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A B S T R A C T

Increasing temperatures and irregular precipitation associated with climate change, along with increasing fre-
quency and severity of wildfires, contribute to increased downstream transport of sediment and total organic
carbon (TOC), with potential impacts on aquatic ecosystem structure and resilience, recreational use of water
bodies, and downstream drinking water treatment. Our study aimed to investigate the effects of both climate
change and wildfires on water budget, sediment, and organic carbon by simulating the response of sub-catch-
ments and in-stream processes to changes in future climate and wildfire scenarios. To achieve this, we applied a
physical process-based hydrologic model, where an in-stream Organic Carbon Simulation Module was embedded
within the Soil and Water Assessment Tool (SWAT-OCSM), to the Elbow River watershed in Alberta, Canada.
Post-wildfire conditions of both moderate and high burn severities were replicated in the model within two burn
perimeters to assess in-stream organic carbon processes related to particulate organic carbon (POC) and dis-
solved organic carbon (DOC) as state variables under changing climate. Results of the climate change scenarios
indicated lower streamflow relative to the baseline period (1995–2014), particularly between May–August, with
25.3–46.9% less water in the near future (2015–2034) compared to 9.9–31.8% less water in the distant future
(2043–2062). Sediment concentrations generally decreased, whereas TOC concentrations increased, in both the
near future and distant future scenarios reflecting uncertainty in climate effects on water quality. Wildfire si-
mulations compounded with climate change significantly changed local hydrology, increasing surface runoff,
sediment, and TOC transport by over 500% in some study sub-catchments. However, at the watershed outlet,
sediment yields only increased up to 6.5% and TOC yields increased up to 13.1%. Burn severity invoked a
stronger watershed response than burn area, and greater relative changes were observed for wildfires occurring
with the worst-case climate change scenarios. This study provided a strong basis for analyzing watershed re-
sponses to potential future wildfires. However, recommendations are provided for further model developments
to account for wildfire consequences and feedbacks with hydrological and biogeochemical processes.

1. Introduction

Climate change has increased the frequency, size, and severity of
natural disturbance events such as wildfires, droughts, storms, and pest
and pathogen outbreaks that drive hydrological processes and influence
water quantity and quality (Seidl et al., 2017; Mahat et al., 2016; IPCC,
2013; Wang et al., 2015). In particular, the combination of hotter
summers with higher frequencies of droughts and thunderstorms has
favored the ignition of wildfires (Flannigan et al., 2005; Marlon et al.,
2012), and their severity and frequency are projected to continue in-
creasing (Coogan et al., 2019; Flannigan et al., 2005). Aggressive
wildfire suppression in many parts of the world, including Western
North America, has led to increased connectivity of fuel sources, thus

increasing the risk of extensive and destructive burn events (Marlon
et al., 2012; Willmore and Jensen, 1960). Such events have incurred
millions of dollars in firefighting costs, as well as potential costs related
to post-fire hydrologic and water quality concerns (Kulig et al., 2009).

Understanding the compound impacts of wildfires and climate
change on hydrological processes and water quality constituents, such
as organic carbon (OC), is crucial for informing effective land and water
management decisions. The quantity and quality of source water sup-
plies in many regions of the world are potentially vulnerable to cata-
strophic wildfire (Robinne et al., 2019) and climate change, and in most
regions there is a lack of knowledge about physical and biogeochemical
processes driving risks associated with these compounded events
(Hallema et al., 2018; Robinne et al., 2019; Emelko et al., 2011). Some
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wildfires can affect hydrological processes by reducing canopy inter-
ception, decreasing evapotranspiration, and changing soil hydraulic
properties, which results in decreased groundwater recharge, higher
soil water content, greater peak flows and annual water yields (Ebel and
Moody, 2017; Hallema et al., 2018; Townsend and Douglas, 2004). The
loss of vegetation also exposes soils to forces exerted by precipitation,
increasing the potential for erosion, sediment transport to streams, and
debris flows (Gartner et al., 2008; Robichaud et al., 2016; Silins et al.,
2009). Such effects can increase the delivery of water quality con-
stituents, such as sediment and nutrients (i.e., OC, phosphorus, and
nitrogen), to streams in both the dissolved (Rhoades et al., 2019) and
particulate forms (Rust et al., 2018). For instance, suspended sediments
(Cawley et al., 2018; Shakesby et al., 2015) and in-stream OC can in-
crease following wildfires, and the dissolved fraction of OC is particu-
larly challenging to remove from drinking water (Hohner et al., 2017).
Organic carbon is a key water quality indicator due to its ability to
transport heavy metals and organic contaminants, as well as support
bacteria and biofilms (Fischer et al., 2002; Laudon et al., 2012). Often,
high severity wildfires consume soil organic matter (Plaza-Álvarez
et al., 2018; Smith et al., 2011), leaving mixed layers of ash (Smith
et al., 2011) and other incomplete combustion products, such as char-
coal and charred biomass, which contain OC in the form of pyrogenic
carbon (PyC) (Abney et al., 2019). As well, alluvial deposits and in-
creased suspended solid levels can facilitate dissolution of particulate
organic matter attached to solid particles (Cawley et al., 2018; Cotrufo
et al., 2016; Writer et al., 2012). However, the magnitude and longevity
of effects to wildfire generally remain uncertain, especially if fires were
to coincide with climate change.

A comprehensive representation of physical and biogeochemical
processes (e.g., hydrologic and nutrient cycles and dynamics from ter-
restrial to water bodies) at the watershed scale is key for quantifying
the impacts and reducing the potential risks associated with wildfires
and climate change. Many researchers have applied hydrological
models to assess watershed responses to climate change, land cover
changes, disturbances, and extreme weather events, by analyzing re-
lative changes in water quantity or quality parameters (Larsen et al.,
2011; Malagó et al., 2017; Shrestha and Wang, 2018). Lumped, re-
gression models may be useful in those rare instances when data is
available both before and after discrete disturbance events, like wild-
fires (Rodríguez-Jeangros et al., 2018; Yu et al., 2019). However, even
then, model application may be limited to establishing site-specific
empirical relationships (e.g., Rodríguez-Jeangros et al., 2018; Yu et al.,
2019), which lack representation of the dynamical biogeochemical
processes and often fail to accurately predic the impacts. Therefore, it is
often not possible to use such models to predict changes at the wa-
tershed scale under changing climate or land cover. Comparatively,
physical process-based models have a distinct advantage in their ap-
plicability to develop and test “what if” scenarios to project expected
changes in water quantity and quality to future climate change, extreme
weather events, or discrete disturbance events such as wildfires. These
models have been widely used in the past decade for simulation of
erosion and in-stream sediment, nitrogen, and phosphorus (e.g., Malagó
et al., 2017; Shrestha and Wang, 2018), but lacked adequate re-
presentation of OC processes. Moreover, the majority of existing models
are capable of simulating either the cycling and dynamics of nutrients
in the terrestrial environment (Son et al., 2019; Iravani et al., 2019) or
in the aquatic environment (e.g., Lessels et al., 2015), but generally lack
the ability to model connections between terrestrial and aquatic eco-
systems at a watershed scale.

The Soil and Water Assessment Tool (SWAT) is a semi-distributed
and process-based hydrologic and water quality model that is capable
of simulating both landscape and in-stream processes related to hy-
drology, in addition to plant growth, and sediment and nutrient (i.e.,
nitrogen (N) and phosphorus (P)) cycling, loading, and transport
(Arnold and Fohrer, 2005; Neitsch et al., 2011). As such, SWAT has
been extensively used for water quantity or quality studies across

watersheds (e.g., Azari et al., 2017; Faramarzi et al., 2009, 2017;
Gassman et al., 2010; Havel et al., 2018; Hernandez et al., 2018;
Krysanova and White, 2015; Morán-Tejeda et al., 2015; Rodrigues
et al., 2019; Worku et al., 2017). However, the majority of these studies
have addressed changes in hydrological processes, erosion (Dutta and
Sen, 2018; Wu et al., 2018), sediment transport (Fabre et al., 2019),
nitrogen and phosphorus transport and cycling due to climate change or
land management practices (Kemanian et al., 2011; Moriasi et al.,
2015), organic carbon (Jepsen et al., 2019; Ozturk et al., 2018), and
stream temperature (Ficklin et al., 2012; Giles et al., 2019) without
centering on the post-wildfire impacts on hydrologic and biogeo-
chemical processes. Comparatively, there have been limited studies
addressing the effects of discrete disturbance events, such as wildfires,
on both water quantity and quality. Nonetheless, a considerable dis-
connection is perceived among these studies, since most of them are
either centered on hydrological water quantity or water quality pro-
cesses. Havel et al. (2018) used a SWAT model to simulate the hydro-
logic response to the 2012 High Park and Hewlett wildfires in Colorado,
projecting increases in total annual runoff volumes and corresponding
decreases in subsurface flow. In another study, Hernandez et al. (2018)
used SWAT to provide evidence for a substantial increase in median
annual streamflow in ten watersheds affected by wildfire in the
Northern US Rocky Mountains, but did not evaluate water quality ef-
fects. Similarly, Rodrigues et al. (2019) found that larger prescribed
burn simulations increased streamflow and considerably reduced
aquifer storage in a tropical Brazilian watershed. Morán-Tejeda et al.
(2015) combined climate change and land cover scenarios for a
mountainous watershed in Spain, and found that overall water yield
decreased from 2021 to 2050 compared to 1961–1990, particularly in
spring and summer months. In general, the majority of model-based
studies have projected increases in surface runoff and streamflow due to
wildfire scenarios and decreases associated with reforestation scenarios.

Given the rapidly shifting wildfire and climate regimes in many
regions along with the lack of modeling efforts attempting to project the
range of likely hydrologic effects, the objectives of our study were to
develop process-based hydrological models to assess the effects of
wildfires, compounded with climate change, on catchment-scale water
quantity and key water quality parameters (e.g., sediment, OC). In spite
of a broad application of the SWAT hydrologic model for water quality
simulations at a watershed scale, current OC modeling in SWAT lacks
processes associated with OC fate and transport in the streams and
water bodies, therefore, making it improper for a comprehensive ter-
restrial-in-stream water quality analysis. There are several recent stu-
dies with a focus to improve the capability of the standard SWAT model
in OC simulation (Fabre et al., 2019; Jepsen et al., 2019; Kemanian
et al., 2011). Zhang et al. (2013) revised the soil OC CENTURY model,
initially developed by Parton and Rasmussen (1994), and incorporated
it as a new module called SWAT-C. This module improved simulation of
soil organic matter residue processes such as decomposition and
land–atmosphere carbon exchanges, thereby expanding the applic-
ability of the model to climate change, and carbon sequestration and
emission studies only in the land phase and yet lacking the in-stream
processes (Zhang et al., 2013). Given these limitations of models in
simulating OC dynamics, Du et al. (2020) recently developed the SWAT
Organic Carbon Simulation Module (SWAT-OCSM), which can suc-
cessfully simulate OC transport by erosion and runoff, in-stream OC
processes such as transformation and reaction, and OC loading at the
watershed scale. Thus, we developed an improved modeling framework
to assess watershed responses to climate change and potential wildfires,
and identified key processes that may influence future water quantity
and quality at a high spatial and temporal resolution. To achieve this
goal, our specific objectives were to (1) simulate hydrologic processes
that drive streamflow, sediment yield, and organic carbon using an
enhanced SWAT model (i.e., SWAT-OCSM, Du et al., 2020) while
considering spatiotemporal dynamics of both terrestrial (i.e., soil) and
in-stream processes at a watershed scale; (2) examine impacts of future
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climate change scenarios, and simulate spatiotemporal variation of
hydrological and water quality responses (i.e., sediment and OC); and
(3) quantify long-term impacts of compounded wildfire and climate
change on hydrologic processes as well as sediment and organic carbon
loads and transport. To accomplish our objectives we focused our
modeling efforts on the Elbow River (ER) watershed of southern Al-
berta, Canada. The ER watershed is characterized by heterogeneous
soil, land use, and geospatial conditions, as well as cold region hy-
drology (e.g., Pomeroy et al., 2007) and has also been exposed to his-
torical wildfires. Moreover, there was a unique long-term water quan-
tity and quality dataset available in the study watershed, making it a
suitable study area for model calibration and validation.

2. Materials and methods

2.1. Study area

The Elbow River (ER) is located in the montane and Rocky
Mountain foothills region of southwest Alberta, Canada (Fig. 1). The
headwaters originate in the mountains (3,205 m elevation) and flow
east through boreal foothills forests (Fig. 1c). In the lower reaches of the
watershed, the river flows through Aspen Parkland, which is flatter and
has greater anthropogenic influence in the form of agriculture, pastures,
and suburban residences. The lowest reach of our study area was the
mouth of the Glenmore Reservoir (1,039 m elevation), which is the
primary source of drinking water for 40% of the city of Calgary’s 1.3
million people (Fig. 1b).

The regional climate is semi-arid with an average annual pre-
cipitation of 608 mm, with the Rocky Mountains (Fig. 1a) receiving

approximately 750 mm of annual precipitation compared to approxi-
mately 350 mm in Calgary. The hydrology of the ER watershed is
complex, as the watershed spans diverse landscapes where abrupt
weather changes are common due to the influence of the Rocky
Mountains (Fig. 1). Annual peak streamflow in the Elbow River gen-
erally occurs in June, coinciding with both peak snowmelt and spring
rainfall. At Sarcee Bridge, near the watershed outlet, annual peak flows
are approximately 30.1 m3/s. Comparatively, the lowest flows (i.e.,
baseflow) occur in February each year at 2.2 m3/s at Sarcee Bridge,
which is primarily sourced from groundwater (Farjad et al., 2016). In
the ER watershed, the distribution of vegetation is highly correlated
with soil type (Fig. 1c, d), and details about soil properties are found in
Table 1.

Wildfire is an important natural disturbance agent in the province of
Alberta, influencing the structure of vegetation types within natural
sub-regions (Cumming, 2001; Rogeau et al., 2016). The mean annual
area burned in Alberta from 1961 to July of 2019 was 168,436 ha, with
10 of the 20 years with the highest burned area occurring since 2000
(Alberta Wildfire, 2019). Specific to our study, the Rocky Mountain
region encompasses 7.4% of the area of Alberta, but has accounted for
12.6% of the annual area burned over the past ~ 60 years. Wildfires in
the montane and foothills region previously occurred at intervals of
approximately 26–39 years (Rogeau et al., 2016). Given that the last
notable wildfire occurred in 1936, the region is statistically overdue for
a large wildfire. The majority of other reported fires were either Class A
(< 0.1 ha) or Class B (0.1–4.0 ha), and were primarily recreational or
lightning-caused (Alberta Wildfire, 2019). In this study we tested im-
pacts of lager potential fires as described in Section 2.4.2.

Fig. 1. (a) Location of Elbow River watershed in Alberta; (b) location of hydrometric stations (1. Bragg Creek; 2. Sarcee Bridge; 3. Elbow Falls) and climate stations.
Areas for wildfire simulation are shown in yellow (6108 ha), and red (23,984 ha), based on local wildfire history (Rogeau et al., 2016); (c) land use/land cover
distribution; (d) soil type distribution.
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2.2. Hydrology and water quality simulation

The original release of the SWAT simulates both landscape and in-
stream processes related to hydrology, plant growth, and sediment and
nutrient cycling, loading, and transport. Subbasins within the model are
further subdivided into hydrological response units (HRUs), within
which all simulated processes occur homogeneously. Key hydrological
variables simulated in the model are surface runoff, percolation, soil
moisture, lateral flow, shallow groundwater recharge, evapotranspira-
tion, and streamflow, among others (Neitsch et al., 2011). Water yield
in SWAT is calculated as the sum of surface runoff, lateral flow, and
groundwater flow contributing to streamflow in each subbasin, minus
transmission losses through riverbed and pond storage (Neitsch et al.,
2011).

The flow of water as surface runoff and through soils can impact
water quality by transporting sediment and nutrients from hillslopes to
streams. For sediments and nutrients (i.e., N and P), SWAT simulates
erosion and deposition on the ground surface, as well as resuspension
and deposition within streams. In the land phase simulation processes,
nutrients (i.e., carbon (C), N and P) are closely interrelated through soil,
microbial, and plant processes, including mineralization, immobiliza-
tion, and humification (Neitsch et al., 2011). The rates of these reac-
tions depend on factors such as soil temperature, soil moisture, clay
content of soil, C:P and C:N ratios, as well as nutrient availability in the
soil. Generally, carbon is added to soils through plant residue, and re-
moved from soil via erosion and runoff. Because soil particulate organic
carbon (POC) is primarily attached to finer clay particles that are more
susceptible to erosion, the model calculates an OC enrichment ratio
during storms and, therefore, the proportion of POC in surface runoff is
typically higher than in the top soil layer.

To simulate in-stream processes associated with particulate and
dissolved fractions of OC in the water column, and OC loading at the
watershed scale, we used a recently developed SWAT-OCSM (Du et al.,
2020) model. In this model, an in-stream OC simulation module is
developed and embedded in the original SWAT model by modifying its
source code, and the enhanced model is capable of simulating both
terrestrial and in-stream processes. The improved model incorporates
the SWAT-C module, developed by Zhang et al. (2013) for modeling soil
organic matter processes, and simulates DOC and POC loadings en-
tering the stream from surface runoff and erosion, as well as DOC
transported by lateral flow and groundwater discharge to streams. The
SWAT-OCSM also simulates in-stream reactions between OC, floating
algae and streambed sediments, and instream transformations between
POC, DOC, and inorganic carbon. A detailed description of SWAT-
OCSM including formulae, parameters, and model testing are described
in Du et al. (2020) and the processes are presented in Fig. A1. Model
output data relevant to wildfire and climate change scenario analyses in
this study include daily streamflow, sediment yield, and organic carbon
yield at a HRU-to-subbasin spatial scale, which allowed us to in-
vestigate fluxes in water quantity and quality. Meanwhile, sediment
and TOC yields are calculated as the total volume of sediment and TOC
transported from land (i.e., HRU and subbasins) into the main channel,
in addition to the total volume of sediment and TOC eroded from the
stream bed and stream bank.

2.3. Model calibration and validation

Watershed delineation resulted in 154 subbasins (Fig. 1), which
were further subdivided into 373 HRUs based on slope, land use type,
and soil type. Monthly outputs were calibrated to measured streamflow,
sediment yield, and organic carbon yield. The Nash-Sutcliffe Efficiency
(NSE) was used as an objective function, and data from Bragg Creek and
Sarcee Bridge stations were used for calibration (Du et al., 2020). The
calibration period for streamflow was 2000–2015, and the validation
period was 1986–1999, for which data from an additional station in the
headwater region, Elbow Falls, was used for 1986–1995 (Fig. 1). TheTa
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model was further calibrated using sediment and TOC measurements at
a daily time step. The calibration period was 2001–2007 and the vali-
dation period was 2008–2015 for both sediment and TOC loads (Du
et al., 2020).

2.4. Scenario analysis

2.4.1. Simulation of climate change impacts
We applied the calibrated SWAT-OCSM model to assess changes in

water quantity and quality under two climate scenarios in the near
future (2015–2034) and the distant future (2043–2062). Streamflow,
sediment yield, and TOC yields from the four scenarios were compared
to historical simulations (1995–2014), which will herein be referred to
the baseline period, in order to calculate relative changes. For our
analysis, we considered the representative concentration pathways
(RCP), including RCP 2.6 and RCP 8.5 for greenhouse gas emissions, as
defined in the IPCC Fifth Assessment Report (2013). The RCP 2.6 pro-
jection is the optimistic case, in which global cooperation and cleaner
technologies lead to reduced greenhouse gas emissions and CO2 con-
centrations peak in mid-century. In the RCP 8.5 scenario, economic
growth and emphasis on burning of fossil fuels lead to exponential
growth in CO2 concentrations throughout the century. Therefore, in this
study we refer to RCP 2.6 as the best-case and to RCP 8.5 as the worst-
case scenarios. For climate change simulations, CO2 concentrations for
near and distant future scenarios were 465 ppm and 485 ppm for RCP
2.6 and 485 ppm and 660 ppm for RCP 8.5, respectively. Average
monthly temperature and precipitation for the historic period
(1995–2014), the near future (2015–2034) and the distant future
(2043–2062) are presented in Fig. 2.

For each of the four scenarios, we used climate projections of five
general circulation models (GCMs) from Pacific Climate Impacts
Consortium (PCIC) to address uncertainty associated with GCM pro-
jections (Table A1). The choice of the individual members of the en-
semble was based on five GCMs that provide the widest spread in the
projected future climate (Ammar et al., 2020). It is noteworthy that
projected GCM data have been statistically downscaled to Canada
(Cannon, 2015) and bias corrected to local climate conditions in Al-
berta (Masud et al., 2019; Ammar et al., 2020; Faramarzi et al., 2015).
PCIC provides Canada-wide downscaled climate change projections
using Bias-Correction Spatial Disaggregation (BCSD) and Bias Correc-
tion/Constructed Analogues with Quantile mapping reordering
(BCCAQ) methods (http://www.pacificclimate.org/data). In our study,
we used the projection derived using the BCCAQ method as it was
evaluated by Werner and Cannon (2016) and was shown to pass the
largest number of tests for hydrologic extremes in comparison to other
methods including the BCSD using the ClimDEX indices recommended

by the World Meteorological Organization Expert Team on Climate
Change Detection and Indices (ETCCDI) (Chen et al., 2011). We further
performed a secondary bias-correction of the PCIC data using the
change factor method, i.e., the delta method (Chen et al., 2011) to re-
produce historical streamflow in Alberta. Additionally, we tested the
0.9, 0.95, and 0.99 quantiles of the simulated streamflow for the his-
torical period and the observed values were reproduced sufficiently by
the hydrological model (Ammar et al., 2020). The future weather data
was loaded into the calibrated SWAT-OCSM model, after which we
investigated the impacts of climate change on water quantity and
quality in subbasins and at the watershed outlet, Sarcee Bridge.

2.4.2. Simulation of the impacts of potential wildfire compounded with
climate change

Wildfires of moderate and high burn severities were simulated for
two areas (Fig. 1b), generating a total of four wildfire scenarios, which
were combined with near future climate change scenarios (i.e., RCP 2.6
and RCP 8.5). Since a larger uncertainty is associated with distant fu-
ture climate projections (IPCC, 2013), we have only tested our wildfire
scenarios under near future climate change scenarios. Wildfire severity
refers to the loss of biomass above or below ground (Keeley, 2009).
Thus, low severity burns result in considerable tree survival and
shallow burn depths within the soil, while high severity burns result in
nearly all vegetation and root systems being incinerated. The smaller of
the two areas for burn simulations included 6,108 ha in the west-central
part of the watershed, intersecting the main stream (Fig. 1b). The larger
wildfire simulation area was 23,984 ha, which included the entire small
burn simulation area and more than half of the conifer forests of the
upper ER watershed. This area is comparable to the 2003 Lost Creek
wildfire that burned approximately 21,000 ha of high elevation forest
in southwest Alberta (Silins et al., 2009). The wildfire scenarios will
herein be referred to first by size, followed by burn severity: medium-
moderate, medium–high, large-moderate, and large-high wildfire sce-
narios. Due to spatiotemporal dynamics of hydrological processes and
water quality (e.g., Rust et al., 2018), we chose to simulate impacts of
wildfires occurring on the 1st day of June for five years to allow for
analysis of changes on a monthly basis, and for us to address inter-
annual climate variability. We selected June for our analysis because
most wildfires in the region occur in late spring. Additionally, based on
historical climate data from Alberta Environment and Parks (Table A2),
peak precipitation during this month, combined with late spring
snowmelt, is likely to have the highest impact on water quality through
erosion and OC loading.

We applied the wildfires scenarios in June as separate simulations to
years 2026, 2027, 2028, 2030, and 2032, because future climate change
data indicated lower precipitation in May in these years compared to

Fig. 2. Long-term average monthly precipitation (a) and temperature (b) for historical (1995–2014), near future (2015–2034) and distant future (2043–2062)
periods averaged from the downscaled ensemble climate model data for RCP 2.6 and RCP 8.5 scenarios in this study.
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other years, and dry conditions that would favor wildfire ignition.
HRUs considered for wildfire simulations were chosen based on local
wildfire history and elevation, as forests at lower elevations are hotter,
drier, and thus more likely to burn (Rogeau et al., 2016). Therefore, we
analyzed results of 200 individual wildfire simulations: 4 wildfire sce-
narios × 2 RCP climate change scenarios × 5 GCMs × 5 wildfires
years = 200 total simulations.

To help parameterize our post-wildfire model we relied on pub-
lished research on the effects of wildfires on hydrology and water
quality (e.g., Ebel and Moody, 2017; Havel et al., 2018; Moody and
Martin, 2009). To simulate post-wildfire conditions in SWAT-OCSM, we
modified the code to change land use type and soil parameters in af-
fected HRUs in the ‘crop.dat’ (Table 2) and ‘basin.bsn’ input files when
a date was specified for a wildfire simulation, which is not feasible to
modify within input data files and modification of the source code was
necessary. The curve number is one of the most sensitive hydrologic
parameters, and determines what proportion of rainfall infiltrates into
the soil or becomes surface runoff (e.g., Gartner et al., 2008). In the
model, default curve numbers are defined within land use parameters,
and vary based on soil type. During SWAT simulations, curve numbers
are updated on a daily basis based on soil permeability, land use type
and vegetation growth, and initial soil water content from the previous
day (Neitsch et al., 2011). To simulate the occurrence of wildfires in
SWAT, we replaced evergreen forests in impacted HRUs with shrubs for
moderate burn severity, and by grasses for high burn severity. The
default curve numbers for shrubland are higher than those for ever-
green forests, and higher yet for grassland (Table 2). Therefore, in-
creases in curve numbers were reflective of burn severity, similar to
Havel et al. (2018). For land use changes from evergreen forests to
shrubland, the resulting curve numbers increased by 11% for soil type 2
(sandy clay loam) and 56% for soil type 3 (silt loam). For land use
changes from evergreen forest to grassland in the case of severe wildfire
simulations, the resulting curve numbers increased by 25% for soil type
2 and 96% for soil type 3. Similarly, research has shown that soil hy-
draulic conductivity (Ksat) often decreases with increasing burn severity
(Ebel and Moody, 2017). We, therefore, reduced the Ksat in the model
input data based on literature values (Table 2). It is important to note
that our approach does not consider the potential temporary impact of a
highly conductive ash layer, which often remains on the soil surface
after a wildfire (Balfour et al., 2014). We also updated the soil erod-
ibility parameter in SWAT (universal soil loss equation – USLE K) to
reflect the typical increase in soil erosion that often occurs during the
first years after wildfire (Table 2) (Moody and Martin, 2009).

Post-wildfire analysis involved assessing local changes in model
outputs related to hydrology and water quality, including surface
runoff, percolation, lateral flow, soil water content, evapotranspiration,
sediment yield, and organic carbon yield in impacted subbasins. In
addition, streamflow, in-stream sediment yield, and TOC yield were
compared to those in non-wildfire simulations. With all wildfire simu-
lations occurring on June 1st, we analyzed relative changes on a
monthly basis from June–May in order to cover the 12-month period
following the wildfire. It is noteworthy that in our simulations we only
analyzed impacts on water quality-quantity for a year after each wild-
fire event, because it has been stated that wildfire impacts are most

prominent in the first year or two years after. In addition, the hydro-
logic model is not designed to simulate post-wildfire vegetation suc-
cession.

Similar to climate change, we analyzed the relative changes due to
wildfire at the watershed outlet, Sarcee Bridge; however, we also con-
sidered the Bragg Creek station due to its proximity to burned sub-
basins. As it was not possible to calibrate wildfire simulations due to the
lack of measured data for post-wildfire periods, we assessed the per-
formance of our simulations by comparing the scenario results with
previous studies that have quantified the effects of wildfire on hy-
drology and water quality (e.g., Emelko et al., 2011; Havel et al., 2018;
Silins et al., 2009).

3. Results and discussion

3.1. Model calibration and validation results

For streamflow calibration, the NSE was 0.62 for both Bragg Creek
and Sarcee Bridge stations. The streamflow validation NSE was 0.62 for
Elbow Falls, 0.75 for Bragg Creek, and 0.70 for Sarcee Bridge. For se-
diment load, the calibration NSE was 0.47 at Bragg Creek and 0.55 at
Sarcee Bridge stations. The sediment load validation NSE was 0.21 at
Bragg Creek and 0.13 at Sarcee Bridge. Our sediment results assessed as
‘satisfactory’ to ‘very good’ for calibration period, according to
Moriasi’s framework, and only in the validation period these results
were not satisfactory but ‘acceptable’ according to the same study. The
lower criteria efficiency that obtained for sediment load, as compared
to streamflow, was partially attributed to limited observed sediment
data for model evaluation that may not adequately reflect model per-
formance for the study period. The limited availability of sediment data
as compared to streamflow measurements is a common issue, therefore,
some other literature suggests that NSE values for sediment simulation
could be as low as 0.2 for a ‘satisfactory’ model performance (Tuppad
et al., 2011; Ni and Parajuli, 2018). More specifically, the lower per-
formance for the validation period as compared to calibration could be
attributed to lower quality climate data for the validation period that
were not available from the gauge stations in our watershed modeling
(Du et al., 2020). The discrepancy in climate data caused an under-
estimation of peak flows and the resulting peak sediment loads, since
limited precipitation and temperature data drew inadequate reflection
of flood events due to rain or rain-over-snow processes. The Bagnold
equation for in-stream sediment transport in SWAT (Neitsch et al.,
2011) uses the stream power concept to simulate sediment deposition
and re-suspension processes, which are very sensitive to peak flow si-
mulation results. Therefore, incorporation of adequate climate data can
considerably improve simulation of hydrological processes including
sediment and therefore the validation results. However, these results do
not affect our model performance, since model calibration results were
more desirable. Moreover, our sediment simulations captured the order
of magnitude of sediment loads with the PBIAS value less than 20% for
the whole simulation period (i.e., both calibration and validation). The
calibrated model was also able to capture seasonal and monthly var-
iations according to the boxplots of observed and simulated sediment
loads (see Fig. 6 in Du et al., 2020; and Fig. A2 in supplementary

Table 2
Default parameters used in SWAT-OCSM to simulate impacts of wildfire. The curve number (CN) is a default parameter defined in the land use database and varies
according to soil type. CN is required for model initial run and it is updated on daily basis.

Parameter Default Moderate burn severity High burn severity
Evergreen forest Shrubland Grassland

CN for Soil type 2 (west-central) 55 61 69
CN for Soil type 3 (east-central) 25 39 49

Soil hydraulic conductivity (mm/hr) 300 250 200

Soil erodibility (USLE K) 0.15 0.25 0.35
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material). Therefore, we used the calibrated sediment model to conduct
scenario analysis as we focused on investigating the impacts on the
changes in seasonal variations and in overall order of magnitudes, in-
stead of predicting absolute changes in the future and under wildfire
scenarios. For the TOC loads at Bragg Creek and Sarcee Bridge, the
calibration NSE was 0.71 and 0.74, respectively, and the validation NSE
was 0.57 and 0.66, respectively. All data sources are listed in Table A2,
and example calibration results from Du et al. (2020) are presented in
Fig. A3.

3.2. Spatial analysis of water, sediment, and TOC yields for the baseline
period

Our SWAT-OCSM simulation results for the baseline period
(1995–2014) demonstrated a similar spatiotemporal pattern for water
yield, sediment yield, and total organic carbon (TOC) yields (Figs. 3 and
4), which is mainly because of the strong relation between hydrological
processes and transport of sediment and TOC (e.g., Rostami et al.,
2018). Spatially, water, sediment, and TOC yields by subbasin generally
decreased moving from upstream to downstream subbasins during the
baseline period (Fig. 3). Temporally, periods of low runoff in the winter
consistently had the lowest sediment and TOC yields, whereas peak
runoff in June corresponded to highest sediment and TOC yields
(Fig. 4). On average, the uppermost subbasins draining into the Elbow
Falls gauging station yielded 480 mm of water annually, and those
between Elbow Falls and Bragg Creek yielded 310 mm of water, com-
pared to only 84 mm in lower reaches between Bragg Creek and Sarcee
Bridge (Fig. 3a). The west-to-east gradient was unsurprising, as there is
nearly twice as much precipitation and the headwater catchments are
steeper and more conducive to runoff generation in the Rocky Moun-
tains relative to the eastern portion of the ER watershed.

Average sediment yield by subbasin for the baseline period gen-
erally followed water yield patterns, decreasing from west to east
(Fig. 3b). However, the westernmost alpine region is composed pri-
marily of bare, exposed bedrock (soil type 1, Table 1) and, as such ty-
pically yielded less than five tons of sediment per subbasin annually,
despite receiving the most precipitation and having the steepest slopes
and therefore, highest potential for runoff. (Fig. 1d; Table 1). While the
bedrock is mildly erodible, the Rocky Mountain Front Ranges are
generally underlain by more resistant lithology than the downstream
Foothills (Osborn et al., 2006). As such, our model treated these regions
as relatively resistant, resulting in sediment yields that predominantly
originated from channel and bank erosion processes. The mid-upper
sub- watershed generated the highest sediment yields, with an average
of 3,317 tons per subbasin annually. The subbasins in this portion of the
ER watershed generally have a sandy clay loam (soil type 2) top soil,
which supports predominantly conifer forests. Interestingly, the two
major subwatersheds downstream of the highest sediment yielding

subcatchment, only generated ~1.0% (33 tons per subbasin annually)
and ~0.4% (12 tons per subbasin annually) of the sediment yields.
These lower portions of the ER watershed generally receive the lowest
annual precipitation, have gentler hillslopes, are dominated by silt loam
(soil type 3) or silty-clay (soil type 4) soils, and support mixed land use
with agriculture, pastureland, grassland, and some deciduous domi-
nated forests. Not surprisingly, annual sediment yields rose to 464 tons
per subbasin near the watershed outlet in the subbasins dominated by
urban development. This is consistent with many studies that have il-
lustrated the strong influence of urbanization and associated im-
pervious surfaces on delivery of suspended sediment to streams (e.g.,
Chen and Chang, 2019; Meierdiercks, et al., 2010).

Spatial distribution of TOC yield by subbasin was comparable to
that of sediments (Fig. 3c). An average of only 2,834 kg of OC origi-
nated from the western subbasins with soil type 1 annually, as the
model input data had no initial soil OC content for the exposed bedrock
(Fig. 1d; Table 1). Therefore, the primary sources of TOC were channel
and bank erosion. Additional sources of TOC included DOC transported
by surface runoff, lateral flow, debris from terrestrial and aquatic ve-
getation, and in-stream processes such as dissolution of POC. Similar to
sediment, the mid-upper (soil type 2, sandy clay loam soils) and mid-
lower (soil type 3, silt loam soils) subbasins generated the highest
amounts of TOC annually at 38,739 kg and 26,082 kg, respectively.
This is partially attributable to the initial soil OC content, which was
7% in the sandy clay loam soils of the mid-upper subbasins and 30% in
the silt loam soils of the mid-lower subbasins. The greater relative
contribution of TOC to the streams in these subbasins was likely related
to the annual regeneration of soil OC through forest plant litter and the
steeper slopes in these subbasins, which can accelerate runoff and
erosional processes. In comparison, the eastern subbasins, which were
dominated by agricultural land, generated an average of only 2,391 kg
of TOC annually by subbasin due to lower initial soil OC content of
4.5%, as well as gentler slopes and less precipitation compared to the
central areas. The urban areas near the watershed outlet yielded
33,336 kg of TOC.

3.3. Analysis of the impacts of climate change

3.3.1. Streamflow
Streamflow at the ER watershed outlet, Sarcee Bridge, decreased in

both the near future (2015–2034) and distant future (2043–2062)
models, compared to the baseline period (1995–2014) (Fig. 4a;
Table 3). Reduced streamflow was most prominent in the summer
months of June, July, and August, which was related to lower summer
rainfall and hotter temperatures that accelerate evapotranspiration
(Fig. 2). This is consistent with previous observations of considerable
reductions in summer streamflow in several Rocky Mountain streams,
which have been attributed to warming temperatures and earlier onset

Fig. 3. Baseline conditions by subbasin for 1995–2014: (a) average annual water yield (mm); (b) average annual sediment yield (tons); (c) average annual TOC yield
(kg).
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of snowmelt (Rood et al., 2008; Leppi et al., 2012). Not surprisingly, in
our study, the RCP 8.5 scenario projected lower streamflow than the
RCP 2.6 scenario for each month, with the largest relative differences in
July–November. This was anticipated, as the RCP 2.6 scenario has
projected higher precipitation and lower overall temperature than the
RCP 8.5 scenario.

Decreases in annual streamflow relative to the baseline period were
greater during the near future scenario compared to the distant future
scenario. In the near future model runs, annual streamflow decreased
by 25% and 47% for RCP 2.6 and RCP 8.5 scenarios, respectively.
Comparatively, in the distant future model runs, annual streamflow
decreased by only 10% and 32% for RCP 2.6 and RCP 8.5 scenarios,
respectively (Table 3). We attribute the higher streamflow in the distant
future period for both scenarios to a slight increase in precipitation
relative to the near future (Fig. 2) (Masud et al., 2018; Ammar et al.,
2020). However, hotter temperatures in the distant future would lead to
higher evapotranspiration rates. Given that we did not observe this
outcome, we hypothesized that plants had greater water use efficiency
because of higher atmospheric CO2 levels in the distant future, thereby
decreasing transpiration rates (Monteith, 1965; Deryng et al., 2016),
resulting in smaller declines in streamflow than expected simply by
considering potential evapotranspiration. The trends observed in our
analysis are consistent with another study of the ER watershed, for
which climate change scenario results of a physical process-based
model, MIKE SHE/MIKE 11, suggested higher streamflow in the 2050′s
relative to the 2020′s (Farjad et al., 2016).

3.3.2. Sediment yields
Model results suggested that changes in future sediment yields at

the ER watershed outlet may exhibit similar trends to streamflow for
both RCP scenarios, reinforcing the strong relationship between

streamflow and erosion (Fig. 4b; Table 3). In the near future scenarios
(2015–2034), annual sediment yields decreased by 37% for the RCP 2.6
scenario and 62% for the RCP 8.5 scenario. Comparatively, in the dis-
tant future scenarios (2043–2062), sediment yields only decreased 13%
for the RCP 2.6 scenario and 42% for the RCP 8.5 scenario. These re-
sults suggested that, on average, water entering the Glenmore Reservoir
would have lower total suspended solids (TSS) concentrations com-
pared to the present day period. However, erosion patterns were pro-
jected to change heterogeneously within the ER watershed and little
difference was observed between the RCP 2.6 and RCP 8.5 scenarios
(Fig. 5). In the near future, central subbasins sandy clay loam soils (type
2) were projected to undergo significantly less erosion despite yielding
the most sediments during the baseline period (Fig. 3b). Conversely,
both scenarios in the distant future projected sediment yield increases
of> 500% for the same region (Fig. 5), which is likely due to overall
higher precipitation compared to the near future, and intensified rain-
fall and flood events (Ammar et al., 2020). In the distant future RCP 2.6
scenario, precipitation is considerably higher than for RCP 8.5 (Fig. 2),
but a higher CO2 concentration in RCP 8.5 can offset the impacts of
lower precipitation as plants will transpire less water due to CO2 sa-
turation (Deryng et al., 2016). In such a scenario, this would result in
additional water available for runoff, and therefore similar spatial se-
diment yield patterns between RCP 2.6 and RCP 8.5 scenarios (Fig. 5).
Furthermore, lower water demand by plants due to elevated CO2 levels
may leave more water available for streamflow and thus stream bed and
bank erosion (Deryng et al., 2016; Keenan et al., 2013). Although re-
markable, these erosion increases in the distant future were not re-
flected at the watershed outlet, indicating that sediment deposition was
a dominant process within the channel due to lower streamflow power.
However, higher erosion rates increased sediment available for trans-
port during storms through resuspension, which can cause higher

Fig. 4. Long-term monthly averages (January to December) for historical (1995–2014), near future (2015–2034) and distant future (2043–2062) periods at Sarcee
Bridge station near watershed outlet: (a) streamflow (m3/s); (b) sediment yield (tons); (c) organic carbon yield (tons).
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Table 3
Climate change scenario results for Sarcee Bridge at watershed outlet: % change in streamflow, sediment yield and TOC yield, relative to baseline period
(1995–2014): (a) near future; (b) distant future. Note: winter TOC yields are very low between October-March for baseline period.

(a) Near Future (2015–2034)

Month Streamflow Sediment Yield TOC Yield

Baseline (m3/s) RCP 2.6 RCP 8.5 Baseline (tons) RCP 2.6 RCP 8.5 Baseline (tons) RCP 2.6 RCP 8.5

Jan 6.3 −23% −50% 3300 −42% −68% 12.2 −1% −28%
Feb 6.0 −24% −47% 3000 −49% −70% 10.8 −12% −40%
Mar 5.9 −13% −35% 3300 −18% −48% 14.8 54% 7%
Apr 8.5 −25% −35% 5100 −35% −46% 35.5 45% 18%
May 15.9 −55% −57% 14,000 −72% −72% 133.4 −43% −36%
Jun 27.3 −49% −54% 31,000 −57% −63% 364.4 −21% −24%
Jul 20.1 −38% −56% 18,000 −50% −71% 205.0 −20% −34%
Aug 13.2 −26% −54% 9100 −36% −70% 60.2 −25% −55%
Sep 12.1 −14% −45% 8000 −19% −58% 62.9 6% −34%
Oct 9.4 −11% −44% 5200 −17% −59% 26.4 6% −39%
Nov 8.1 −10% −43% 4000 −17% −57% 15.4 −6% −57%
Dec 6.7 −16% −43% 3100 −26% −58% 11.9 −3% −50%

Average 11.6 −25% −47% 9000 −37% −62% 79.4 −2% −31%

(b) Distant Future (2043–2062)

Month Streamflow Sediment Yield TOC Yield

Baseline (m3/s) RCP 2.6 RCP 8.5 Baseline (tons) RCP 2.6 RCP 8.5 Baseline (tons) RCP 2.6 RCP 8.5

Jan 6.3 −6% −32% 3300 −11% −49% 12.2 38% −6%
Feb 6.0 −12% −30% 3000 −31% −51% 10.8 21% 7%
Mar 5.9 10% −11% 3300 15% −18% 14.8 66% 27%
Apr 8.5 3% −8% 5100 20% 0% 35.5 45% 34%
May 15.9 −30% −39% 14,000 −41% −53% 133.4 −49% −56%
Jun 27.3 −35% −44% 31,000 −40% −49% 364.4 −48% −53%
Jul 20.1 −25% −43% 18,000 −34% −57% 205.0 −54% −68%
Aug 13.2 −7% −39% 9100 −9% −52% 60.2 −27% −64%
Sep 12.1 −7% −38% 8000 −11% −50% 62.9 −37% −65%
Oct 9.4 −3% −37% 5200 −5% −48% 26.4 −15% −61%
Nov 8.1 −1% −32% 4000 −2% −41% 15.4 9% −39%
Dec 6.7 −5% −29% 3100 −7% −38% 11.9 12% −24%

Average 11.6 −10% −32% 9000 −13% −42% 79.4 −3% −31%

Fig. 5. Relative changes in sediment yield (% change) compared to baseline period (1995–2014) in Fig. 3b: (a) RCP 2.6 near future (2015–2034); (b) RCP 2.6 distant
future (2043–2062); (c) RCP 8.5 near future (2015–2034); (d) RCP 8.5 distant future (2043–2062).
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sediment fluxes for individual events. It is notable that analyzing 20-
year averages did not address effects of individual extreme rainfall
events, during which sediment loads entering the Glenmore Reservoir
may have sharp peaks lasting a few days. This is mainly because our
model underestimated peak flows and the resulting peak sediment loads
as described in Section 3.1.

3.3.3. Organic carbon yields
Average annual TOC yields declined under both climate change

scenarios, but patterns diverged from those of streamflow and sediment
yield (Fig. 4c and Table 3). Similar to streamflow and sediment yield
trends, the largest relative decreases in TOC yield occurred in the late
spring and summer months. Annual TOC yields decreased by 2% and
3% in the near and distant future of the RCP 2.6 scenario, respectively,
compared to the baseline period. Since streamflow decreased with
larger relative rates (e.g., by 25% and 10%) for the same periods, a
poorer water quality was expected in both future periods, particularly
in the near future, due to higher suspended POC and higher DOC
concentrations (see detailed explanation later in this paragraph).
Likewise, the RCP 8.5 scenario results suggested poorer overall water
quality in terms of OC compared to the baseline period, particularly in
the near future. Overall, a key difference between TOC and projected
streamflow and sediment trends is that TOC yield was higher in the
near future compared to the distant future in the watershed outlet.
Relative changes in spatial TOC yields, however, do not explain such
divergence because they were similar to those of sediment yields, with
near future TOC yields decreasing in central mountain subbasins,
compared to large relative increases in the distant future (Fig. 6).
Moreover, eastern agricultural subbasins with silty clay soils (type 4)
revealed higher TOC yields, which were more pronounced in the distant
future. While it is understood that surface runoff and erosion are im-
portant export mechanisms for TOC (e.g., Rostami et al., 2018), the fact
that relative decreases in sediment yields are more pronounced than
those for TOC yields (see Figs. 4–6), suggests that additional processes
related to OC are simulated and play an important role. These processes
in our SWAT-OCSM model include DOC transport to the main stream
via surface runoff, lateral flow and groundwater flow, in-stream
transformations, as well as growth and settling rates of floating algae
(Du et al., 2020). Algae growth rates are a function of temperature (e.g.,
Nalley et al., 2018), and therefore are likely to increase due to climate

change, contributing to higher in-stream POC, in addition to higher
contributions from landscape erosion. The POC can then remain in
suspension, settle to the bed sediment, or dissolve into DOC. Increased
in-stream erosion can also facilitate the dissolution of organic matter
attached to the sediment particles (Cawley et al., 2018). Furthermore,
in-stream reaction rates of POC and DOC in SWAT-OCSM accelerate in
warmer waters, and water temperature is calculated based on air
temperature. Therefore, we hypothesized that in the near future, higher
temperatures would lead to faster POC dissolution rates to DOC, and a
significantly lower summer streamflow would lead to higher con-
centrations of OC. Winter months, under the RCP 2.6 scenario, typically
revealed elevated TOC yields relative to baseline conditions as com-
pared to the RCP 8.5 scenario. This is likely because higher streamflow
in RCP 2.6 could transport more POC, which dissolves to DOC and is
more easily transported to the watershed outlet (Fig. 4). As for the
distant future scenarios, higher temperature relative to the near future
(Fig. 2) could even further accelerate POC dissolution to DOC, and
subsequently accelerate the rate of DOC mineralization, effectively
decreasing the organic fraction of carbon and thus TOC export.

3.4. Impacts of potential wildfire compounded with climate change

3.4.1. Local changes
Here we report the results of the potential wildfire impacts com-

pounded with climate change by explaining changes in hydrological
processes (i.e., surface runoff, percolation, lateral flow, soil water, and
evapotranspiration), and consequently the water quality constituents
such as sediment yields and OC during the first year after the wildfire
event. We illustrate projected magnitudes under climate change only in
Fig. 7, columns a and d, and the corresponding range of parameter
values for subbasins within the wildfire perimeter are presented in
Table 4. The anomalies of ‘climate change compounded with wildfire’
from ‘climate change only’ scenarios are illustrated in Fig. 7, columns
b,c,e,f, and the range of percentages are provided in Table 4. It should
be noted that, only relative changes in wildfire-impacted subbasins for
the large area (23,984 ha) scenarios, i.e., moderate and severe burns,
are presented; the medium area (6,108 ha) scenarios are not shown,
because they are encompassed by the large area, and relative changes
by subbasin were identical to those in the large area scenarios (see
Fig. 1b).

Fig. 6. Relative changes in TOC yield (% change) compared to baseline period in Fig. 3c: (a) RCP 2.6 near future (2015–2034); (b) RCP 2.6 distant future
(2043–2062); (c) RCP 8.5 near future (2015–2034); (d) RCP 8.5 distant future (2043–2062).
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The results of our model indicated that wildfires could increase
subbasin annual surface runoff by 11% to> 500%, with annual in-
creases ranging between 2 and 55 mm by subbasin (Fig. 7a1–f1;
Table 4). Increased surface runoff is related to the increase in curve
number associated with land cover changes, in addition to reduced soil
hydraulic conductivity due to fire that resulted in lower soil water
content and greater water availability for surface runoff (e.g., Ebel and
Moody, 2017). Our results are consistent with several empirical studies
of wildfire effects on annual water yields. For example, Mahat et al.
(2016) observed mean annual water yield increases of 19–101% across
the first five years after wildfire in two watersheds in the Canadian
Rocky Mountains. Comparatively, others have reported increases in
runoff and annual water yields of 16–200% during the first several
years after wildfire (Bart, 2016; Wine and Cadol, 2016; Niemeyer et al.,
2020). We posit that the large increases in runoff from our high severity
model scenarios provide insights into the potential magnitude of effects
due to shifting wildfire regimes towards increasingly high severity
combined with increases in potential evapotranspiration associated
with climate change. Similar to our study, Havel et al. (2018) also
modeled post-wildfire hydrological changes using SWAT based on
measured streamflow in a Colorado watershed, and determined that
annual surface runoff in wildfire-impacted subbasins increased between
40 and 51 mm. However, the greatest observed increase was approxi-
mately 75% in subbasins with high burn severities in their watershed,
compared with over 500% for the ER watershed model. The seemingly
large variance between the two findings is likely due to differing hy-
drogeological conditions. For example, the ER watershed had very low
surface runoff in simulations of climate change impacts without wild-
fires (Fig. 7a1,d1; Table 4) and a small change due to wildfire resulted
in a large anomaly. In addition, curve numbers in the ER watershed
model were increased by 11–56% and 25–96% for moderate and high

burn severities, respectively, and varied between the two soil types,
compared to only 10% and 15% in the Colorado study, respectively.
However, it is also important to note that Havel et al. (2018) based
spatial land use changes on satellite imagery, and calibrated curve
numbers in their model to hydrometric station data that were available
for the pre-wildfire and post-wildfire periods. They also did not directly
measure surface runoff in the field, nor modify soil hydraulic con-
ductivity, which can also impact runoff (Ebel and Moody, 2017). In
comparison, curve numbers for post-wildfire simulations in our model
of the ER watershed were initially obtained from the land use database
for the grass and shrub land use inputs that were already present in the
ER watershed model in locations outside the wildfire boundary and
they were updated in the model on a daily basis (see Section 2.4.2 and
Fig. 1c).

Impacts on annual percolation in the ER watershed were also vari-
able within the wildfire boundary, generally decreasing in impacted
subbasins but also increasing in some subbasins (Fig. 7a2–f2; Table 4).
This confirms the important role of forests in regulating water quantity
through prevention of instantaneous surface runoff, resulting in more
water available for infiltration and percolation (e.g., Moody and
Martin, 2001; Townsend and Douglas, 2004). Simulation of percolation
in SWAT is a function of existing soil water content, soil water storage
capacity, and plant water uptake among other parameters. Therefore, it
is conceivable that water available for percolation and soil saturation
increased slightly in some subbasins due to mortality of trees and the
consequent reduction of interception and plant transpiration, in spite of
lower hydraulic conductivity and higher curve numbers (Table 2)
(Neitsch et al., 2011).

In the ER watershed model, the spatial changes in lateral flow
generally followed percolation patterns by increasing in some affected
subbasins, while decreasing in others (Fig. 7a3–f3; Table 4). However, a
higher proportion of wildfire-impacted subbasins exhibited increases in
lateral flow, whereas a higher proportion of subbasins exhibited de-
creases in percolation. In our hydrologic model, lateral flow occurred
when an impermeable layer (i.e., a layer with very low hydraulic
conductivity) existed in deeper soil layers and when soil water satura-
tion above that layer reached a certain threshold in the model. The
volume of moisture in the soil and whether it reaches saturation de-
pends on the portion of infiltrated water that vegetation roots uptake
from the soil, which in turn is based on the daily growth of plant bio-
mass. The available water capacity of soil, and soil types and their
hydraulic conductivities among other properties in the root zone impact
daily growth rate of plant biomass. Therefore the occurrence of lateral
flow is generally not simple but results from collective processes
making up the overall soil water balance. This confirms the complexity
of interactions between curve numbers, water uptake by plants, soil
properties such as water capacity and Ksat, water infiltration, among
other hydrological processes. Given the importance of lateral flow for
streamflow in many catchments, and the difficulty of quantifying these
subsurface processes (James and Roulet, 2007), our modeled outputs
provide valuable projections of what might be expected under various
future wildfire and climate change scenarios. Our results are consistent
with others who have observed ~15–25% decreases in lateral flow after
wildfire due to reduced infiltration and evapotranspiration (Jung et al.,
2009).

Post-wildfire soil water content also decreased in most subbasins
due to higher proportions of water lost by surface runoff. (Fig. 7a4–f4;
Table 4). This was an interesting result of the model and similar to
observations after the Fourmile Canyon wildfire in the Colorado Front
Range of the Rocky Mountains that showed reduced post-fire soil water
content responses to storm events due to decreased infiltration below
the ash layer and increased surface runoff (Ebel and Moody, 2017).

In part, the post-fire decrease in soil water content may also be
attributed to the higher rates of evapotranspiration in the burned wa-
tershed, as produced by our model. Our model results showed similar
magnitudes of change for the two RCP scenarios, with increases in ET

Table 4
Initial range of parameters for ‘climate change only’ scenarios in subbasins
within wildfire perimeter, and relative changes one year after wildfire – average
of wildfire simulations in years 2026, 2027, 2028, 2030, and 2032. All
anomalies are calculated as: [projected data under wildfire compounded with
climate change-projected data under climate change only]/[projected data
under climate change only] × 100. Note: relative changes in medium area
scenarios (not shown) are identical for impacted subbasins; large burn area is
shown in Fig. 1b; spatial distribution of parameters in Fig. 7.

RCP 2.6

Without Wildfire Moderate Severity
Anomalies

High Severity
Anomalies

Surface Runoff 26 to 94 mm 11% to > 500% 417% to > 500%
Percolation 13 to 276 mm −22% to 55% −32% to 28%
Lateral Flow 80 to 360 mm −21% to 16% −26% to 10%
Soil Water 43 to 153 mm −33% to −1% −42% to −6%
Evapotranspiration 319 to 567 mm 11% to 40% 11% to 39%
Sediment Yield 7.1E-04 to 209.5

ton
> 500% >500%

TOC Yield 1.6 to 1.4E+05
kg

76% to > 500% 227% to > 500%

RCP 8.5

Without Wildfire Moderate Severity
Anomalies

High Severity
Anomalies

Surface Runoff 25 to 95 mm 17% to > 500% 211% to > 500%
Percolation 12 to 277 mm −21% to 40% −29% to 11%
Lateral Flow 80 to 363 mm −20% to 20% −26% to 21%
Soil Water 42 to 153 mm −32% to 1% −40% to −5%
Evapotranspiration 318 to 561 mm 11% to 39% 11% to 39%
Sediment Yield 16.2E-04 to 212.9

ton
174% to > 500% >500%

TOC Yield 1.4 to
1.4E+05 kg

85% to > 500% 392% to > 500%
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between 11 and 39% (Fig. 7a5–f5). In the moderate burn severity
scenarios, evapotranspiration increased between 24 and 68 mm an-
nually for the RCP 2.6 scenario (Fig. 7b5), and between 21 and 62 mm
for the RCP 8.5 scenario (Fig. 7e5). For the high severity, burn sce-
narios, evapotranspiration increased between 23 and 70 mm by sub-
basin for the RCP 2.6 scenario (Fig. 7c5), and between 21 and 70 mm
for the RCP 8.5 scenario (Fig. 7f5). This was somewhat surprising as
empirical research has illustrated ~15–45% lower evapotranspiration
in catchments burned at moderate to high severity (Poon and Kinoshita,
2018; Blount et al., 2019; Niemeyer et al., 2020). However, to model
the wildfire scenarios conifer forests were converted to grasslands in
our ER study. While some studies have generally noted higher ET rates
from conifers forests (Bosch and Hewlett, 1982; Newson, 1985; Kirby
et al., 1991; Hudson et al., 1997), there have been observations of
higher ET in grass dominated systems (Kelliher et al., 1993; Liu et al.,
2003). These conflicting results from earlier studies is likely because the
higher total evapotranspiration on a yearly average in forests is at-
tributed to the higher rates of evaporation from canopy storage, i.e.,
interception evaporation, but not transpiration, and their transpiration
is significantly smaller than other landuse types such as grasslands
(Robinson and Dupeyrat, 2005; MirHadi Madani et al., 2018). In ad-
dition, total evapotranspiration from forests depends on tree types (e.g.,
coniferous versus broad leaf) and their canopy structure, phenology,
and stomatal regulations (Zha et al., 2010) as well as other hydro-cli-
mate and soil conditions. Overall, the total ET in broad leaf forests is
larger than that of coniferous forests due to a larger volume of eva-
poration and sublimation that can occur from their canopy interception
as compared to the coniferous forests. It has been shown that coniferous

forests in western Canada have significantly lower fraction of ET to
precipitation rates (40%) than grasslands (88%) (Liu et al., 2003). The
modeled actual ET displayed in Fig. 7a5–f5, is the sum of all major ET
components such as actual evaporation from the soil, actual tran-
spiration by plants, evaporation of the canopy interception, and sub-
limation of snow. Therefore, we attributed ET increases to larger rates
of transpiration from post-wildfire landuse types (e.g., grasslands and
shrublands), as well as soil water evaporation and increased snow
sublimation in the annual ET estimates. In addition, previous research
in this region has shown greater energy available for snow processes
after wildfire, potentially leading to elevated ET losses (Burles and
Boon, 2011). Despite the potential support for increased post-fire ET,
our results primarily illustrate the dominance of the climate change
scenarios in driving the ET response. Given that most research has
shown reduced post-fire ET, it is notable that even under high severity
wildfire scenarios and when compounded with climate change, our ET
increased relative to the pre-fire period. Such a response will have
important implications for the longer-term downstream water supply in
affected catchments.

Finally, annual sediment and TOC yields increased significantly in
all wildfire-affected subbasins, which was the anticipated outcome
(e.g., Bladon et al., 2014; Silins et al., 2009). For moderate burns, se-
diment yields increased by> 500% (0.8–547 tons) for the RCP 2.6
scenario (Fig. 7b6), and by 173% to>500% (0.8–805 tons) for the RCP
8.5 scenario (Fig. 7e6). In the case of severe burns, all annual sediment
yield increases were>500%, ranging between 1.2 and 1,364 tons for
the RCP 2.6 scenario (Fig. 7c6) and 1.3–1,421 tons by subbasin for the
RCP 8.5 scenario (Fig. 7e6). Soil erodibility was among the least

Fig. 8. Relative changes in streamflow, sediment yield and TOC due to wildfires at Bragg Creek station and Sarcee Bridge station at watershed outlet. All results are
the average from wildfire simulations in the years 2026, 2027, 2028, 2030, and 2032. MM = medium area, moderate burn severity; MH = medium area, high burn
severity; LM = large area, moderate burn severity; LH = large area, high burn severity.
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sensitive input parameters in the model affecting sediment yield during
the calibration process (Du et al., 2020), and it increased according to
wildfire severity (Table 2). Therefore, we hypothesized that surface
runoff was the main driver of sediment transport in the model, which is
in agreement with the modified universal soil loss equation (MUSLE)
used in SWAT (Neitsch et al., 2011; Williams, 1995). For moderate
burns, annual TOC yields increased by 76% to over 500%
(123–163,900 kg) by subbasin for the RCP 2.6 scenario (Fig. 7b7), and
by 84% to over 500% (115–165,900 kg) for the RCP 8.5 scenario
(Fig. 7e7). For severe burns, increases ranged from 227% to over 500%
(166–270,400 kg) for the RCP 2.6 scenario (Fig. 7c7), and from 392%
to over 500% (173–278,600 kg) for the RCP 8.5 scenario (Fig. 7f7). The
initial soil OC content remained the same for wildfire simulations,
further supporting the hypothesis that erosion caused by surface runoff
was also an important driver for TOC export. Furthermore, the most
sensitive parameter that influenced simulated TOC was the POC en-
richment ratio (Du et al., 2020), which determines how much POC
sorbs to fine clay particles that are preferentially displaced by surface
runoff.

3.4.2. Regional changes in streamflow
In the first year after wildfire, monthly streamflow at both Bragg

Creek (mid watershed) and Sarcee Bridge (watershed outlet) stations
increased in all wildfire scenarios, with changes most pronounced for
the RCP 8.5 scenarios compared to the RCP 2.6 scenarios (Fig. 8). For
RCP 2.6 scenarios, total annual streamflow at Sarcee Bridge was cal-
culated by averaging changes in monthly streamflow, and only in-
creased by 0.8%, 1.1%, 0.7%, and 1.9% for the medium-moderate,
medium–high, large-moderate, and large-high burn scenarios, respec-
tively. For the RCP 8.5 scenarios, annual streamflow, calculated by
averaging changes in monthly streamflow, increased by 7.7%, 8.1%,
7.9%, and 9.3%, respectively. Annual streamflow increases during the
first year after wildfire were greater in magnitude at the Bragg Creek
station compared to that of Sarcee Bridge in all cases due to burn areas
making up a larger proportion of drainage area for Bragg Creek relative
to that of Sarcee Bridge (e.g., Moody et al., 2013).

Generally, streamflow increased in the 10 months that followed
wildfires relative to the non-wildfire simulations (Fig. 8). Intensified
streamflow resulted from greater runoff in the wildfire-affected sub-
basins, highlighting the importance of the forested regions in regulating
water yield in the ER watershed. However, streamflow was lower
during April and May, followed by a sharp relative increase in February
and March, relative to non-wildfire simulations. This likely resulted
from removal of the tree canopy, which would otherwise intercept
snowfall during the winter (e.g., February and March) and moderate
snow accumulation on the ground, as any form of precipitation that is
intercepted by the tree canopy in SWAT evaporates or sublimates be-
fore precipitation that has made it to the ground surface (Neitsch et al.,
2011). As well, the removal of shading from trees increases snow ex-
posure to solar radiation, thus accelerating snowmelt in February and
March, and leaving less snow for melting in April and May. Due to the
proximity of Bragg Creek to the wildfire perimeter, relative increases in
streamflow were greater compared to the Sarcee Bridge station. For all
wildfire simulations, the RCP 8.5 climate change scenario showed a
higher increase in streamflow than the RCP 2.6 scenario, due to more
extreme precipitation and higher atmospheric CO2, which can lower
evapotranspiration rates (Deryng et al., 2016). Overall, annual
streamflow at the ER watershed increased by a range of 0.7–9.3% for
large area wildfire scenarios, in which 40% of total forest cover was
lost, and replaced with grasslands or shrublands, and the wildfire
perimeter encompassed approximately 20% of the entire watershed.
The magnitude of these changes are comparable to SWAT model results
of another study, in which annual streamflow increased by 2.4% after
simulating the burning of 16% of a mountainous watershed in northern
Spain (Morán-Tejeda et al., 2015). In the post-wildfire study in Col-
orado, minor changes in streamflow were observed at the watershed

scale, because the wildfire location was near the watershed outlet ra-
ther than the headwater region and therefore streamflow impacts were
minimal (Havel et al., 2018). Conversely, burned areas of the ER wa-
tershed were located at higher elevations where the majority of water
originates, and therefore impacts of land cover changes were more
pronounced.

3.4.3. Regional changes in sediments
As was anticipated based on other empirical studies using field

measurements (e.g., Emelko et al., 2011; Writer et al., 2012), the
monthly sediment yield in our study increased for all wildfire scenarios
(Fig. 9). For the RCP 2.6 scenarios, the aggregated monthly data to
annual sediment yield at Sarcee Bridge showed an increase of by 0.6%,
1.6%, 0.6% and 4.4% for the medium-moderate, medium–high, large-
moderate, and large-high burn scenarios, respectively. Comparatively,
for the RCP 8.5 scenarios, sediment yield increased by 1.2%, 2.4%,
1.9% and 6.5% for the medium-moderate, medium–high, large-mod-
erate, and large-high burn scenarios, respectively. Sediment yield in-
creases were higher at the Bragg Creek station compared to the Sarcee
Bridge station (Fig. 8, Fig. 9). Although sediment yield by subbasin
ranged between 173% to> 500% (Fig. 7), annual increases ranged
from 25 to 193% at the Bragg Creek station, compared to only 0.6–6.5%
at the Sarcee Bridge station. This is because Bragg Creek and Sarcee
Bridge stations are over 10 km and 40 km downstream of wildfire-af-
fected areas, respectively, and therefore model results are indicative of
terrestrial and in-stream sediment deposition, as well as dilution on the
way to the watershed outlet.

In another study area with similar characteristics to the ER wa-
tershed, Silins et al. (2009) determined from field-collected data that
annual average TSS yields were 700% greater within streams of burned
areas compared to non-burned areas. However, a key difference is that
their water sampling sites were within the boundaries of the wildfire,
and a larger proportion of the drainage area had burned. Water quality
impacts depend on total area burned and its location within the wa-
tershed (Moody et al., 2013). Similar to the case of streamflow, relative
changes were slightly greater for the medium–high scenario than the
large-moderate scenario, suggesting that wildfire severity had a larger
influence on erosion rates than the total area burned. Reduced sediment
transport in the ER watershed model typically coincided with decreased
streamflow in April and May at the Sarcee Bridge station (Figs. 8 and 9).
The exception was slight decreases in August and October for the large-
moderate and large-high scenarios, which are likely attributable to high
sediment yields in prior months, which can lower availability of sedi-
ments for erosion from the landscape or within the stream; in other
words, sediments that would otherwise settle and become available for
resuspension, were instead transported out of subbasins by streamflow.

3.4.4. Regional changes in organic carbon
Wildfire simulations compounded with climate change typically

resulted in higher TOC yields than climate change only scenarios, and
all relative changes, whether increases or decreases, were greater in
magnitude for the RCP 8.5 than the RCP 2.6 scenarios (Figs. 8 and 10).
For the RCP 2.6 scenario, average annual TOC yield at Sarcee Bridge
increased by 1.5–10.7% in the wildfire scenarios, and it changed within
−1.1–19.7% range for the RCP 8.5 scenario. Similarly, the TOC yields
at the Bragg Creek station increased −1.4–10.2% in the wildfire sce-
narios for the RCP 2.6 scenario, and it increased 0.5–16.1% for the RCP
8.5 scenario. In general, TOC yields were greater following the high
severity scenarios, suggesting wildfire severity was a stronger driver of
TOC than wildfire size, which is in agreement with findings of other
studies (e.g., Abney et al., 2019). However, there was no statistical
evidence (p > 0.10) for differences in the TOC yields from the wildfire
scenarios compared to the climate change only scenarios, again sug-
gesting that climate change may be a dominant driver of stream water
chemistry. Empirical evidence has illustrated that post-fire carbon is
highly variable and uncertain with observations of increases, decreases,

D. Loiselle, et al. Journal of Hydrology 590 (2020) 125403

15



Fi
g.

10
.
Po

st
-fi
re

to
ta
l
or
ga

ni
c
ca
rb
on

yi
el
d
(l
og

-s
ca
le
)
at

Br
ag

g
C
re
ek

an
d
Sa

rc
ee

Br
id
ge

fo
r
Ju

ne
1s
t
(m

on
th

6)
w
ild

fi
re

in
ye

ar
s
20

26
,
20

27
,
20

28
,
20

30
,
an

d
20

32
,
an

d
fo
ur

w
ild

fi
re

sc
en

ar
io
s:

(a
)
m
ed

iu
m

ar
ea

–
m
od

er
at
e
bu

rn
se
ve

ri
ty
;b

)m
ed

iu
m

ar
ea

–
hi
gh

se
ve

ri
ty
;(
c)

la
rg
e
ar
ea

–
m
od

er
at
e
se
ve

ri
ty
;(
d)

la
rg
e
ar
ea
,h

ig
h
se
ve

ri
ty
.T

he
ra
ng

es
ill
us
tr
at
ed

by
bo

x
pl
ot
s
ar
e
ba

se
d
on

th
e
an

nu
al

va
ri
ab

ili
ti
es

in
th
e
fi
ve

si
m
ul
at
io
n
ye

ar
s.

D. Loiselle, et al. Journal of Hydrology 590 (2020) 125403

16



and no changes (Emelko et al., 2011; Hohner et al., 2019; Rhoades
et al., 2019; Silins et al., 2009), and as such, it will be critical to con-
tinue to incorporate empirical data into future models to improve
ability to model wildfire effects on this key water quality parameter.

All wildfire scenarios resulted in higher TOC yields in June (Fig. 8;
month 6 in Fig. 10) than non-wildfire simulations. For the medium area
wildfires, TOC yields generally increased in all months, with the ex-
ception of April and May (Fig. 8; month 4 and 5 in Fig. 10), due to
earlier snowmelt and reduced surface runoff. Water from snowmelt is
an important transport mechanism for OC (Writer et al., 2012), which
our model captured in the month of March (Fig. 8; month 3 in Fig. 10).
However, TOC yields at both stations decreased in July and August
(Fig. 8; month 6–8 in Fig. 10) and early autumn for the large burn area
scenarios, which contrasted field studies (e.g., Emelko et al., 2011;
Writer et al., 2012). In a post-wildfire study of Fourmile Creek, a wa-
tershed in Colorado, USA, Writer et al. (2012) determined that in-
stream DOC concentrations peaked during the first heavy precipitation
event that followed the wildfire, and subsequent summer storms no-
tably increased concentrations. After heavy rains, sediment and DOC
levels remained elevated due to dissolution of POC, which underwent
repeated deposition and resuspension within streams. As well, sedi-
ments in wildfire-affected areas are enriched in OC (Abney et al., 2019),
and this was reflected in field data collected by Silins et al. (2009) for
the Lost Creek wildfire. In the case of the ER watershed model, we
hypothesized that post-wildfire rainstorms in June and snowmelt
stripped the top soil layer of OC, and that this deficit led to lower TOC
yields in subsequent months, despite the storm scenarios that were
reflected by climate change induced precipitation scenarios. This is
because our post-wildfire model inputs did not reflect plant debris, ash
and incomplete combustion products, which can act as important
sources of OC (e.g., Abney et al., 2019; Smith et al., 2011). In November
(Fig. 8; month 11 in Fig. 10), TOC yields increased substantially for all
wildfire simulations, and these changes were most significant for the
high burn severity scenarios. We believe that the OC available for ex-
port increased in November because of the addition of plant residue in
autumn, which marks the end of the growing season in SWAT-OCSM,
thereby accounting for falling leaves and the death of seasonal plants
and replenishing the soil OC supply through decomposition (Zhang
et al., 2013).

4. Limitations and future directions

As it was not possible to calibrate our model under wildfire sce-
narios, we compared results to studies in other locations (e.g., Havel
et al., 2018; Writer et al., 2012). Based on these correlations, the ap-
proach developed herein was determined to be a substantial step to-
wards simulating impacts of potential wildfires. Notwithstanding this
progress made, further improvements could be incorporated into future
work. In post-wildfire parameterization, for the ER watershed, the
SWAT-OCSM model assumed uniform burning within wildfire peri-
meters, whereas burn severity is often heterogeneous and based on
factors such as elevation and aspect (e.g., Rogeau and Armstrong,
2017). Therefore, allowing patches of trees to remain with default soil
parameters could create burn scenarios that are more realistic. This
approach would maintain a proportion of canopy protection from
rainfall, in addition to intercepting a portion of surface runoff and the
transport of water quality constituents. Additionally, post-wildfire
parameters within the model remained static, when in reality they
would change with time. As an example, while relative changes in soil
erodibility (Moody and Martin, 2009) and hydraulic conductivity (Ebel
and Moody, 2017) can linger for several years after a wildfire, they
typically diminish over longer time. As well, plant debris and ash ac-
cumulate after wildfires, and can be transported to streams by surface
runoff, decreasing water quality for several years following wildfires
(e.g., Smith et al., 2011). Since the initial terrestrial OC sources in our
model were soil content and plant residues (Zhang et al., 2013), in-

stream TOC was elevated for a short period following wildfire simula-
tions, during which a large proportion of soil OC was removed by
surface runoff during post-wildfire rain events. This occurred more
quickly than plant residue could replenish the OC supply in the model,
and therefore relative in-stream TOC levels decreased for several
months afterwards relative to non-wildfire simulations, when they
would be expected to remain elevated (e.g., Emelko et al., 2011; Writer
et al., 2012). Therefore, we propose the addition of highly erodible and
low-density soil layer with elevated TOC content that gradually erodes
with storms (e.g., Doerr et al., 2009). Additionally, it would be bene-
ficial for SWAT-OCSM to differentiate between different OC compounds
such as pyrogenic carbon, which acts as a sorbent for organic matter
and can remain within watersheds for decades (Abney et al., 2019). In
addition, the current study used standard SWAT model water tem-
perature module, which simplifies streamflow temperature (Ficklin
et al., 2012; Giles et al., 2019), which may affect reaction and inter-
action rates of POC and DOC in SWAT-OCSM. Therefore, it would be
useful to improve existing temperature simulation algorithm in the
model for a more reliable prediction results. Finally, since impacts can
persist for years, additional scenarios such as tree planting or natural
succession could provide a long-term perspective on the impacts of
wildfires on watersheds.

As our study area ended at the reservoir inlet (Fig. 1), this research
did not address processes within the reservoir such as deposition of
particulate matter or biological nutrient consumption. However, during
peak runoff in June, water can be turbid throughout the reservoir
(personal observation), and therefore it is likely that both POC and DOC
can be present in larger quantities, increasing the need for coagulant
and potentially creating harmful disinfection by-products through
water treatment processes.

Although many researchers have collected post-wildfire field data
(e.g., Abney et al., 2019; Cotrufo et al., 2016; Ebel and Moody, 2017;
Emelko et al., 2011; Silins et al., 2009; Writer et al., 2012), relevant pre-
wildfire data rarely exist for the same study areas due to the un-
predictability of wildfire occurrences. Furthermore, responses to wild-
fire are highly variable, both between watersheds and within a single
wildfire boundary, as they are affected by properties such as soil, ve-
getation, topography, climate, and burn severity (e.g., Plaza-Álvarez
et al., 2018; Smith et al., 2011). The previous statements highlight the
necessity for environmental monitoring in various watersheds in order
to establish baseline conditions. This could include the installment of
climate stations, hydrometric stations, or the collection of soil and
water quality samples, which provide valuable data for identifying key
environmental changes that result from extreme weather events, human
activity, climate change, or any combination thereof.

5. Conclusion

Earlier studies lack a systematic assessment of the effects of climate
change combined with discrete disturbance events, such as wildfires, on
both water quantity and water quality by linking terrestrial and in-
stream processes at the watershed scale. As such, this study aimed to
assess the potential response of hydrological processes and streamflow,
sediment yield, and organic carbon to wildfires and climate change
scenarios in both terrestrial landscapes and in the streams. A process-
based SWAT Organic Carbon Simulation Module (SWAT-OCSM) that
integrates terrestrial and in-stream biogeochemical processes, was re-
cently developed and used for analyses of this study. The main con-
clusions of this study are as follows:

• Our model suggests that both water quantity and quality could de-
crease in the future due to climate change. Reduced streamflow may
occur due to lower overall precipitation and higher temperatures
producing higher rates of evapotranspiration and earlier spring
snowmelt.

• Intensified precipitation events may accelerate erosion, particularly
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for the RCP 8.5 scenario. On average, in-stream sediment yields
declined under climate change scenarios. However, higher erosion
rates increase sediment available for transport during storms
through resuspension, which can cause higher sediment fluxes for
individual events. Suspended sediments can also facilitate the dis-
solution of organic matter attached to the sediment particles.

• Decreases in annual TOC yields were less than decreases in
streamflow in the near and distant future compared to the baseline
period. Since streamflow decline was significantly greater than TOC,
a poorer water quality was projected for both future periods, par-
ticularly in the near future, due to a higher suspended POC, and
higher DOC concentrations.

• Our model suggested that in the near future, high temperatures may
lead to faster POC dissolution rates relative to DOC. Compounded
with a significantly lower summer streamflow in this period, a
higher overall concentration of OC will likely diminish the quality of
water entering the reservoir at the watershed outlet.

• When compounded with wildfires, the climate change scenarios
suggested higher streamflow, sediment yields, and TOC yields due to
increased surface runoff relative to non-wildfire RCP simulations.
However, the climate change scenarios remained the dominant
driver of the hydrologic and water quality responses. This, in part,
illustrated the challenges associated with modeling wildfire sce-
narios with most current hydrologic models. Given that wildfire
regimes are shifting in many key source water regions, we suggest
that future efforts continue to explore ways to develop more robust
wildfire modules, reflecting post-fire changes in vegetation inter-
ception and transpiration, soil erodibility (USLE K factor), and sur-
face and subsurface soil hydraulic properties (e.g., Ksat, Manning’s
n).

• Much of the sediment and TOC yielded from wildfire-affected sub-
basins did not reach the watershed outlet reservoir due to in-stream
deposition. However, increasingly extreme precipitation events can
ultimately reduce downstream water quality through increased se-
diment and nutrient export, particularly for high severity burns.

• Due to the sporadic nature of wildfires, opportunities to compare
pre-wildfire and post-wildfire conditions are rare. Field data span-
ning a diversity of landscapes and climatic regimes are an important
precursor to scenario analyses and future projections, particularly in
the case of extreme events and disturbances, which can have almost
immediate impacts on water quality. The methodology developed
herein has the potential to be developed for use at a larger scale and
within other watersheds to help facilitate risk assessments and de-
velopment of forest and watershed management plans to mitigate
risks.
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