were mobi-
lised in the previous autumn and stored in the riverbed over 
winter could have been resuspended during the high flows in 
the spring. 

Another of the objectives of this research was to deter-
mine the spatial scale of PAH contamination, and the results 
show that the spatial extent in this study was much larger 
than the sub-watersheds that burned. Previous wildfire- 
derived PAH studies (e.g. Olivella et al. 2006; Vila-Escalé 
et al. 2007; Hunsinger et al. 2008) that monitored sediment 
concentrations did not sample at multiple locations moving 
downstream from the wildfire source, as was undertaken in 
this study, so explicit comparisons on a spatial scale are not 
feasible. However, Olivella et al. (2006) did monitor water 
at multiple sites and found that PAH concentrations were 
particularly high immediately post-wildfire, likely due to 
atmospheric deposition, but decreased in response to rain-
fall, likely due to a dilution effect. Hunsinger et al. (2008) 

collected multiple sediment samples from the Santa Barbara 
channel, California, and found that there was a clear signal 
of wildfire from watersheds draining into the channel, 
though there were no explicit spatial patterns that were 
identified. Finally, specific to the samples collected on the 
Nechako mainstem, an interesting observation was the 
difference between PAH concentrations at N@Hwy27 and 
N@VA. There is no drainage area impacted by wildfire 
between sites N@Hwy27 and N@VA; therefore, the elevated 
PAH signal at the latter site is unlikely to have been derived 
solely from wildfire. Instead, it potentially reflects the incor-
poration of PAHs from additional sources. 

There has been a significant amount of research on PAH 
concentrations in sediments of highly industrialised and urba-
nised watersheds, but in areas where PAHs would be primar-
ily wildfire-derived, there has been far less. However, those 
few studies are a useful comparison for the work described in 
this paper. Olivella et al. (2006) and Vila-Escalé et al. (2007) 
both sampled sediments in the Catalonia region of Spain 
after severe wildfire, and found maximum concentrations of 
2.7 and 19.3 ng g−1 respectively. The aforementioned research 

Table 3. Total polycyclic aromatic hydrocarbon concentrations in ash, soil and sediment samples collected post-wildfire in selected studies.       

Reference Sample medium Location Concentration (ng g−1) Months post-fire    

Olivella et al. (2006) Ash Spain 1.3–19.0   

Olivella et al. (2006) Sediment Spain 3.0   

Vila-Escalé et al. (2007) Sediment Spain 14.5 45 days post-fire  

Vila-Escalé et al. (2007) Sediment Spain 15.4 78 days post-fire  

Vila-Escalé et al. (2007) Sediment Spain 18.5 95 days post-fire  

Vila-Escalé et al. (2007) Sediment Spain 17.7 107 days post-fire  

Vila-Escalé et al. (2007) Sediment Spain 1.7 662 days post-fire  

Kim et al. (2011) Soil South Korea 942.0–1570.0 1 month post-fire (severe)  

Kim et al. (2011) Soil South Korea 153.0–304.0 5 months post-fire (severe)  

Kim et al. (2011) Soil South Korea 205.0–481.0 9 months post-fire (severe)  

Kim et al. (2011) Soil South Korea 213.0–638.0 1 month post-fire (small-scale)  

Kim et al. (2011) Ash South Korea 631.0–739.0 1 month post-fire (small-scale)  

Vergnoux et al. (2011) Soil France 157.0 Numerous very recent fires  

Vergnoux et al. (2011) Soil France 77.0 Numerous recent fires  

Vergnoux et al. (2011) Soil France 89.0 Few recent fires  

Choi (2014) Soil South Korea 26.6–274.0 1 month post-fire  

Choi (2014) Soil South Korea 72.1–124.0 3 months post-fire  

Choi (2014) Soil South Korea 37.5–102.0 5 months post-fire  

Choi (2014) Soil South Korea 17.9–59.6 7 months post-fire  

Simon et al. (2016) Soil South Korea 40.5–294.0   

Simon et al. (2016) Ash South Korea 1169.0–11 007.0   

Campo et al. (2017) Soil Spain <200.0–1255.0   

Campo et al. (2017) Sediment Spain 3154.0    
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from Hunsinger et al. (2008) in the Santa Barbara channel, 
California, is useful because this is an area where there are 
significant petroleum deposits. Using radionuclides and stable 
isotopes, they were able to discern that wildfire was the 
primary PAH contributor, with concentrations ranging from 
202 to 1232 ng g−1. The results presented here fall in between 
these studies, with maximum ΣPAH concentrations in sedi-
ment samples of 91.9 and 232 ng g−1 in the tributaries and 
mainstem, respectively. The comparison of the results from 
this study with those of other wildfire-derived PAH studies on 
a temporal scale is more difficult for sediments than for soils, 
because of the three studies noted above, the only one that 
monitored PAHs in sediments beyond 6-months post-wildfire 
was Vila-Escalé et al. (2007). They found that PAH concen-
trations peaked 3 months post-wildfire. However, soon after 
the peak, concentrations began to fall and had reached near 
background levels after 662 days. Those results are similar to 
the present study; concentrations had fallen significantly by 
the end of the study but were still detectable, so not as low as 
the concentrations found in sediment samples collected in the 
NRB in 2015, prior to the 2018 wildfire (Owens et al. 2019). 

Comparison with Canadian soil and sediment 
guidelines 

There are multiple guidelines for individual PAHs in soils in 
Canada, but for this study we have compared soil values 
with those outlined by the Canadian Council of Minsters of 
the Environment (CCME) for environmental health protec-
tion against non-carcinogenic effects (CCME 1999). For all 
PAHs with the exception of Ant and Flt, this number is the 
interim soil quality criteria (SQC) (CCME 1991). For Ant 
(2500 ng g−1) and Flt (15 400 ng g−1), the number refer-
enced is the soil quality guideline for environmental health 
(SQGE), which is based on the lowest concentration among 
several soil quality guidelines (e.g. soil contact, soil and food 
ingestion or freshwater life). 

Burned organic material samples were above the SQC at 
all sites for Nap (600 ng g−1) and Phe (100 ng g−1), but not 
for any other individual PAH. Concentrations of Nap in top-
soil samples at B1, B3 and B5 from 2018 exceeded the 
600 ng g−1 threshold in topsoil samples from 2018, though 
B2 was also near exceedance (581 ng g−1). Not one of the 
samples collected in 2020 or 2021 is above the SQC for Nap. 
The other individual PAH that had concentrations exceeding 
the SQC was Phe, where concentrations from 2018 samples at 
B3 (151 ng g−1) and B4 (219 ng g−1) were above the 
100 ng g−1 threshold. At site B4, Phe concentrations were 
near the threshold in 2020 (98.6 ng g−1) and remained 
below it in 2021. There were no significant differences 
between topsoil samples from unburned and burned sites 
for many of the HMW PAHs, particularly BgP, BbF, Ind 
and DaA. 

There are fewer guidelines for PAHs in sediments, but 
the CCME has created interim sediment quality guidelines 

(ISQG) and probable effect limits (PEL) for 13 PAHs. In this 
study, we compared values from sediment samples with the 
ISQG for each individual PAHs. The ISQG refer to maximum 
concentrations in bottom or benthic sediments because of 
their potential impacts on bottom-dwelling organisms. The 
highest concentrations for individual PAHs at the tributary 
sites were Phe and Nap, though all samples were below the 
ISQG (41.9 and 34.6 ng g−1, respectively). Additionally,  
MacDonald et al. (2000) developed consensus-based thresh-
old effect concentrations (TECs) for ∑PAHs (1610 ng g−1), but 
there were no samples from the tributaries where concentra-
tions were above this TEC (Table 2). 

The only instances of concentrations recorded above the 
ISQG in the Nechako River mainstem were collected at N@VA. 
In April 2019 and May 2019, concentrations of Nap reached 
46.8 and 102 ng g−1 respectively, above the CCME (1999) 
ISQG guideline (34.6 ng g−1). In May 2019, Phe concentra-
tions reached 43.2 ng g−1, above the ISQG (41.9 ng g−1). For 
all other individual PAHs, concentrations were below the 
ISQGs and concentrations for ƩPAHs were below the TECs. 

PAH apportionment 

The final objective of this research was to determine the 
primary sources of PAHs in the watershed, with a focus on 
the role of the 2018 Shovel Lake wildfire. Molecular ratios 
for PAH apportionment have been widely used as a coarse 
method for source apportionment but their reliability has 
been questioned for a range of reasons (Yunker et al. 2002;  
Wagener et al. 2010; Katsoyiannis et al. 2011; Net et al. 
2015; Kieta et al. 2023). Therefore, as introduced by  
Baldwin et al. (2020), the use of multiple lines of evidence, 
such as the chi-square test and traditional molecular ratios 
used in this study, are likely to give a more complete 
understanding. 

The molecular ratios and chi-square test results show 
mixed sources in the NRB, and that vehicle and road emis-
sions are important sources of PAHs. However, because there 
are prior data available for the NRB, these methods should 
be considered within a wider context. Brewer et al. (1998) 
collected samples from four sites on the Nechako mainstem 
from 1994 to 1996, and concentrations were significantly 
lower than those found at all sites and all dates throughout 
the present study. 

Additionally, in 2015 and 2016, Owens et al. (2019) 
collected channel bed material samples from multiple tribu-
taries and at sites on the Nechako mainstem, and all of the 
concentrations were below PAH detection limits. It is impor-
tant to acknowledge the impact of the timing of sampling 
because neither study noted above was undertaken immedi-
ately following wildfire on the scale of the 2018 Shovel Lake 
fire and thus both reflect PAH concentrations during non- 
wildfire conditions. More broadly, because fine sediment 
that is stored on stream and riverbeds can be remobilised 
and transported downstream during high-flow events, the 

K. A. Kieta et al.                                                                                                               International Journal of Wildland Fire 

1084 



timing of sampling is crucial – these high-flow events can act 
to ‘reset’ the system. For example, in this study, PAH concen-
trations were elevated following a large precipitation event in 
July 2019, but had been decreasing prior to that sample and 
continued to decrease by the next sample collection date 
(August 2019). Therefore, based on the prior data collected 
in the NRB and the timing of the sampling with respect to the 
Shovel Lake wildfire, it is most likely that wildfires were a 
major, if not the primary, source of PAHs in the tributaries, 
but a lesser contributor in the mainstem sites, particularly N@ 
Hwy27 and N@VA where other sources dominate. These 
results for the Nechako mainstem sites were not necessarily 
predicted because the prior work in the NRB (Brewer et al. 
1998; Owens et al. 2019) and its relative remoteness 
advanced the idea that, from a contaminant perspective, this 
watershed would have few potential inputs of PAHs. It is thus 
an important finding that though PAH concentrations were 
low, even light industry and urbanisation will have a measur-
able impact. 

Conclusions 

The objectives of this study were to determine the spatial 
and temporal extent of PAH contamination post-wildfire in a 
relatively remote region of British Columbia, Canada, as 
well as to elucidate the sources of PAHs in this watershed. 
The results show that many individual PAHs can remain in 
the terrestrial and aquatic environments for several years 
post-wildfire and will continue to move downstream over 
time. However, much of the prior research on PAH contami-
nation following wildfire has been on soils or on a small 
number of sediment grab samples, which limits spatial 
implications and comparisons for this work. The findings 
described here, namely that wildfire was likely not the 
primary source of PAHs in the Nechako River mainstem – 
and that concentrations in the tributaries that were heavily 
impacted by the Shovel Lake fire were not as high as those in 
the mainstem – were unexpected, but should prove to be 
useful in future studies in wildfire-impacted watersheds. 

This research has identified that in addition to areas with 
significant industrial development and urban centres, severe 
wildfire can also produce high concentrations of PAHs that 
are deposited into soils and transported to the aquatic envir-
onment. The focus here was on PAH concentrations, but 
because wildfire creates significant changes to the land-
scape, there are other cumulative impacts post-wildfire, 
including altered quantity and timing of flow and changes 
in suspended sediment, nutrients, metals and other pollu-
tants. These changes, taken in combination with even rela-
tively low increases in PAH concentrations, could cause 
adverse impacts on aquatic organisms, though this is an 
area that needs significantly more research. 

In the future, many regions of the world (including 
North America) will experience an increasing number of 

large-scale wildfires of greater severity. The environmental 
impacts associated with these fires is expected to be one of 
the greatest challenges related to the climate crisis. One 
aspect of these wildfire impacts will be the contamination 
of soils by PAHs and the transport of those PAHs to adjacent 
streams, rivers, wetlands and lakes. This could pose a risk 
both to the terrestrial and aquatic organisms that reside in 
these environments; consequently, further research on the 
long-term persistence of PAHs derived from wildfires is 
urgently needed. 

Supplementary material 

Supplementary material is available online. 
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