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Abstract

Wildfire impact on boreal watersheds was assessed across Alberta’s Regional Aquatics
Monitoring Program (RAMP) domain by integrating multidecadal river, lake, and sediment
physical–chemical data with historical wildfire perimeters, polycyclic aromatic hydro-
carbon (PAH) indicators, continuous multiparameter sonde records, and pre-/post-fire
hydrologic simulations. Site classification, distinguishing reference, industrial, wildfire,
and combined influences, was used to enable spatial and temporal comparisons before, dur-
ing, and after fires. Our synthesis indicated that wildfire acts as an important disturbance
that alters watershed connectivity and transport pathways, resulting in shifts in water
quality and quantity in surface waters and longer-term adjustments retained in sediments.
The interpretation of chemical signatures, including PAHs, was complicated by overlap
between areas with wildfire and industrial activities, highlighting cumulative effects and
the importance of spatio–temporal context when assessing and quantifying source contribu-
tions for long-term resource sustainability. Hydrologic alteration emerged as the dominant
downstream wildfire effect, emphasizing the need for long-term continuous monitoring of
fire-responsive indicators, in addition to improved assessment of subsurface pathways in
wildfire-prone boreal systems.

Keywords: wildfire; water quality; WATFLOOD; PAHs; sediment quality; hydrologic
response; boreal watersheds; diagnostic ratios; continuous monitoring; RAMP

1. Introduction
Wildfires are among the most economically damaging natural hazards globally, with

rapidly rising costs; between 2014 and 2023, wildfire events resulted in approximately USD
106 billion in total economic losses and USD 74 billion in insured losses worldwide [1].
In Canada, wildfire-related economic impacts have similarly escalated, culminating in
the record-breaking 2023 fire season, during which nearly 5500 fires burned approxi-
mately 17.3 million hectares nationwide, and insured losses approached or exceeded CAD
1 billion [2–4]. Several of Canada’s most economically damaging wildfire disasters have
occurred in Alberta, including the 2011 Slave Lake wildfire, which caused approximately
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CAD 700 million in total damages [5], the 2016 Fort McMurray wildfire, resulting in in-
sured losses exceeding CAD 3.7 billion [2], and the 2024 Jasper wildfire, with insured
damages estimated at approximately CAD 1.3 billion [6]. However, these estimates largely
under-represent impacts on water resources and aquatic ecosystems, despite evidence that
wildfire-driven watershed degradation can impose substantial long-term costs through
deteriorated source water quality, loss of ecosystem services, and increased drinking water
treatment requirements [7]. This under-representation highlights a critical knowledge
gap and reinforces the need for integrated assessments of wildfire effects on hydrological
systems, particularly in fire-prone regions, such as Alberta.

Wildfires pose a significant risk to domestic, industrial, and irrigation water supply
in Alberta. Currently, multiple counties repeatedly fall under fire advisories during the
summer months. Having extensive boreal forests, Alberta’s landscape undergoes frequent
and severe wildfires, with a reported 76,800 fires affecting more than 18.1 million hectares
between 1923 and 2023 [8,9]. The annual area burned in Alberta has followed an increasing
trend since 1959, with changing weather patterns contributing to extended periods of
hot and dry conditions, which have further exacerbated the frequency and intensity of
wildfires [10,11]. Historical records also reveal that fire seasons in Alberta are becoming
longer, with more days conducive to fire spread and overnight burning [4,5]. As a result,
wildfires have an increased potential to inflict devastating effects on the water supply in the
forested region of Alberta. A range of water quality impacts arises from wildfire, including
increased sediment, nutrient and pollutant loading, and introduction of contaminants, such
as ash, heavy metals, organics, and pathogens [12–16].

Intense heat from wildfires is also associated with destabilization of soils, leading
to increased erosion and sediment runoff, which contributes to higher turbidity, altered
pH levels, and elevated suspended solids [17–19]. Additionally, wildfires release ash and
particulate matter that can deposit metals, such as copper and iron [20,21], as well as
polycyclic aromatic hydrocarbons (PAHs), that, when stored as sediments and redistributed
by erosion, may act as long-term contamination sources [17,21,22]. Long-lasting effects on
canopy interception, transpiration, and water flow pathways, as well as microbial activity
and nutrient cycling, generally occur, and in the case of high-severity burns, hydropho-
bic soil layers can arise that limit infiltration [23–25]. Developing effective monitoring
strategies to detect and mitigate wildfire-related impacts on water quality and quantity
remains a significant challenge, yet it is essential to predict the trajectories of response
and recovery, which can guide restoration and management efforts. Moreover, main-
taining healthy aquatic ecosystems is fundamental for environmental sustainability, as
these systems support biodiversity, regulate biogeochemical cycles, and provide essential
ecosystem services.

In Alberta, the Southern Rockies Watershed Program (SRWP) has made notable contri-
butions to the understanding of regional wildfire impacts in foothills–prairie watersheds, in-
cluding flow regimes [26], sediment production, source and transport [27,28], groundwater
contributions to streamflow [29], macroinvertebrate community structure [30], watershed
processes and water quality [31,32], and stream pH and temperature variations [33]. At the
outset of this study, our objective was to apply similar methodologies to investigate wildfire
impacts across Alberta’s boreal forest region. The work aimed to leverage archival datasets
collected over two decades through the Regional Aquatics Monitoring Program (RAMP),
which monitored watersheds affected by oil sands development, including appreciable
areas impacted by wildfire. A subset of these monitored lakes included the acid-sensitive
lakes, which were sampled annually to assess potential atmospheric deposition effects.

Relatively few studies have examined wildfire impacts in wetland-rich boreal water-
sheds in Alberta. Accordingly, this study was structured to evaluate wildfire effects within
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RAMP-monitored watersheds by (i) first determining whether wildfire disturbance pro-
duces measurable changes in surface-water quality, sediment chemistry, and hydrological
response, and (ii) subsequently assessing whether these fire-driven responses are distin-
guishable from those associated with other regional stressors. A complementary objective
was to identify the key physical–chemical indicators most sensitive to both immediate and
long-term post-fire disturbance. We tested the hypothesis that wildfire-affected watersheds
exhibit coherent, source-specific shifts in key water and sediment quality parameters and
hydrological behaviour, relative to non-fire-impacted systems. The analysis explicitly evalu-
ated wildfire-driven changes in surface-water quality, sediment chemistry, and hydrological
response, while other wildfire-related processes (e.g., soil hydrophobicity and hillslope
erosion) were treated as contextual mechanisms rather than directly analyzed variables.
This study focused on water quality statistics, PAH source tracking, and hydrologically
derived indicators from long-term archival datasets, enabling the assessment of both im-
mediate and cumulative wildfire effects and supporting improved post-fire monitoring,
ecosystem-condition assessment, and sustainability evaluation.

2. Materials and Methods
2.1. Study Area and Data Acquisition

A 43,000 km2 area was selected for investigation, including portions of 25 watersheds
that were historically monitored under the RAMP in the lower Athabasca River region of
northeastern Alberta (Mackay, Ells, Firebag, Steepbank, Muskeg, Clearwater, Christina,
Hangingstone, Horse River, Big Creek, etc.) (http://www.ramp-alberta.org/RAMP.aspx
(accessed on 20 March 2024)). This boreal region is characterized by a cold continental
climate [34], extensive peatlands [35], glacial lowlands, and incised river valleys [36],
which together create diverse hydrological pathways. Many of these watersheds are
located within or adjacent to active oil sands operations. The boreal lowlands in the lower
Athabasca are naturally prone to wildfire, with peatlands, dry summers, and dense forest
cover contributing to recurrent fire activity across many RAMP watersheds [37]. Historical
provincial wildfire data show repeated burns in the region (Alberta Wildfire Dashboard-
https://experience.arcgis.com/experience/0e45bd0ef9814d5e9ec3f87900a4cfe9 (accessed
on 20 March 2024)), underscoring wildfire as an important driver of hydrological and water
quality change. The full spatial distribution of monitored watersheds, sampling sites, oil
sands development areas, and historical wildfire perimeters in the RAMP area is shown in
Figure 1.

The water quality and sediment quality datasets used in this study were down-
loaded from the RAMP website (https://www.ramp-alberta.org/RAMP.aspx (accessed on
28 March 2024)), which currently provides public access to historical monitoring results,
watershed information, and associated metadata. These data include multi-decadal records
from the RAMP (1997–2016), supplemented with additional river chemistry information
from the Long-Term River Network (LTRN). The RAMP sediment data and records from
the acid-sensitive lakes program were also incorporated to characterize long-term de-
positional and metal chemistry trends. Historical and geospatial wildfire datasets cov-
ering 1931–2023 were obtained from the Government of Alberta wildfire data portal
(https://www.alberta.ca/wildfire-maps-and-data (accessed on 28 March 2024)), providing
the temporal and spatial context required to link wildfire occurrence with observed water
quality and hydrological responses.

Although the RAMP website remains accessible at present, it is an unsupported
legacy platform and will be permanently decommissioned in early 2026, with all program
content—including monitoring databases, watershed pages, and downloadable files—
archived in the Oil Sands Monitoring (OSM) Data Catalogue (https://osmdatacatalog.
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alberta.ca/pubdata/ramp-website (accessed on 20 December 2025)) for long-term public
access. This ensures that readers wishing to verify or access RAMP datasets in the future
will find them preserved within the OSM system.

Figure 1. The study area map showing RAMP watersheds, RAMP, LTRN and acid-sensitive lakes
monitoring locations, oil sands development areas, and historical wildfire perimeters in the lower
Athabasca region of northeastern Alberta.

2.2. Data Processing and Standardization

Water and sediment quality data from the RAMP and the LTRN databases were
compiled and processed before analysis. Data cleaning involved multiple steps to ensure
consistency, accuracy, and comparability across the dataset. One key step was the removal
of values reported as below detection limit (e.g., “<0.01”). These values do not represent
precise quantitative measurements but rather indicate concentrations below the analytical
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detection capability of the instrument. Because this study focused on concentration shifts
and anomalies, assigning a fixed replacement value to these observations could misrepre-
sent true concentrations and introduce artificial variation into the analysis. These records
were therefore excluded. This decision reduces the risk of bias associated with arbitrary
substitution, but it may also limit the representation and interpretation of low-concentration
signals near background levels.

Additionally, when multiple columns representing the same parameter were identified
but reported in different units, these values were standardized to a common unit and
combined into a single dataset. This step was necessary to ensure uniformity across
monitoring locations and to facilitate direct comparisons of water and sediment quality
parameters. Through these preprocessing steps, the dataset was refined and structured
appropriately for subsequent classification and analysis.

2.3. Site Classification

A site classification system was developed for each water and sediment quality moni-
toring location to evaluate potential influences from oil sands-related activities and wildfire.
A 500 m radius buffer was created around each monitoring location as a standardized
spatial and methodological criterion for identifying nearby oil sands-related and wildfire
disturbances. This buffer was intended to capture disturbances immediately adjacent
to each site that could plausibly influence water and sediment quality, particularly for
locations within lakes or large rivers, where a point-based approach alone would not detect
nearby shoreline or land-based stressors. Applying a uniform 500 m buffer provided a con-
sistent and conservative basis for classification while reducing the likelihood of overlooking
proximal disturbances. However, this threshold should be interpreted as an operational
classification criterion rather than a definitive ecological boundary of impact. Geospatial
data from all monitoring locations were combined with fire perimeter datasets and mapped
oil sands project areas to determine the presence of these environmental stressors within
each buffer. Based on this information, monitoring locations were classified into four
distinct categories: reference (R), oil sands (OSs), oil sands and wildfire (OSs&WF), and
wildfire (WF).

Reference sites were those where neither wildfire nor industrial activities were present
within the 500 m buffer, serving as baseline locations and assumed to be unaffected by these
disturbances. Oil sands sites were characterized by the presence of industrial activities
related to oil sands development within the buffer but assumed to have no evidence of
wildfire impacts. The oil sands and wildfire category included sites where both oil sands-
related activities and wildfire disturbances occurred within 500 m of the monitoring location.
Finally, Wildfire sites were those where wildfire activity was documented within the buffer
but assumed to have no industrial development impacts present. This classification system
provided a structured approach to distinguish potential environmental influences on water
and sediment quality across the study area.

Following this classification, wildfire geospatial data were extracted to identify the
year of the fire for each affected monitoring location. This information allowed for a more
detailed assessment of wildfire impacts on water and sediment quality by distinguishing
between pre-fire, active fire, and post-fire conditions. Incorporating temporal wildfire data
enabled a more comprehensive evaluation of potential changes in water and sediment
quality over time in relation to fire events.

2.4. Water and Sediment Quality Data Analysis

To ensure a comprehensive analysis, a subset of parameters was carefully selected
based on an extensive literature review and preliminary data investigations [38]. All
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available parameters in the historical datasets were initially examined using exploratory
plots. Parameters were then prioritized based on (i) relevance identified in the literature,
(ii) sufficient data availability across monitoring locations and time periods, and (iii) ev-
idence from preliminary evaluation that the parameter showed meaningful variation or
response patterns relevant to the study objectives. This selection approach was used to
identify the most informative indicators of potential impacts while reducing bias associated
with sparse or uninformative variables. Different parameters were selected for water and
sediment samples based on their relevance to each matrix. The selected parameters in-
cluded physical–chemical indicators, metals, and PAHs. Specifically, key physical–chemical
parameters, such as dissolved oxygen (DO), phosphorus, total suspended solids (TSSs),
pH, and turbidity were chosen for water quality samples, while calcium, total organic
carbon (TOC), grain size, and moisture were prioritized for sediment samples. Heavy
metals, such as arsenic, cadmium, copper, and zinc, were selected for both matrices, and
PAH compounds, including benzo[a]pyrene, fluoranthene, and pyrene, were included
for both water and sediment samples. This approach aimed to capture the most relevant
indicators of potential impacts while maintaining consistency across the data. The complete
set of parameters considered for water and sediment samples can be visualized in the plots
presented in the results section, with further details available in Table S1.

In order to visualize wildfire impacts, box plots of the selected parameters were
generated based on the site classification. Data from the entire monitoring period were used
for each monitoring location. The box plots represent the distribution of each parameter
across the different site classifications. In the box plots, the central line within the box
indicates the median, the box itself represents the interquartile range (from the 25th to 75th
percentiles), and the whiskers extend to the highest and lowest values within 1.5 times
the interquartile range. Data points outside this range were considered outliers and were
included in the analysis. The y-axis of the box plots was displayed on a logarithmic scale
to better illustrate the variability in the data and ensure that outliers were clearly visible.
While the median provides insight into the long-term impacts potentially associated with
wildfires and industrial activities, outliers may indicate short-term impacts. Therefore, the
frequency of outliers is a critical piece of information for this specific study.

Given that wildfires affected only a short period compared to the overall duration
of the monitoring period, it is likely that the impacts are highly diluted. To address this,
additional box plots were created for monitoring sites, specifically their relationship to
the time elapsed since fire. The data was separated into time before, during, 1 year after,
2 years after, and 3+ years after fire to allow for a more focused analysis of the impact of
wildfire over time.

2.5. Water Quality Sonde Data

To evaluate the potential for the early detection of wildfires through continuous water
quality monitoring, we examined short-term variations in time series data collected using
water quality sondes. The parameters selected for this investigation included dissolved
oxygen, pH, conductivity, and turbidity. Data from two sites were analyzed during a wild-
fire event to assess whether continuous monitoring of these parameters could provide an
early indication of its occurrence. This analysis was limited to two sites because continuous
sonde records were only available for these locations during the wildfire event, and the
results should, therefore, be interpreted as an initial assessment rather than a broadly gen-
eralizable conclusion regarding early wildfire detection. These parameters were specifically
chosen for their sensitivity to changes that often follow wildfire, as well as their ability to
detect disturbances in water quality that may result from wildfire activity. By investigating
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these parameters, we aimed to determine if continuous water quality data could provide
valuable insights for early wildfire detection and monitoring.

The analysis aimed to assess whether changes in commonly measured water quality
parameters could reliably signal the presence of a wildfire, as suggested by previous
studies [18,38]. Building on these previous investigations, we leveraged data from water
quality sondes for continuous monitoring across a large area to evaluate whether such
broad-scale data could effectively detect wildfire-related impacts. This approach not only
supports previous conclusions but also enhances our understanding of how wildfires affect
aquatic ecosystems. With this comprehensive dataset, we have the potential to assess the
accuracy and efficiency of continuous monitoring for large-scale applications, providing
valuable insights for early detection of wildfire impacts.

2.6. PAH Source Tracing

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic compounds that are
composed of two or more aromatic (benzene) rings that are fused together, consisting
solely of carbon and hydrogen atoms. PAHs are generated during wildfires as a result
of the incomplete combustion of organic material, including vegetation, wood, and soil
organic matter. Based on the number of rings present in the compounds, PAHs are classi-
fied into light-molecular-weight PAHs (LMW PAHs; having two or three fused aromatic
rings) and high-molecular-weight PAHs (HMW PAHs; having four or more fused aromatic
rings). This structural distinction impacts the physical characteristics of the PAHs and
can be used to define types of PAH sources. PAH molecules with only cyclic structures
are referred to as ‘Parent PAHs’, and the PAHs with alkyl substituents, such as methyl
and ethyl groups, are referred to as ‘Alkylated PAHs’. PAHs are classified as toxic, per-
sistent, and bioaccumulative contaminants, with exposure linked to adverse reproductive
outcomes, respiratory disorders, cardiotoxicity, immunotoxicity, neurotoxicity, and an in-
creased risk of various cancers, posing significant threats to both human health and the
environment [39–41]. The Canadian Council of Ministers of the Environment (CCME) has a
list of 13 parent PAHs outlined in the water quality guidelines for the protection of aquatic
life [42].

Wildfires are not the only source of PAHs in the environment. Based on their ori-
gin and formation mechanisms, PAHs are categorized as either pyrogenic, petrogenic or
biogenic. Pyrogenic PAHs are generated through high-temperature combustion, incom-
plete combustion, and/or pyrolysis of organic matter under oxygen-deficient or anoxic
conditions. These processes occur in various combustion sources, including fossil fuel
combustion, biomass burning (e.g., wood and wildfires), coal combustion, and volcanic
activity [43]. Petrogenic PAHs are derived from natural hydrocarbon deposits, such as coal,
bitumen sands, crude oil, and natural gas, which have been formed over millions of years
through geological processes. These hydrocarbons undergo thermal maturation under
high-pressure conditions and relatively low-temperature regimes driven by non-intrusive
geothermal heat, resulting in the generation and accumulation of PAHs within sedimentary
deposits [43]. Biogenic PAHs are formed through the degradation of vegetative organic
substances by plants, algae, and microorganisms or during the slow transformation of
organic material in soils by plants and microbes [44–47].

The identification of PAH sources is particularly challenging when multiple inputs of
similar origin contribute to environmental contamination. The diverse anthropogenic and
natural sources of PAHs can be characterized by analyzing their compositional patterns
within sample matrices. Within the region of current investigation, wildfires and oil
sands activities represent the two primary sources of PAHs in the environment. To assess
the impact of wildfire on water resources, it is essential to differentiate between these
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contributing sources. The RAMP and LTRN datasets were analyzed to assess diagnostic
PAH ratios for potential source apportionment through widely used approaches, such as
the application of diagnostic ratios and double-ratio plots to classify samples based on
specific indicator PAHs (investigated in further detail in Section 3.5 [44,48–51].

2.6.1. Relative Concentrations of Parent Versus Alkylated PAHs

The relative distribution of parent versus alkylated PAHs can serve as a useful in-
dicator for distinguishing between pyrogenic and petrogenic PAHs [44,51]. The high
combustion temperatures (such as in wildfires) associated with the generation of pyrogenic
PAHs facilitate the thermal degradation of alkyl side chains, resulting in a lower relative
abundance of alkylated compounds. In contrast, petrogenic PAHs undergo diagenetic and
thermogenic processes over geological time, leading to a higher degree of alkylation.

2.6.2. Diagnostic Ratios

Low-temperature combustion processes result in the formation of LMW PAHs, while
HMW PAHs are produced during high-temperature processes (such as wildfire). At
higher temperatures, the organic carbon produces reactive radicals to form less-alkylated
pyrogenic PAHs, relative to petrogenic PAHs [51,52]. Diagnostic ratios leverage these
differences in the parent versus alkylated PAH distribution patterns and converts it to a
numeric form. Several such diagnostic ratios have been recommended in the existing litera-
ture. In this study, we use the pyrogenic index (PI), ratios of fluoranthene/(fluoranthene +
pyrene) [Fla/(Fla + Pyr)], retene/(retene + chrysene) [Ret/(Ret + Chy)], and a cross-plot of
benzo(a)anthracene/(benzo(a)anthracene + chrysene) versus fluoranthene/(fluoranthene
+ pyrene) [BaA/(BaA + Chy) vs. Fla/(Fla + Pyr)] to distinguish between pyrogenic and
petrogenic sources at RAMP and LTRN sites.

The pyrogenic index (PI) is defined as the ratio of selected 3–6 ring parent PAHs to the
total of 5 target alkylated PAH homologues [51,53,54] and has proven useful for differen-
tiation of pyrogenic and petrogenic PAHs [53,54]. The index leverages these differences
in the parent versus alkylated PAH distribution patterns and converts them to a numeric
form. The PI was calculated in this study using the following equation (abbreviations are
outlined in Table 1):

PI =
(Acy + Ace + Ant + Fla + BaA(+BeP + BghiP + IcdP + DahA)

NaP(1 − 4) + Phen/Ant(1 − 4) + D(1 − 4) + Fl(0 − 4) + Chr(0 − 4)
(1)

The PI typically ranges from 0.8 to 2.0 for pyrogenic sources, whereas significantly
lower values have been reported for petrogenic sources, with <0.01 for crude oils and <0.05
for heavy oils and fuels [51]. This is due to the predominance of HMW PAHs (4–6 ring
compounds) over LMW PAHs (2–3 ring compounds) in pyrogenic sources.

The use of diagnostic PAH ratios for source apportionment between pyrogenic and
petrogenic sources is subject to limitations, as this approach assumes that the relative
proportions of PAH compounds in each source are distinct and that these proportions
remain stable as they are transported through the environment [49,55,56]. Despite these
constraints, diagnostic ratios can provide valuable insight into compositional differences
among PAH sources.

2.7. Hydrological Modelling

Hydrological modelling was used to examine how wildfire disturbance influences
watershed hydrological behaviour by comparing conditions before and after wildfire oc-
currence. Under this paired-scenario framework, pre-fire conditions represent undisturbed
land cover, while post-fire scenarios incorporate wildfire-affected land-cover changes, with
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all other model components held constant to enable direct attribution of hydrological
change to wildfire disturbance. This paired comparison allows wildfire-related changes
in streamflow response to be evaluated independently of other confounding factors, such
as climate variability or model recalibration. Within this context, wildfire impacts are
expected to alter runoff generation processes, leading to measurable changes in hydro-
graph characteristics, such as flow magnitude, timing, and recession behaviour at the event
scale [57–61].

Table 1. List of PAHs and abbreviations used in this manuscript.

PAH Name Abbreviation # Bezene and
Total Rings

Naphthalene NaP 2
C2-Naphthalene NaP2 2
C3-Naphthalene NaP3 2
C4-Naphthalene NaP4 2

Acenaphthalene Acy 2
Acenaphthene Ace 2
Fluorene Fl 2

C1-Fluorene Fl1 2
C2-Fluorene Fl2 2
C3-Fluorene Fl3 2
C4-Fluorene Fl4 2
C1-Dibenzothiophene D1 2
C2-Dibenzothiophene D2 2
C3-Dibenzothiophene D3 2
C4-Dibenzothiophene D4 2

Phenanthrene Phe 3
Anthracene Ant 3

C1-Phenanthrene/anthracene Phe/Ant1 3
C2-Phenanthrene/anthracene Phe/Ant2 3
C3-Phenanthrene/anthracene Phe/Ant3 3
C4-Phenanthrene/anthracene Phe/Ant4 3

Fluoranthene Fla 3
Pyrene Pyr 4

C1-Fluoranthene/pyrene Fla/Pyr1 4
C2-Fluoranthene/pyrene Fla/Pyr2 4
C3-Fluoranthene/pyrene Fla/Pyr3 4

Benz(a)anthracene BaA 4
Chrysene Chr 4

C1-Chrysene Chr1 4
C2-Chrysene Chr2 4
C3-Chrysene Chr3 4
C4-Chrysene Chr4 4

Benzo(b,j,k)fluoranthene BbjkF 4
Benzo[a]pyrene BaP 5
Dibenz(a,h)anthracene DahA 5
Indeno(1,2,3-cd)pyrene IcdP 5
Benzo(g,h,i)perylene BghiP 6

The paired pre- and post-fire scenario framework was implemented with WATFLOO-
D®/CHARM® [62], a distributed rainfall–runoff model in which Grouped Response Units
(GRUs) [63] link hydrological parameters directly to land-cover classes. Because wildfire
impacts are expressed primarily as land-cover change—loss of canopy, altered ground
cover and roughness, reduced interception, and modified shallow storage—these effects
were represented by updating the GRU classes while keeping the hydrological param-
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eters for each GRU class unchanged, thereby avoiding ad hoc retuning and preserving
physical interpretability. This modelling strategy ensures that simulated pre-/post-fire
differences reflect primarily land cover disturbance rather than recalibration effects. The
WATFLOOD®/CHARM® is scalable and computationally efficient, with a long record
of operational use across Canadian basins—such as Manitoba Hydro, Environment and
Climate Change Canada, Parks Canada, and multiple conservation authorities, including
Grey Sauble, Kettle Creek, Saugeen Valley, and Nattawasaga Valley [64]. This pedigree
enables large-domain, scenario-based experiments to run at practical runtimes. Integration
with Green KenueTM [65] provides grid generation, visualization, and routing diagnostics,
making the system well-suited to quantify fire-related hydrologic shifts in a physically
interpretable and spatially explicit manner.

2.7.1. Model Architecture and Implementation

Within WATFLOOD®/CHARM®, a structured workflow was applied in which to-
pography, land cover, and disturbance (fire perimeter) layers were integrated to support
paired pre- and post-fire simulations. Core inputs included a Digital Elevation Model
(DEM) for channel and basin delineation, land-use/land-cover (LULC) products for GRU
definition, and burn-perimeter overlays to construct the pre-fire and post-fire scenario
files. This consistent architectural setup across scenarios supports direct comparison of pre-
and post-fire hydrological behaviour. The Medium Resolution Digital Elevation Model
(MRDEM) [66] provided the terrain framework and guided the extraction of the drainage
network that served as the routing backbone. Channel networks and watershed boundaries
were generated using Green KenueTM, while GRUs were derived from Natural Resources
Canada (NRCan) land-cover products [67,68], ensuring that hydrologic parameters re-
mained explicitly tied to spatially distributed land-surface classes. The model included
nine major types of GRUs: grassland (regeneration–young emergent vegetation), coniferous
forest, deciduous forest, mixed wood forest, shrubland, barren land, connected wetlands,
treed wetlands, and open water. This architecture allowed both scenarios to be executed
under a consistent hydrologic parameterization, ensuring that differences in modelled
behaviour reflected land-cover disturbance rather than parameter drift.

To balance computational efficiency with spatial fidelity, several grid resolutions were
evaluated. A coarse ~10 km (~100 km2 cell area) grid was used initially for rapid domain
screening and some preliminary model runs for familiarization with the domain. A refined
~3 km working grid (~9 km2 cell area) was then adopted for full production runs, with
grid alignment and cell dimensions selected to keep the domain within a manageable
size (~5000 cells). This end-to-end configuration provided a stable, portable modelling
environment in which GRU-based parameters could be transferred consistently across
basins, while enabling clear attribution of hydrologic changes to wildfire-driven land-
cover modification.

2.7.2. Hydrometeorological and Hydrometric Data

Meteorological forcings comprised Regional Deterministic Precipitation Analysis-
Canadian Precipitation Analysis (RDPA–CaPA) [69] precipitation and Regional Determinis-
tic Prediction System (RDPS) one-day-ahead temperature at ~10 km resolution. Historical
Environment and Climate Change Canada (ECCC) station series were reviewed against
these gridded products, but given declining gauge density and the undersampling of
short, intense storms, RDPA/RDPS were adopted as the primary inputs. Streamflow
evaluation drew on Water Survey of Canada (WSC) observations. From the many gauges
in the domain, only ten stations could be used for domain-wide tests on coarse grids
(~10 km), where their modelled drainage areas aligned with WSC contributing-area meta-
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data. To accommodate all WSC gauges, a 3 km grid was required (full station details in
Supplementary Materials Table S2). These observational data provide the basis for model
calibration, validation, and subsequent performance evaluation used to support hydrologi-
cal inference.

2.7.3. Model Parameter Optimization

Model calibration and evaluation were undertaken to ensure that simulated stream-
flow magnitude, timing, and water-balance behaviour were reproduced with acceptable
skill prior to applying the pre-/post-fire scenario analysis. The optimization workflow was
staged, beginning with an initial coarse, rapid, domain-wide screening (Stage 1), followed
by production–grid calibration (Stage 2), then focused sub-domain refinement (Stage 3),
and concluding with a whole-domain run (Stage 4), using narrowly constrained bounds.
This staged approach enabled the early identification of structural and data issues, directed
search effort where it was most effective, and produced a consolidated, transferable pa-
rameter set suitable for simulations across the full calibration period. The initial ~10 km
domain was abandoned as soon as it became apparent that too many WSC gauges would
be unusable. Production calibration on the ∼3 km grid (Stage 2) then applied GRU-aware
optimization, using class-specific diagnostics to progressively narrow parameter ranges.
Spatially coherent biases revealed by these diagnostics motivated targeted sub-domain
calibration across hydrologically similar regions (Stage 3), allowing focused refinement of
runoff generation, storage, snowmelt, recharge, and routing parameters. A final (Stage 4)
consolidation merged transferable sub-domain values and executed a last narrow-bound
optimization run to produce a unified parameter set for the optimization period.

Calibration was performed for 2015–2022 using RDPA–CaPA precipitation and RDPS
temperature as the primary hydrometeorological forcings, with WSC streamflow as the
observational reference. This combination ensured spatially continuous meteorological
inputs and standardized discharge records across the domain. To assess sensitivity to
forcing choice during years with comparatively denser station coverage, supplementary
2015–2018 simulations were also conducted using Regional Deterministic Reanalysis Sys-
tem (RDRS) forcings and ECCC climate station series where available, confirming that the
CaPA–RDPS-driven calibration was not dependent on a single forcing product.

The parameter optimization employed the Dynamically Dimensioned Search (DDS) al-
gorithm [70] within OSTRICH [71], using the Kling–Gupta Efficiency (KGE)
(Equation (2)) [72,73] as the objective function, supported by two complementary
diagnostics—the Nash–Sutcliffe Efficiency (NSE) (Equation (3) [74] and volumetric er-
ror (Dv %) (Equation (4)) [75]—to distinguish timing and variability performance from
long-term water-balance bias.

KGE = 1 −
√
(r − 1)2 + (β − 1)2 + (γ − 1)2 (2)

NSE = 1| − | ∑T
t=1(Qobs,t − Qsim,t)

2

∑T
t=1(Qobs,t − µobs)2

, (3)

Dv(%) =

(
∑T

t=1 Qsim,t − ∑T
t=1 Qobs,t

∑T
t=1 Qobs,t

)
× 100 (4)

r =
∑T

t=1(Qsim,t − Qsim

)(
Qobs,t − Qobs

)√
∑T

t=1(Qsim,t − Qsim)2
√

∑T
t=1(Qobs,t − Qobs)2

, (5)

where
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r(Equation(5)) = Pearson’s linear correlation (Equation (4)) between simulated and
observed streamflow.

β = µsim/µobs: mean (bias) ratio.
γ = (σsim/µsim)/(σobs/µobs): relative variability ratio.
µsim, µobs: mean simulated and observed streamflow.
σsim, σobs: standard deviation of simulated and observed streamflow.
Qsim,t: simulated streamflow at time t.
Qobs,t: observed streamflow at time t.
Qsim, Qobs: mean simulated and observed streamflow over period T.
T: total number of time steps in the calibration period.
Summations ∑T

t=1 represent total simulated or observed discharge accumulated over
the calibration period.

Throughout the workflow, GRU error–area slopes, drainage-area trends in Dv% and
KGE, and hydrograph evaluations ensured that improvements were physically consistent
across land-cover classes and scales. Final parameters were selected based on near-zero
GRU error slopes, preserved or improved KGE without worsening Dv%, and the absence
of station-specific artifacts, with only minor localized adjustments where lake or routing
influences required them. The outcome is a single, transferable calibration suitable for
domain-wide application. These metrics were used to evaluate model performance and
confirm suitability for interpreting wildfire-driven hydrological change.

2.7.4. Wildfire Disturbance Modelling

Wildfire disturbance was evaluated using two configurations in the RAMP watersheds,
including the 2016 Horse River “The Beast” (Fort McMurray) Wildfire (2015 pre-fire; 2020
post-fire, Figure S1), to quantify changes in runoff (surface-water response) and the Baseflow
Index (BFI) (groundwater contribution) [76] as indicators of wildfire effects. The 2020
setup reclassified unrecovered burn areas to “regeneration” GRUs, parameterized with the
model’s grassland settings—lower canopy interception, reduced root-zone storage, and
greater quick flow propensity consistent with early-successional cover—while unburned
areas retained the 2015 parameters. Meteorological forcings and routing were held constant
across scenarios, so only LULC-driven parameters and GRU fractions differed. The BFI
was computed over matched analysis windows as the ratio of grid groundwater outflow to
the total grid outflow to the river (i.e., river flow leaving the grid cell), alongside scenario
comparisons of runoff (Equation (6)).

BFI =
∑T

t=1 Qgw(t)

∑T
t=1 Qtot(t)

(6)

where
Qgw(t): the groundwater outflow from the grid to the river (slow–reservoir/groundwater

discharge) at day t.
Qtot(t): the total river outflow leaving the grid cell at day t(groundwater/baseflow +

quickflow/surface and near-surface contributions).
T: the number of daily time steps in the analysis window.

3. Results and Discussion
3.1. Wildfire Impacts on Water Quality
3.1.1. River Monitoring Locations

Wildfire-affected sites (OSs&WF and WF) exhibit larger bias in the frequency of upper
outliers (values exceeding 1.5 times the interquartile range above Q3) for several physical–
chemical parameters compared to the reference sites (R) (Figure 2A; Table S3). For example,
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OSs&WF locations exhibited 2.1 times more phosphorus upper outliers, and WF sites had
2.4 times more TSS upper outliers. Some outliers were more than two orders of magnitude
higher or lower, particularly for DO, where WF locations had a six times greater number
of lower outliers (values below 1.5 times the interquartile range below Q1) compared to
the reference sites. Turbidity and conductivity followed similar trends, with an increase in
the frequency of upper outliers at wildfire-impacted sites. These patterns indicate greater
variability and a higher occurrence of extreme values at wildfire-affected sites, consistent
with more episodic or short-term responses. In addition, significant increases (>25%) in
the median values for phosphorus, TSSs, and turbidity were observed at these monitoring
locations. In contrast to outlier frequency, these shifts in median values suggest broader
changes in the central tendency of water quality conditions. Together, these results indicate
that wildfire-affected sites differ from reference sites in both the frequency of extreme
observations and the overall distribution of some parameters, although these metrics reflect
different types of environmental response. These findings align with previous studies that
have suggested that while wildfire impacts can be transient for some parameters, others
may be affected for much longer periods [18,38].

Wildfire impacts were also evident in the concentrations of several dissolved metals,
with OSs&WF and WF sites showing increased median values and a higher frequency of
upper outliers compared to the reference sites (R) (Figure 2B; Table S3). This relationship
was particularly pronounced for selenium, nickel, and cadmium, which exhibited the
highest increases in median values. At OSs&WF sites, selenium increased by 2.5 times,
nickel by 1.8 times, and cadmium by 1.8 times compared to the reference sites, with similar
increases at WF sites. Additionally, selenium and nickel showed the most significant rise in
upper outliers, while cadmium, zinc, and lead saw concentrations spiking more than three
orders of magnitude higher than typical levels. These extreme increases in concentration,
coupled with the rise in median values, suggest that wildfires may be associated with
short-term spikes in metal concentrations but may also contribute to more lasting impacts
on river water quality. These findings are consistent with numerous studies reporting
elevated metal concentrations in rivers following wildfires [18,21,22], driven by erosion,
deposition, and the mobilization of contaminants from burned landscapes. Notably, despite
the relatively dilute nature of this dataset, changes in median values were still observed,
indicating that wildfire-related impacts on metal concentrations are detectable and may
persist over time.

Finally, increases in both median concentrations and the frequency of upper outliers
for several PAHs were observed at sites impacted by oil sands extraction and wildfires
compared to the reference sites (Figure 2C; Table S3). The most notable changes were in
chrysene, fluoranthene, and benzo[a]pyrene, which showed some of the highest increases
in both medians and upper outlier frequencies. At OSs&WF sites, chrysene concentrations
were over 2.5 times higher than the reference sites, fluoranthene was nearly 1.5 times
higher, and benzo[a]pyrene increased by approximately 1.6 times. Alongside these shifts in
medians, the number of upper outliers for several PAHs rose significantly at both OSs&WF
and WF sites. For instance, chrysene had more than 2 times the number of upper outliers
at WF sites compared to the reference sites, with retene, fluoranthene, and pyrene also
showing very elevated outlier frequencies at OSs&WF and WF sites. This increase in both
medians and outliers suggests that wildfires, alongside oil sands extraction, contribute
to both immediate spikes and potentially lasting changes in PAHs concentrations. These
results align with previous studies that report elevated PAH levels in aquatic systems
after wildfires, due to factors that control the transport of metals [21,22]. Accordingly, the
observed shifts in PAH concentrations are consistent with wildfire-related and industrial
influences, including their possible combined effects, rather than wildfire effects alone.
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Figure 2. Box plots showing the distribution of physical–chemical parameters, metals, and PAHs
for water samples, categorized by site classification (R = reference, OSs = oil sands, OSs&WF = oil
sands and wildfire, and WF = wildfire). The central line indicates the median, the box represents
the interquartile range, and the whiskers extend to values within 1.5 times the interquartile range.
Outliers are shown as data points outside this range. The y-axis is on a logarithmic scale, and the
PAH guideline values are indicated by the red dashed line (when available).
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3.1.2. Acid-Sensitive Lakes Monitoring Locations

Samples from acid-sensitive lakes were limited in the number of parameters measured
compared to river monitoring sites. While river samples included PAH data, lake samples
lacked this information, and a smaller number of physical–chemical parameters and metals
were evaluated. Additionally, no monitoring site had both OSs and WF influence at the
same time (OSs&WF), so the analysis was limited to three classes. Despite these constraints,
some trends observed in the acid-sensitive lakes were similar to those found in the river
samples (Figure S2A).

In acid-sensitive lakes impacted by wildfires, significant changes were observed in
both physical–chemical parameters and metal concentrations compared to reference sites
(Figure S2; Table S7). Physical–chemical parameters showed notable increases, with conduc-
tivity at WF sites being nearly 2 times higher than at the reference sites, and pH increasing
by about 1.1 times at WF locations. Turbidity at WF sites was also about 1.2 times higher
compared to the reference sites, suggesting that wildfires exacerbate sediment mobilization
in the vicinity of these locations. Additionally, phosphate and TSSs exhibited moderate
changes in median values, and both showed an increased frequency of upper outliers at WF
sites. These shifts in water quality are consistent with similar patterns observed in river sam-
ples, suggesting that lakes, like rivers, experience both immediate and lasting disturbances
from wildfires.

For metals, although median concentrations did not differ significantly between
impacted and reference sites, there was a marked increase in the frequency of upper
outliers for several metals at both the OSs and WF sites (Figure S2B; Table S7). For example,
dissolved aluminum at the WF monitoring locations showed 7.6 times the number of upper
outliers compared to the reference sites, while vanadium exhibited more than 12 times as
many upper outliers. Nickel concentrations at the WF sites were 1.25 times higher, but
again, the significant shift was in the frequency of outliers. Overall, dissolved metals in
acid-sensitive lakes showed slightly lower median concentrations compared to reference
sites. However, the substantial increase in the frequency of upper outliers indicates notable
short-term spikes in dissolved metal concentrations, especially at the WF sites. Despite the
lack of significant shifts in median concentrations for most metals, the increased frequency
of upper outliers suggests that wildfire may be associated with episodic metal mobilization
in these areas, leading to short-term spikes in dissolved metal concentrations rather than a
broad shift in overall concentrations.

3.2. Wildfire Impacts on Sediment Quality

Significant decreases were observed in the median values for calcium, TOC, TIC,
moisture, and clay content in sediment samples collected at the wildfire-affected sites
compared to the reference sites (Figure 3A; Table S4). For example, calcium levels were
more than 5 times lower at both the WF sites compared to the R sites. TOC and moisture
content also exhibited notable reductions, with TOC at the WF and OSs&WF sites being
more than 1.5 times smaller than at the R sites, and the moisture content reduced by more
than 1.2 times compared to the WF sites. These reductions suggest that erosion may be
occurring at these locations, likely driven by wildfire-induced disturbances. The loss of
calcium and organic matter, alongside decreases in clay content (up to 2 times), may reflect
soil degradation and increased mobilization of sediment, possibly linked to enhanced
runoff and soil instability following the wildfires. In contrast, potassium levels remained
relatively stable throughout the sampling periods, with a slight decrease in median at both
the WF and OSs&WF sites compared to the R sites, indicating its concentration was less
influenced by long-term wildfire impacts compared to other parameters. Other studies have
also indicated that wildfire disturbances can lead to significant changes in soil properties,
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with increases in erosion and mobilization of finer particles contributing to changes in soil
chemistry, physical properties, and water infiltration rates [17,38,77,78].

 

Figure 3. Box plots showing the distribution of physical–chemical parameters, metals, and
PAHs for sediment samples, categorized by site classification (R = reference, OSs = oil sands,
OSs&WF = oil sands and wildfire, and WF = wildfire). The central line indicates the median, the box
represents the interquartile range, and the whiskers extend to values within 1.5 times the interquartile
range. Outliers are shown as data points outside this range. The y-axis is on a logarithmic scale.
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The wildfire-impacted sites exhibited significant decreases in the median concentra-
tions of several metals in sediment samples, with all analyzed metals showing lower levels
compared to the reference sites (Figure 3B; Table S4). The most substantial declines were
observed for chromium, cobalt, copper, lead, nickel, and zinc. For example, chromium
concentrations at both the WF and OSs&WF sites were more than 2 times lower than at
the R sites, and zinc concentrations were approximately 1.2 times smaller at the wildfire-
impacted sites compared to the R sites. The sharp reductions in these metals suggest that
wildfire events may have altered sediment composition, potentially due to the removal of
finer, metal-rich particles through erosion or the reduced deposition of metal-containing
organic matter from burned landscapes. As highlighted in other research, wildfires are
often associated with increased erosion and changes in the transport of metals from the
soil zone, potentially leading to significant changes in metal concentrations in the soil
zone [21,79]. The decrease in outlier frequency for most metals compared to water samples
further reinforces the idea that post-wildfire conditions have led to a more uniform and
depleted metal profile in sediments.

The concentrations of PAHs in sediment samples also showed a significant decline
at wildfire-affected sites compared to reference locations (Figure 3C; Table S4). The
most pronounced reductions were observed for chrysene, pyrene, fluoranthene, and
benzo[a]anthracene, with their median values at both the WF and OSs&WF sites being up
to 6 times lower than at the R sites. For example, chrysene concentrations at the WF sites
were more than 5 times lower than at the R sites, and pyrene levels were approximately
3 times lower. Similarly, retene, a PAH commonly linked to wildfire combustion, showed
fluctuating concentrations but ultimately exhibited a downward trend at both the WF
and OSs&WF sites. The overall reduction in PAH levels, coupled with the decrease in the
frequency of upper outliers, suggests that the wildfire event influenced sediment concen-
trations, leading to lower levels at wildfire-impacted sites. Studies have indicated that
wildfires can result in a temporary increase in PAHs in both water and sediment [21,80],
but changes in runoff and erosion processes can also lower these contaminant levels in
sediments over time [81].

3.3. Temporal Water and Sediment Quality Variability in Wildfire-Affected Sites

The responses observed for water and sediment samples following wildfire events
were generally opposite in nature, with increases in dissolved metals and PAHs in water
samples, while sediment samples exhibited initial increases but long-term decreases in most
of these compounds over time (Figures 4 and 5; Tables S5 and S6). To better understand
the source, transport, and fate of these contaminants, box plots were generated to visualize
parameter distributions at various time points: before the fire, during the fire, one year after
(A1), two years after (A2), and three or more years after the fire (A3+). These visualizations
provide insight into the temporal variability in compound concentrations and highlight the
contrasting trends between water and sediment in wildfire-impacted areas.

In surface water samples, significant temporal variations were observed for multiple
physical–chemical parameters, metals, and PAHs, following patterns reported in previous
studies (Figure 4A–C; Table S5; [19,21,38]). Immediately after the fire, notable increases
occurred in the median concentrations of several parameters, including phosphorus, TSSs,
and turbidity. Additionally, elevated levels of metals such as aluminum, cobalt, and lead
were detected within one to two years post-fire. For instance, phosphorus median con-
centrations were 1.1 times higher during the fire compared to pre-fire levels, while TSSs
and turbidity increased by 1.1 and 1.4 times, respectively. These results indicate measur-
able post-fire increases in several water quality parameters. These observed patterns are
consistent with the enhanced mobilization of fine sediments and associated contaminants,
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potentially linked to increased runoff and erosion following wildfires. PAH concentrations
also exhibited a distinct temporal pattern, with compounds such as retene, pyrene, and
fluoranthene increasing significantly during and up to two years after the wildfire. Retene,
a well-known biomarker of wildfire combustion, more than doubled in concentration
during the wildfire and remained elevated for 2+ years. Despite these increases, PAH
concentrations remained below established guidelines, indicating that while wildfires can
cause substantial short-term impacts, long-term effects (beyond three years) were less
evident in this dataset and may reflect reduced runoff and natural attenuation processes.

In contrast, sediment samples exhibited different temporal patterns, particularly in
the years following the wildfire (Figure 5A–C; Table S6). While several metals and PAHs
showed short-term increases immediately after the wildfire, their concentrations declined as
early as one-year post-fire. For example, aluminum and lead concentrations were elevated
immediately following the fire but gradually decreased over subsequent years. Similarly,
PAH concentrations in sediments followed a comparable trend, with a marked decline
after the initial post-fire period. This pattern suggests that although wildfires contribute to
short-term increases in metals and PAHs in sediments, these compounds appear to be less
persistent over time, likely due to increased erosion and the burial of surface contaminants.
Increased erosion and the transport of metals and PAHs following wildfires have also
been documented in previous studies [17,38,77,78]. Changes in sediment composition also
reflected these shifts, with an initial increase in finer particles, such as clay and silt, while
sand content decreased. This suggests that post-fire erosion processes play a key role in
redistributing contaminants, leading to their transport to rivers and lakes.

The contrasting trends between water and sediment quality samples underscore the
complexity of wildfire impacts on aquatic ecosystems. While water quality is immediately
affected by elevated concentrations of metals and PAHs due to increased runoff and erosion,
these contaminants are gradually diluted, settled, or removed through natural attenuation
processes. In contrast, sediments initially act as a temporary sink for wildfire-derived
contaminants, accumulating metals and PAHs in the short term. However, long-term
trends indicate a decline in sediment concentrations, likely due to continuous erosion, re-
suspension, and deposition processes that redistribute these compounds downstream. The
observed decrease in sediment contamination over time suggests that, although wildfires
introduce a substantial influx of pollutants into aquatic environments, natural hydrody-
namic and geochemical processes contribute to their eventual dispersal and burial. These
findings highlight the importance of long-term monitoring of both water and sediment
compartments to fully understand wildfire-driven contaminant fate and transport. Addi-
tionally, they emphasize the need for targeted monitoring strategies to mitigate immediate
post-fire water quality degradation and address potential sediment-associated contaminant
risks in affected watersheds.

3.4. Contaminant Transport Model: Water vs. Sediment

Based on the responses observed in both water and sediment quality data, increased
runoff and erosion are interpreted as likely important mechanisms influencing the transport
of contaminants. The rise in metals and PAHs in water samples, alongside the long-term
decrease of these compounds in sediment samples, is consistent with an interpretation in
which contaminants are mobilized from the soil into rivers during and after the wildfire
event. In this study, water chemistry data provided evidence of temporal changes in
dissolved and particulate-associated contaminants, while sediment data helped identify
longer-term shifts in depositional conditions and contaminant storage. PAH patterns
further supported wildfire-related inputs, and the sonde data provided higher-frequency
observations of short-term water quality responses during wildfire events. Together, these
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datasets support an integrated interpretation of contaminant transport and fate across
environmental compartments. Figures 4 and 5 support this interpretation, showing clear
temporal trends in both water and sediment quality that align with the expected effects
of increased runoff. While PAHs are indeed produced during wildfires, they likely do
not remain in the soil for long due to erosion and runoff, which transport them into river
systems. This dynamic is further reinforced by the observed decrease in clay and silt
content at sediment monitoring locations affected by wildfires, supporting the hypothesis
of increased erosion in these areas.

These findings align with previous studies that have documented similar trends in
wildfire-impacted areas [12,15,50–52], further supporting this interpretation of contaminant
transport and fate. However, it is important to acknowledge that this study was conducted
at a regional scale, and data may be diluted due to the broad spatial and temporal scope of
the analysis. Despite these challenges, the overall trends remain consistent with findings
from more localized studies, strengthening the interpretation of wildfire effects across a
larger geographical area.

Additionally, monitoring locations affected by both industrial activities and wildfires
exhibited the most pronounced impacts, consistent with data indicating that wildfire
occurrence can exacerbate erosion in these locations. Increased erosion may facilitate the
mobilization of PAHs and metals from the soil that would otherwise remain in place,
allowing these contaminants to enter rivers and lakes more readily. These patterns are
consistent with an important influence of wildfires on sediment and water quality. While the
impact on water quality appears to diminish over time, with contaminant levels returning
closer to baseline after approximately three years, the effects on sediment quality persist.
Even after three years, sediment samples continue to show evidence of wildfire-related
contamination, suggesting that the long-term effects on soils may be more enduring than
those on water quality.

The conceptual model below illustrates the transport of PAHs and metals, which
increase in the immediate aftermath of a wildfire and are subsequently transported to rivers
via runoff and erosion. This model is intended as a synthesis of the patterns observed
across the different datasets and summarizes the inferred sources, transport pathways,
and likely fate of these contaminants over time (Figure 6). It is important to note that
while these regional trends were observed, site-specific factors may lead to variations in
response, underscoring the complexity of wildfire impacts on both water and sediment
quality. Hence, the observed patterns in this investigation suggest that distinguishing
between wildfire and industrial contributions is crucial, as their combined presence leads
to more pronounced contamination signals. Box plots of water and sediment quality
monitoring locations indicate greater variability in both metal and PAH concentrations
when wildfires and industrial activities co-occurred. This underscores the need to clearly
separate wildfire-derived and anthropogenic sources to better assess their individual and
combined impacts, which will be explored in the following section.

3.5. Differentiating Wildfire vs. Industrial Impacts

Within the region of investigation, wildfires and oil sands activities represent the two
primary sources of PAHs in the environment. The RAMP and LTRN datasets were analyzed
for these source apportionments through the following techniques.
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Figure 4. Box plots showing the distribution of physical–chemical parameters, metals, and PAHs for water
samples from wildfire-affected sites, categorized by temporal variation: before (B), during (D), one year
after (A1), two years after (A2), and three or more years after the fire (A3+). The central line indicates the
median, the box represents the interquartile range, and the whiskers extend to values within 1.5 times the
interquartile range. Outliers are shown as data points outside this range. The y-axis is on a logarithmic
scale, and PAH guideline values are indicated by the red dashed line (when available).
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Figure 5. Box plots showing the distribution of physical–chemical parameters, metals, and PAHs for
sediment samples from wildfire-affected sites, categorized by temporal variation: before (B), during
(D), one year after (A1), two years after (A2), and three or more years after the fire (A3+). The central
line indicates the median, the box represents the interquartile range, and the whiskers extend to
values within 1.5 times the interquartile range. Outliers are shown as data points outside this range.
The y-axis is on a logarithmic scale.
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Figure 6. A conceptual model synthesizing observed patterns and inferred pathways for the transport
and fate of polycyclic aromatic hydrocarbons (PAHs) and metals in water and sediment following a
wildfire. Blue arrows represent run-off and groundwater recharge, red arrows represent transport of
PAHs, and yellow arrows represent mobilization of metals.

3.5.1. Relative Concentrations of Parent Versus Alkylated PAHs

The ratios of parent and alkylated PAHs were determined relative to the total
PAHs present in the water and sediment samples, based on both the spatial (Figure 7;
Tables S8 and S9) and temporal characterization (Figure 8; Tables S10 and S11). Elevated
temperatures associated with the wildfire promote thermal degradation of alkyl side
chains, resulting in a lower relative abundance of alkylated compounds compared to parent
PAHs [44,51]. Consequently, spatial and site characterization could show a higher relative
concentration of parent PAHs in both the water and sediment matrices at sites exclusively
impacted by wildfire (WF), compared to sites influenced by oil sands (OSs) or a combination
of oil sands and wildfire (OSs and WF). This trend was more pronounced in the sediments
phase, where the WF sites exhibited median parent-to-total PAHs ratios 1.46 to 2.22 times
higher than those sites impacted by OSs and OSs&WF, respectively. In the water phase,
the median parent-to-total PAHs ratios were found to be 1.48 to 1.83 times greater than
those observed at sites impacted by OSs and OSs&WF, respectively. Median parent-to-total
PAHs ratios at the WF sites were comparable to those at the reference sites, likely a result
of the cumulative data from multiple wildfire-impacted sites with burn histories spanning
several weeks to multiple months prior to sampling.

Temporal trends in parent and alkylated PAHs in the water matrix showed a decline
in the median values immediately following the fire, followed by a gradual increase in sub-
sequent years. Based on the observations described in Section 3.3, median values of parent
PAHs in the sediment matrix were expected to show a slight increase immediately after
the fire, followed by a decline in the years thereafter. However, the median values of the
alkylated PAHs in the sediment matrix remained relatively stable during and after the fire
period. The absence of a pronounced increase in parent PAHs relative to alkylated PAHs
can be attributed to the elevated concentrations of certain alkylated PAHs that are also asso-
ciated with wildfire inputs, including retene, 1-methylnaphthalene, 2-methylnaphthalene,
2-methyl-phenanthrene, and 2-methyl-anthracene [48]. In addition, volatilization of some
PAHs during combustion may further influence the relative proportions of parent and alky-
lated PAHs [48,82]. Collectively, these observations indicate that these bulk comparisons of
parent and alkylated PAHs alone are insufficient to reliably distinguish between pyrogenic
and petrogenic PAH sources.
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Figure 7. Box plots showing the distribution of the ratio of parent/total PAHs and alkylated/total
PAHs for (A) river and (B) sediment samples, categorized by site classification (R = reference,
OSs = oil sands, OSs&WF = oil sands and wildfire, and WF = wildfire). The central line indicates
the median, the box represents the interquartile range, and the whiskers extend to values within
1.5 times the interquartile range. Outliers are shown as data points outside this range.

Figure 8. Box plots showing the distribution of the ratio of parent/total PAHs and alkylated/total
PAHs for (A) river and (B) sediment samples from the wildfire-affected sites, categorized by temporal
variation: before (B), during (D), one year after (A1), two years after (A2), and three or more years
after the fire (A3+). The central line indicates the median, the box represents the interquartile range,
and the whiskers extend to values within 1.5 times the interquartile range. Outliers are shown as
data points outside this range.
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3.5.2. Diagnostic Ratios

i. Pyrogenic Index

The pyrogenic index (PI) was calculated for the river and sediment samples for both
the spatial characterization (Figure 9; Tables S8 and S9) and temporal characterization
(Figure 10; Tables S10 and S11) datasets. Reported PI values typically range from 0.8 to 2
for pyrogenic sources, with substantially lower values associated with petrogenic inputs,
including <0.01 for crude oils and <0.05 for heavy oils [51,53,54]. Elevated temperatures
associated with pyrogenic processes promote thermal degradation of alkyl side chains,
resulting in a higher relative abundance of parent PAHs, and consequently, higher PI
values. In contrast, the extensive alkylation produced during low-temperature thermogenic
processes over a geological time scale leads to lower PI values for petrogenic PAHs.

Figure 9. Box plots showing the distribution of the pyrogenic ratios for (A) river and (B) sediment
samples, categorized by site classification (R = reference, OSs = oil sands, OSs&WF = oil sands and
wildfire, and WF = wildfire). The central line indicates the median, the box represents the interquartile
range, and the whiskers extend to values within 1.5 times the interquartile range. Outliers are shown
as data points outside this range.

Figure 10. Box plots showing the distribution of the pyrogenic ratios for (A) river and (B) sediment
samples from the wildfire-affected sites, categorized by temporal variation: before (B), during (D),
one year after (A1), two years after (A2), and three or more years after the fire (A3+). The central line
indicates the median, the box represents the interquartile range, and the whiskers extend to values
within 1.5 times the interquartile range. Outliers are shown as data points outside this range.

These expected trends were observed in both the water and sediment phases within
the spatial characterization dataset. The median PI values at the WF-impacted sites were
1.49 to 1.6 times higher than those at sites impacted by OSs and OSs&WF, respectively. This
response was more pronounced in the sediment matrix, where the median PI values at
the WF sites were 1.47 to 2.62 times higher than those observed at the OSs and OSs&WF,
respectively (Figure 9). Consistent with the trends observed for the relative proportions of
parent and alkylated PAHs, the PI values did not exhibit any clear temporal patterns and
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could not independently differentiate between pyrogenic and petrogenic PAHs sources
within the temporal dataset (Figure 10).

ii. PAH Ratios

In this study, diagnostic PAHs ratios, including of fluoranthene/(fluoranthene +
pyrene) [Fla/(Fla + Pyr)], retene/(retene + chrysene) [Ret/(Ret + Chy)], and cross-plot of
benzo(a)anthracene/(benzo(a)anthracene + chrysene) versus fluoranthene/(fluoranthene
+ pyrene) [BaA/(BaA + Chy) vs. Fla/(Fla + Pyr)] were used to distinguish be-
tween petrogenic and pyrogenic PAH sources (Figures 11 and 12). The application
of these ratios for source apportionment is well supported in the literature [83,84].
Fla/(Fla + Pyr) values below 0.4 are typically associated with a petrogenic source, values
between 0.4–0.5 with petroleum combustion, and values greater than 0.5 with a coal or
softwood combustion source (Figure 11) [83,84]. Similarly, Ret/(Ret + Chy) values between
0.15–0.50 are indicative of petroleum combustion, values between 0.30–0.45 correspond to
coal combustion, and values between 0.83–0.96 are characteristic of softwood combustion
sources (Figure 11) [83,84].

Figure 11. Box plots showing the diagnostic ratios of fluoranthene/(fluoranthene + pyrene) and
retene/(retene + chrysene) for (A) river and (B) sediment samples, categorized by site classification
(R = reference, OSs = oil sands, OSs&WF = oil sands and wildfire, and WF = wildfire). The central
line indicates the median, the box represents the interquartile range, and the whiskers extend to
values within 1.5 times the interquartile range. Outliers are shown as data points outside this range.
Dashed horizontal lines indicate the reference threshold values for interpreting the diagnostic ratios
and distinguishing among potential PAH sources.

In the water matrix, both Fla/(Fla + Pyr) and Ret/(Ret + Chy) ratios were higher at
the WF-impacted sites compared to the sites influenced by OSs and OSs&WF, with median
values ranging from 1.2 to 1.4 times higher (Figure 11; Table S8). This effect was more
pronounced in the sediment matrix, where the median values at the WF-impacted sites
were 1.2 to 1.7 times higher than those observed at the OSs and OSs&WF sites (Table S9).
The response of Fla/(Fla + Pyr) ratios at the WF-impacted sites was generally similar to
that observed at reference sites, indicating no clear wildfire-specific signal. In contrast,
Ret/(Ret + Chy) ratios exhibited a more distinct response relative to reference conditions,
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with median values approximately 1.1 times higher at wildfire sites, further supporting
the utility of retene as a biomarker of wildfire influence [48]. The temporal trends in the
diagnostic PAH ratios generally mirrored those observed for individual PAH compounds
(Section 3.3), with increasing ratios in the water matrix following wildfire events and
initial post-fire increases, followed by long-term decline in the sediment matrix (Figure 12;
Tables S10 and S11).

Figure 12. Box plots showing the diagnostic ratios of fluoranthene/(fluoranthene + pyrene) and
retene/(retene + chrysene) for (A) river and (B) sediment samples from the wildfire-affected sites,
categorized by temporal variation: before (B), during (D), one year after (A1), two years after
(A2), and three or more years after the fire (A3+). The central line indicates the median, the box
represents the interquartile range, and the whiskers extend to values within 1.5 times the interquartile
range. Outliers are shown as data points outside this range. Dashed horizontal lines indicate the
reference threshold values for interpreting the diagnostic ratios and distinguishing among potential
PAH sources.

iii. PAH Cross-plots

The bivariate relationship between benzo(a)anthracene/(benzo(a)anthracene + chry-
sene) versus fluoranthene/(fluoranthene + pyrene) [BaA/(BaA + Chy) vs. Fla/(Fla + Pyr)]
has been widely applied to differentiate between petrogenic and pyrogenic sources,
including petroleum contamination and petroleum combustion versus wood combus-
tion [83,85,86]. In this study, all water and sediment samples were plotted on the BaA/(BaA
+ Chy) vs. Fla/(Fla + Pyr) cross-plot (Figure 13). The reference (R), oil sands (OSs), oil sands
and wildfire (OSs&WF), and wildfire (WF) sites were distributed across the three source
domains, with no clear separation among site categories.

This lack of clear clustering may be attributed to the broad spatial and temporal scope
of the dataset, which reduced the discriminatory power of this diagnostic approach in the
present application. The dataset integrates samples collected from the wildfire-impacted
sites spanning monitoring intervals, ranging from several weeks to multiple years, meaning
that immediate short-term post-fire responses may not have been consistently captured. As
a result, pyrogenic signatures associated with wildfire inputs may have been progressively
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missed and attenuated over time, and further reduced by dilution effects, leading to the
diffused and overlapping distribution of data points observed in Figure 13.

Figure 13. Scatter plots showing the diagnostic ratios of benzo(a)anthracene/(benzo(a)anthracene
+ chrysene) versus fluoranthene/(fluoranthene + pyrene) for (A) river and (B) sediment samples,
categorized by site classification. Green, yellow, orange, and red circles represent reference (R), oil
sands (OSs), oil sands and wildfire (OSs & WF), and wildfire (WF) sites, respectively.

Based on these findings, effective differentiation between pyrogenic (wildfire-
derived) versus petrogenic (oil sands-derived) PAH sources requires the combined
application of multiple diagnostic ratios rather than reliance on a single ratio or
cross-plot [44,48–51,53–56]. Furthermore, concurrent sampling of both the sediment and
water matrices is essential for understanding the transport and fate of PAHs in the aquatic
environment. PAHs preferentially adsorb onto suspended sediments, where they can
persist for extended periods in the particulate form. As these contaminated particulates
are transported through the watershed, PAHs may re-partition into the dissolved phase,
thereby influencing surface water quality, as well as hydraulically connected groundwater
systems downstream of the burned area [87–89].

3.6. Hydrological Impacts of Wildfires
3.6.1. Model Performance, Parameter Transferability, and Forcing Sensitivity

Domain-wide calibration on the working ~3 km grid produced stable performance
after screening resolved drainage-area inconsistencies and GRU mask issues. KGE im-
proved while volumetric error trends flattened (Figure S3) with increasing class frac-
tion, indicating physically coherent behaviour at scale and consistent routing once map
corrections were applied. These outcomes followed the staged DDS optimization de-
scribed in the Methods Section (coarse screening → production calibration → sub-domain
refinement → consolidated run) and were corroborated using WSC hydrograph evalua-
tions, where local misfits diminished downstream as expected for a transferable parameter
set. The final configuration used a single consolidated parameterization across 2015–2022
that preserves class-based physical meaning, with only minor localized adjustments where
lake or channel influences required them.

GRU-linked runoff generation parameters demonstrated strong transferability across
basins (Table S12), which is essential for wildfire attribution in this study because it en-
sures that scenario differences arise from land-cover change rather than parameter drift.
Parameters optimized in the Clearwater River (dominated by the mapped “grass”/early-
successional cover) transferred effectively to the Christina River with only light routing
tweaks, whereas the Muskeg–Steepbank sub-domain required targeted refinement of
recharge and snowmelt terms for wetland-rich and conifer/mixedwood classes due to
stronger storage and cold-season controls (Table S12). The Athabasca mainstem, which
lacks full upstream coverage in the model domain, was retained primarily for timing
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diagnostics rather than mass–balance evaluation; this pragmatic treatment maintained
routing continuity without confounding the class-based calibration.

Hydrometeorological forcing sensitivity was the dominant external uncertainty rele-
vant to wildfire impact magnitude. Calibrations driven by RDPA–CaPA precipitation with
RDPS one-day-ahead temperature produced consistent behaviour across the domain and
served as the baseline for scenario work, while comparative tests with RDRS yielded sub-
stantially higher simulated volumes in independent basins (e.g., Black River and Firebag
River over 2015–2018), underscoring that forcing choice can inflate or dampen post-fire
runoff signals. Ongoing attrition of conventional ECCC climate stations within the RAMP
domain, where more than a dozen long-record stations operating between 1980 and 2022
have declined to only three remaining in recent years, further reduces confidence in cap-
turing short-duration, high-intensity precipitation events, meaning that some high peaks
and high-volume events are likely missed simply because no station recorded them. Conse-
quently, even gridded forcing products, such as RDRS, inherit this observational gap, and
wildfire scenario envelopes must therefore be interpreted in parallel with forcing-ensemble
sensitivity to reflect this growing data-sparsity-driven uncertainty.

3.6.2. Wildfire Effects on Runoff Partitioning and Watershed-Scale Hydrologic Response

Runoff increased following wildfire, with post-fire configurations producing con-
sistently larger storm-integrated responses than the pre-fire baseline (Figure 14). Al-
though only the Clearwater, Christina, and Steepbank rivers mainly experienced wildfire
disturbance—and the burned portions of these basins represent relatively small fractions
of their total gauged areas (Figure S1D)—the 8-year hydrograph volumes still show an
increase in basin-integrated runoff. Using the mean annual precipitation of ~500 mm and
the pre-fire runoff of ~150 mm, the post-fire period yields an additional ~80 mm of runoff
over eight years (approximately ~10 mm yr−1), where about 30% of the watershed area was
burned. Against this quantitative backdrop, the modelled hydrographs (Figure 15) also
show clear qualitative differences: the post-fire traces separate from the baseline during
rainfall and melt events, and post-fire configurations produce more pronounced responses
during peak input periods, amounting to roughly a ten-percent increase in storm-integrated
runoff under comparable forcing. Together, these results indicate that while only modest
outlet-scale changes are expected in basins where the burned fraction is limited, wildfire
still produces a detectable basin-integrated increase in runoff proportional to the extent
of disturbance.

The Baseflow Index (BFI) maps demonstrate a coherent reorganization of runoff
pathways from groundwater-dominated (slow-flow) to event-dominated (quick-flow) con-
ditions following wildfire. In the pre-fire BFI map (Figure 16a), areas with a higher BFI
identify stronger groundwater discharge zones and longer subsurface residence times,
consistent with a hydrologic regime buffered by storage and sustained drainage. In the
post-fire BFI map (Figure 16b), the BFI decreases are concentrated in burn-affected grids,
signalling reduced recharge to and drainage from the saturated zone, along with a larger
share of near-surface runoff reaching channels. The magnitude of the BFI decline covaries
with the spatial footprint of regeneration and burn severity proxies, where canopy loss
and soil surface alteration diminish interception and infiltration, shorten travel times, and
increase the frequency and persistence of shallow flow paths. In contrast, wetlands and
riparian complexes mute BFI changes by preserving local storage and hydraulic connec-
tion to the groundwater system. Together, Figure 16a,b indicate that wildfire shifts the
pathway balance toward shallower, faster responses, aligning with the post-fire increase in
storm-integrated runoff shown in Figure 14.
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Figure 14. Relationship between burned area fraction and runoff increase (mean ± 1 SD).

Figure 15. Hydrographs comparing baseline and post-fire response during representative events.
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(a) 

 
(b) 

Figure 16. Spatial distribution of the BFI before (a) and after (b) wildfire, with the circled region
indicating the approximate area affected by the 2016 Horse River (“The Beast”) Fire.

The basin-integrated BFI time series corroborates these spatial patterns by revealing a
systematic temporal reduction in baseflow contribution after the fire (Figure 17). During
rainfall and melt events, the post-fire BFI trace diverges downward from the baseline,
demonstrating that a smaller proportion of total flow is sourced from groundwater when
the catchment is disturbed. The divergence is most pronounced during high-intensity
precipitation and rapid melt episodes, when diminished infiltration and amplified near-
surface connectivity expedite translation of inputs to channelized flow. Between events,
BFI recovery is incomplete: although values rise as the system relaxes toward background
conditions, they do not return to pre-fire levels over the observation window. This partial
recovery implies persistent depletion or decoupling of subsurface storage, likely driven
by a combination of altered soil structure, reduced macropore effectiveness, and ongo-
ing vegetation recovery dynamics that maintain higher event efficiencies relative to the
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baseline. The temporal signature, therefore, provides process-level evidence that wildfire
reduces the slow-flow fraction while elevating the quick-flow share of the hydrograph, in
agreement with the spatial redistribution of the BFI and the elevated event runoff volumes
noted above.

Figure 17. Change in baseflow index (BFI) as a function of burned area fraction (mean ± 1 SD).

Hydrographs (Figure 15) from representative events integrate these partitioning
changes into the observable flow response at the outlet. Post-fire hydrographs exhibit
steeper rising limbs and higher, sharper peaks than the baseline for comparable meteorolog-
ical inputs, reproducing the combined effects of lower infiltration capacity, greater overland
and near-surface connectivity, and shorter hillslope travel times. Recession segments are
correspondingly curtailed, with more rapid declines toward low flow once inputs cease,
reflecting reduced groundwater sustenance and diminished drainage from intermediate
storage elements. The timing of peak occurrence is advanced relative to the baseline, and
the post-fire hydrograph volume during events is larger, consistent with the approximate
ten percent increase in storm-integrated runoff and the indicated reduction in infiltration
after the burn. In turn, the attenuated recession supports the basin-integrated BFI evidence
of a lasting reduction in slow-flow support between events. The concurrence of these
features—greater event efficiency and peak magnitudes, accelerated response timing, and
weaker recessions—demonstrates that wildfire reorganizes watershed function from a
mixed groundwater–surface water regime toward one dominated by rapid, shallow path-
ways. This integrated behaviour is anticipated by the runoff comparison in Figure 14 and
the spatial and temporal BFI responses in Figures 16 and 17, and is further supported by
the observations of higher peaks (Figure 15).
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Collectively, the four figures provide a consistent, mechanistic narrative of post-fire
hydrologic transformation. The fire reduces infiltration capacity and deep percolation,
increases the fraction of incident water routed along shallow pathways, and elevates
event efficiency, which yields higher and faster peaks and a diminished contribution
from groundwater during and after storms. The spatial localization of the BFI decline in
burn-affected grids demonstrates that these changes are process-consistent and tied to
the disturbance footprint, while the temporal BFI record and hydrographs show that the
functional impacts persist beyond individual events and are evident at the watershed scale.
In sum, wildfire shifts runoff partitioning from slow-flow dominance toward quick-flow
dominance, and accelerates watershed-scale hydrologic response, producing larger, peakier
events and weakened baseflow support in the post-fire regime

3.6.3. Implications for Wildfire Impact Attribution

The initial modelling experiments confirm that the WATFLOOD®/CHARM® frame-
work is well-suited for attributing wildfire-driven hydrologic change across the RAMP
domain. Consistent performance across multiple grid resolutions demonstrates that the
consolidated parameter set is broadly transferable and can be applied at varying spatial
scales without loss of fidelity. Paired scenario simulations show clear wildfire impacts:
post-fire landscapes produced roughly 10% more total runoff, generated higher and more
responsive peak flows, and exhibited reduced infiltration due to canopy loss, diminished
interception, altered near-surface hydraulic properties, and the formation of hydrophobic
soil layers that limit infiltration and enhance overland connectivity. These changes indicate
a systematic shift in watershed flow partitioning toward surface and near-surface path-
ways, providing a mechanistic explanation for increased event flashiness and associated
sediment and water quality responses. Collectively, these results establish a strong basis
for domain-wide disturbance simulations and support the use of GRU-based distributed
hydrologic modelling for wildfire impact assessment and cumulative-effects monitoring.

3.6.4. Limitations, Uncertainties, and Future Work

Several structural and data-related limitations were identified during model devel-
opment. Anomalously high simulated stream flows in the Mackay and Muskeg rivers
were traced to mis-specified wetland storage and conductivity parameters; correcting
these resolved inflated runoff and underscored the model’s sensitivity to wetland rep-
resentation in flat, storage-rich terrain. The initial land-cover dataset also lacked burn
and regeneration classes, limiting disturbance representation, which was addressed by
constructing paired pre-fire and post-fire LULC layers; although WATFLOOD® can swap
land-cover maps dynamically, new code may be needed to initialize classes that appear
mid-simulation, whereas class removal is already supported. Grid construction introduced
further uncertainty: several cells exhibited “frac = 0” due to latitude–longitude distor-
tions and automated drainage-area assignment that followed lowest elevations rather than
channels, requiring targeted correction to maintain coherent routing. Because the upper
Athabasca basin lies outside the domain, upstream inflows cannot be simulated, but the
mainstem was retained for routing continuity, with flows inserted only where gauges exist,
which is sufficient at the 3 km working resolution. Finally, hydrometeorological uncertainty
remains a key limitation: while RDPA–CaPA with RDPS produced stable calibrations,
RDRS generated substantially larger volumes in independent basins, and declining ECCC
station density across the domain reduces confidence in peak-flow depiction, particularly
for short-duration convective rainfall.
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As well, during the 8-year calibration period, regeneration of the fire-affected area
was obviously occurring, so the calibration must be seen as an approximation—i.e., it is
not a hydrological calibration for a point in time. However, even with this limitation, the
distinction between the before and after fire modelling results is quite clear.

Future work will generate naturalized flow simulations to establish an undisturbed
baseline against which landscape disturbances, especially wildfire, can be quantified across
space and time. Building on this hydrologic foundation, we will extend the framework
to post-fire sediment dynamics (e.g., adapting WATFLOOD® sediment/tracer capabili-
ties) [90] and pathogen transport [91], enabling evaluation of how changes in vegetation,
soil stability, hydrophobicity, and runoff pathways influence erosion, contaminant mobility,
and water quality risk under increasing wildfire frequency and severity. These enhance-
ments, together with continued refinement of burned and regenerating land-cover inputs
and multi-forcing ensembles, will strengthen attribution and cumulative-effects assessment
across the RAMP region.

3.7. Key Parameters for Monitoring Wildfire Impact
3.7.1. Continuous Monitoring of Physical Parameters

While the available data from the long-term monitoring network did not allow for
a detailed evaluation of dissolved oxygen and pH responses, conductivity and turbidity
emerged as key early indicators of wildfire activity. At the RIF monitoring location, shifts
in conductivity and turbidity were detected shortly after the wildfire began, reflecting im-
mediate changes in water quality likely linked to the wildfire (Figure 18). In contrast, at the
HHR location, these changes took longer to appear, suggesting a delayed response in water
quality impacts at this site (Figure 18). These differences highlight the spatial variability in
wildfire effects and the need for both short- and long-term monitoring strategies to capture
the full spectrum of wildfire impacts.

Figure 18. Time series of dissolved oxygen, pH, conductivity, and turbidity for two monitoring
locations (HHR-1 and RIFF-10), with the red line indicating the date of the wildfire in the region.

These findings reinforce the value of continuous monitoring of key parameters, such
as conductivity, turbidity, and dissolved oxygen. Previous studies have emphasized that
continuous monitoring using water quality sondes can provide critical early indicators of
wildfire-related impacts, allowing for a quicker response to evaluate both short-term and
long-term changes in water quality [18,38]. Continuous monitoring offers high-resolution
data, which can help identify impacted areas and provide a comprehensive understanding
of trends, including deviations from baseline conditions, particularly in remote locations
where traditional monitoring efforts may be limited.
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Although the available dataset was limited, the clear differences in responses at the
two monitoring locations underscore the importance of integrating both short-term and
long-term monitoring efforts. By deploying sondes at key monitoring locations, researchers
can gain insight into wildfire-driven changes in aquatic systems and monitor these changes
over extended periods. This approach has the potential to improve decision-making,
inform monitoring programs, and strengthen efforts to mitigate the impacts of wildfires on
aquatic ecosystems.

3.7.2. Monitoring of Water Quality Parameters

Metals, such as arsenic, cadmium, and lead, pose significant risks to aquatic sys-
tems due to their toxicity, persistence, and potential for bioaccumulation in aquatic
organisms [92–94]. Even at low concentrations, metals can disrupt aquatic ecosystems
by altering water chemistry, impeding the growth and reproduction of aquatic plants
and animals, and entering the food chain, where they can accumulate in higher trophic
levels [95,96]. Additionally, metals can bind to sediment particles, where they may remain
for extended periods. The cumulative impact of metal contamination can lead to long-term
impacts, underscoring the need for consistent monitoring and mitigation efforts to manage
metal concentrations in wildfire-impacted water bodies.

As indicated by previous investigations [18,21,38] and this study, measuring dissolved
metal concentrations in surface water is crucial for evaluating the long-term impacts as-
sociated with wildfires. While some wildfire-related contaminants decrease over time,
we observed that metals remained detectable in surface water for several years after the
fire event. This suggests that metals can persist in the aquatic environment, potentially
affecting water quality over extended periods. By monitoring metal concentrations, we
can better understand the persistence and transport of these contaminants, which is es-
sential for assessing long-term impacts on both water and sediment quality. Long-term
tracking of metals can provide valuable insights into the cumulative effects of wildfires,
helping to ensure that monitoring strategies are in place to protect aquatic ecosystems from
prolonged contamination.

While metals are important for evaluating long-term wildfire impacts, periodic mon-
itoring of physical–chemical parameters is a valuable tool for identifying early signs of
wildfire impacts and assessing potential effects. Parameters such as conductivity, turbidity,
temperature, dissolved oxygen, and pH can respond rapidly to fire-related changes in
watershed conditions, offering early indications of potential impacts before longer-term
contaminant trends become evident. Consequently, both continuous monitoring and peri-
odic sampling are important components of effective monitoring programs. Continuous
measurements allow for the detection of short-term fluctuations and transient events,
whereas periodic sampling provides more comprehensive insights into longer-term water
quality responses. Together, these approaches support a more comprehensive assessment
of wildfire impacts across multiple timescales.

In addition to these indicators, PAHs represent another critical water quality parameter
essential for evaluating the impact of wildfires on aquatic systems. The compounds are
toxic, persistent, and bioaccumulative contaminants, posing significant threats to both
human health and the environment. Although wildfires represent an important source of
PAHs in the environment, the fate of these compounds is governed by a range of physical,
chemical, and biological natural attenuation processes, including biodegradation, dilution,
dispersion, sorption, volatilization, and photochemical degradation [97–100].
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Biodegradation represents one of the primary pathways for PAH attenuation and is
strongly influenced by microbial community composition, pH, oxygen availability, temper-
ature and nutrient levels. A variety of microorganisms, including bacteria, archaea, algae,
and fungi, are capable of metabolizing PAHs by transforming them into simpler, less toxic
compounds [99,101,102]. Following wildfire events, PAHs are predominantly associated
with soil and sediment particulates, which limit their immediate bioavailability in the aque-
ous phase. As erosion and transport processes redistribute these particulates away from
the source area, PAH concentrations become progressively dispersed and diluted over time.
Due to their lipophilic nature and low aqueous solubility, only a fraction of PAHs partitions
into the water phase. Once dissolved, PAHs may undergo photodegradation through
the absorption of solar radiation, potentially producing less toxic degradation products.
In the subsurface environment, volatilization losses may occur within the vadose zone,
particularly for LMW 2–3 ring PAH compounds, such as naphthalene, further contributing
to attenuation.

Despite the effectiveness of these natural attenuation mechanisms, even short-term
elevations in PAH concentrations can result in significant and persistent risks to exposed
organisms and populations. Consequently, a comprehensive understanding of the temporal
dynamics governing PAH attenuation processes is essential for accurately characterizing
wildfire-derived PAH inputs into aquatic systems. This knowledge is critical for effective
field investigations aimed at assessing the impact of wildfire on water resources. Field
program should prioritize sampling of both sediment and water matrices within the first
0–6 months following a wildfire in order to capture immediate post-fire changes in PAH
composition [21,85]. Sampling during the 6 months to 2 years post-fire intervals is also
necessary to evaluate the persistence and relative contribution of HMW PAHs, which
degrade more slowly and can remain for extended periods.

4. Conclusions
This study demonstrates that wildfires are a significant driver of change in boreal

watersheds, influencing water quality, sediment characteristics, and watershed hydrology.
Across RAMP watersheds, wildfire disturbance consistently altered both the physical and
chemical transport pathways that control how contaminants move through the environ-
ment. These shifts reaffirm that wildfire is not only an ecological disturbance but also a
significant modifier of water resource condition and aquatic ecosystem resilience.

A key finding is that water and sediment reflect different aspects of wildfire dis-
turbance. While water quality reflects the rapid mobilization of materials from burned
landscapes, sediment provides insight into longer-term alterations in soil composition,
particle redistribution, and infiltration rates. Together, these compartments reveal a linked
system in which post-fire erosion, runoff, and soil destabilization act as primary mech-
anisms for transporting both natural and anthropogenic contaminants. This highlights
the importance of integrating water and sediment monitoring when assessing cumulative
wildfire impacts.

PAH compositional patterns and diagnostic ratios further show that wildfire imparts a
discernible chemical signature on the landscape. However, differentiating wildfire-derived
contaminants from those associated with industrial activities requires careful spatial and
temporal interpretation, particularly in regions influenced by multiple, interacting stressors.
PAHs, therefore, remain valuable indicators of source inputs, but their interpretation is
most robust when integrated with complementary sedimentological, hydrological, and
historical land disturbance data.
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Hydrological modelling indicates that wildfire transforms the way watersheds par-
tition water between infiltration, runoff, and streamflow, underscoring that hydrologi-
cal change is a key component of cumulative effects. These changes reinforce the need
to consider both quality and quantity in post-fire assessments, especially in regions
where water supply, ecosystem services, and industrial operations depend on stable
hydrologic behaviour.

Reflecting on our overall investigation, we can advise that a coordinated, multi-
disciplinary monitoring approach is essential for detecting early signs of wildfire dis-
turbance, understanding ecosystem recovery, and distinguishing fire effects from other
regional stressors. Strengthening partnerships among agencies, researchers, Indigenous
communities, and industry will support more consistent and cohesive data collection and in-
terpretation. Integrating fire-related parameters—such as burn severity metrics, ash-related
indicators, continuous water quality sensors, and targeted contaminant analyses—into
existing monitoring networks will enhance the ability to track watershed responses.

Future efforts must also include focused assessments of shallow groundwater systems
with strong surface–groundwater interactions, which remain understudied yet are likely
sensitive to post-fire changes in infiltration, runoff partitioning, subsurface flow path-
ways, and associated contaminant transport processes. Building directly on the findings
of this study, ongoing follow-up initiatives expand wildfire impact assessments beyond
surface water to include targeted field investigations, multiyear monitoring, and coupled
surface–groundwater modelling across multiple Alberta watersheds. In parallel, advances
in water quality monitoring technologies—such as electrochemical sensors and ultrasensi-
tive nanoscale platforms—offer promising opportunities to complement established field
and continuous monitoring approaches by improving sensitivity and temporal resolution
for detecting wildfire-related contaminants as these technologies become more field de-
ployable. Collectively, these efforts aim to validate the conceptual pathways identified here,
quantify groundwater vulnerability and recharge responses to wildfire, and develop pre-
dictive tools and indicators that can be applied in watershed planning, post-fire response,
and long-term resource management. Together, these coordinated actions can support im-
proved early warning capacity, cumulative effects assessment, and science-based decision-
making and could contribute to long-term water resource sustainability in Alberta’s
wildfire-prone landscapes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18083771/s1, Figure S1: A spatial depiction of pre-fire con-
ditions, burn extent, post-fire regeneration, and watershed context for the 2016 Horse River (“The
Beast”) Wildfire across the RAMP domain in Green Kenue™ interface, where panel (A) shows the
2015 pre-fire land-cover conditions, panel (B) illustrates the extent of the 2016 Horse River Wildfire
with grey shading indicating the burned area, panel (C) presents the 2020 post-fire landscape with
light-green regeneration zones dominated by early-successional grass cover, and panel (D) displays
the combined map of the 2016 Horse River burn perimeter together with the RAMP watershed
boundaries to highlight spatial interactions between wildfire disturbance and watershed structure;
Figure S2: Box plots showing the distribution of physical–chemical parameters and metals for acid-
sensitive lake water samples, categorized by site classification (R = reference, OSs = oil sands, and
WF = wildfire). The central line indicates the median, the box represents the interquartile range,
and the whiskers extend to values within 1.5 times the interquartile range. Outliers are shown as
data points outside this range. The y-axis is on a logarithmic scale; Figure S3: The GRU-specific
volumetric error (Dv%) as a function of GRU fractions across the calibrated 3 km domain; Table
S1: List of parameters considered for water and sediment quality data; Table S2: WSC stream-
flow stations considered for domain-wide coarse-grid testing and targeted sub-domain calibration;
Table S3: Summary of water quality parameters across the site classes. The median val-
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ues are reported for each parameter, along with the number of upper outliers (UOs, val-
ues exceeding 1.5× the interquartile range above Q3) and lower outliers (LOs, values below
1.5× the interquartile range below Q1). All metals are reported in mg/L and PAHs in ng/L;
Table S4: A summary of sediment quality parameters across the site classes. The median values
are reported for each parameter, along with the number of upper outliers (UOs, values exceeding
1.5× the interquartile range above Q3) and lower outliers (LOs, values below 1.5× the interquartile
range below Q1). All metals and PAHs are reported in mg/kg; Table S5: A summary of water quality
parameters for water samples from the wildfire-affected sites, categorized by temporal variation:
before (B), during (D), one year after (A1), two years after (A2), and three or more years after the fire
(A3+). The median values are reported for each parameter, along with the number of upper outliers
(UOs, values exceeding 1.5× the interquartile range above Q3) and lower outliers (LOs, values
below 1.5× the interquartile range below Q1). All metals are reported in mg/L and PAHs in ng/L;
Table S6: A summary of sediment quality parameters for sediment samples from the wildfire-affected
sites, categorized by temporal variation: before (B), during (D), one year after (A1), two years af-
ter (A2), and three or more years after the fire (A3+). The median values are reported for each
parameter, along with the number of upper outliers (UOs, values exceeding 1.5× the interquartile
range above Q3) and lower outliers (LOs, values below 1.5× the interquartile range below Q1). All
metals and PAHs are reported in mg/kg; Table S7: A summary of water quality parameters from
acid-sensitive lakes quality data. The median values are reported for each parameter, along with
the number of upper outliers (UOs, values exceeding 1.5× the interquartile range above Q3) and
lower outliers (LOs, values below 1.5× the interquartile range below Q1). All metals are reported
in mg/L; Table S8: Summary of the PAHs ratios across the site classes for water samples. The
median values are reported for each parameter, along with the number of upper outliers (UOs,
values exceeding 1.5× the interquartile range above Q3) and lower outliers (LOs, values below
1.5× the interquartile range below Q1); Table S9: A summary of PAH ratios across the site classes
for sediment samples. The median values are reported for each parameter, along with the number
of upper outliers (UOs, values exceeding 1.5× the interquartile range above Q3) and lower outliers
(LOs, values below 1.5× the interquartile range below Q1); Table S10: A summary of PAH ratios
for water samples from the wildfire-affected sites, categorized by temporal variation: before (B),
during (D), one year after (A1), two years after (A2), and three or more years after the fire (A3+).
The median values are reported for each parameter, along with the number of upper outliers (UOs,
values exceeding 1.5× the interquartile range above Q3) and lower outliers (LOs, values below
1.5× the interquartile range below Q1); Table S11: A summary of PAH ratios across for sediment
samples from the wildfire-affected sites, categorized by temporal variation: before (B), during (D),
one year after (A1), two years after (A2), and three or more years after the fire (A3+). The median
values are reported for each parameter, along with the number of upper outliers (UOs, values ex-
ceeding 1.5× the interquartile range above Q3) and lower outliers (LOs, values below 1.5× the
interquartile range below Q1); Table S12: Model performance metrics across hydrometric stations and
domain configurations.
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Abbreviations
The following abbreviations are used in this manuscript:

PAHs Polycyclic Aromatic Hydrocarbons
SRWP Southern Rockies Watershed Program
RAMP Regional Aquatics Monitoring Program
LTRN Long-Term River Network
OSM Oil Sands Monitoring
DO Dissolved Oxygen
TSSs Total Suspended Solids
TOC Total Organic Carbon
LMW PAHs Light-Molecular Weight PAHs
HMW PAHs High-Molecular Weight PAHs
CCME Canadian Council of Ministers of the Environment
PI Pyrogenic Index
GRUs Grouped Response Units
LULC Land-Use/Land-Cover
MRDEM Medium Resolution Digital Elevation Model
NRCan Natural Resources Canada
RDPA–CaPA Regional Deterministic Precipitation Analysis–Canadian Precipitation Analysis
RDPS Regional Deterministic Prediction System
ECCC Environment and Climate Change Canada
WSC Water Survey of Canada
RDRS Regional Deterministic Reanalysis System
DDS Dynamically Dimensioned Search
KGE Kling–Gupta Efficiency
NSE Nash–Sutcliffe Efficiency
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