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Increases in wildfire occurrence and severity under an altered climate can substantially impact terrestrial
ecosystems through enhancing runoff erosion. Improved prediction tools that provide high resolution
spatial information are necessary for location-specific soil conservation and watershed management.
However, quantifying the magnitude of soil erosion and its interactions with climate, hydrological pro-
cesses, and fire occurrences across a large region (>10,000 km2) is challenging because of the large com-
putational requirements needed to capture the fine-scale complexities of the land surface that govern
erosion. We apply the physically-based coupled Variable Capacity Infiltration–Water Erosion
Prediction Project (VIC–WEPP) model to study how wildfire occurrences can enhance soil erosion in a
future climate over a representative watershed in the northern Rocky Mountains – the Salmon River
Basin (SRB) in central Idaho. While the VIC model simulates hydrologic processes at larger scales, the
WEPP model simulates erosion at the hillslope scale by sampling representative hillslopes.
VIC–WEPP model results indicate that SRB streamflow will have an earlier shift in peak flow by one to

two months under future climate scenarios in response to a declining snowpack under warming temper-
atures. The magnitude of peak flow increases with each higher severity fire scenario; and under the high-
est fire severity, the peak flow is shifted even earlier, exacerbating the effects of climate change. Similarly,
sediment yield also increases with higher fire severities for both historical and future climates. Sediment
yield is more sensitive to fire occurrence than to climate change by one to two orders of magnitude,
which is not unexpected given that our fire scenarios were applied basin wide as worst case scenarios.
In reality, fires only occur over portions of the basin in any given year and subsequent years’ vegetation
regrowth reduces erosion. However, the effects of climate change on sediment yield result in greater spa-
tial heterogeneities, primarily because of the spatial differences in precipitation projections, while fire
conditions were uniformly applied. The combined effects of climate change and a possible continuation
of increasing fire frequency and severity will compound excess sediment issues that already exist in this
region of the intermountain West.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Climate change is expected to increase the frequency, duration,
and intensity of extreme weather events and associated droughts,
wildfires, and rainfall events (Karl et al., 2008), all of which can
change streamflow volumes and sediment concentrations. Policies
around fire suppression and exclusion contributed to altered wild-
fire activity in the western U.S. (Stephens and Ruth, 2005). The
burned area by wildfires in central Idaho increased by 14 times
between the periods of 2001–2010 and 1971–1980 (U.S. Army
Corps of Engineers, 2012). While periodic wildfire is a necessary
process for maintaining overall forest health (Agee, 1993), there
are a number of negative impacts that can result to the environ-
ment, such as through decreasing infiltration rates and increasing
overland flow (Moody and Martin, 2009; Robichaud et al., 2010),
increasing soil erosion (Benavides-Solorio and MacDonald, 2005,
2001; Connaughton, 1935; DeBano et al., 2005; Doerr et al.,
2006; Helvey, 1980; Holden et al., 2012; Johansen et al., 2001;
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Larsen et al., 2009; Moody and Martin, 2009) and degrading water
quality (Reneau et al., 2007).

Erosion and excess sediment can affect ecosystems and water-
ways by adversely impacting aquatic life, navigation, reservoir sed-
imentation and flood storage, drinking water supply, and
aesthetics (Espinosa et al., 1997; Owens et al., 2005; Robertson
et al., 2007; Wood and Armitage, 1997). In the Pacific Northwest
(PNW), Teasdale and Barber (2008) and other researchers found
that forest wildfires likely provide a large percent of the coarser
sands that settle in navigation channels and in reservoirs (Boll
et al., 2011; Elliot, 2013). Goode et al. (2012) predicted that sedi-
ment yields could potentially increase by ten-fold from observed
long-term rates in central Idaho because of increased wildfire burn
severity and extent. Climate change may also impact sediment
yield from burned landscapes. The PNW is facing reduced summer
soil moisture and streamflow due to a warming-induced declining
snowpack in this winter-dominant precipitation region (Leung
et al., 2004; Miles et al., 2000; Mote et al., 2005; US Global
Change Research Program, 2012). This shift toward mixed (rain/
snow) or rain-dominant precipitation can have implications for
increased sediment generation during the winter and spring; while
changes in summer rainfall events will impact summer erosion
rates. Given the complexity of factors that can impact post-fire sed-
iment generation, there is still much unknown as to how future cli-
mate and burn severity/extent interactively affect the magnitude
of post-fire soil erosion in different locations in the intermountain
western U.S.

Numerous empirical and mechanistic soil erosion models have
been developed since the 1950s. A brief review on the model
developments and major research activities related to this research
question is listed in Table 1. The universal soil loss equation (USLE)
provided a powerful, empirical tool to estimate erosion (Renard
et al., 1991; Wischmeier and Smith, 1978). USLE estimates average
annual soil loss through a series of factors that relate to climate,
soil erosivity, topography, land use, and land management
(Wischmeier and Smith, 1978). As it was applied broadly, many
updated versions, including the revised universal soil loss equation
(RUSLE; (Renard et al., 1991)), the modified USLE (MUSLE;
(Williams and Berndt, 1977)), and RUSLE2 (Foster et al., 2000;
Lown et al., 2000) have been produced during the last several dec-
ades (Table 1). However, these empirical tools normally are
location-specific, and intensive model calibrations are required
for applications over different places (Laflen et al., 1991). The
Water Erosion Prediction Project (WEPP) model is a continuous
process-based model developed by the U.S. Department of Agricul-
ture – Agricultural Research Service (USDA–ARS), which includes
detachment, transport, and deposition processes (Flanagan and
Nearing, 1995) (Table 1). Because of its mechanistic nature, the
WEPP model requires much less calibration than the more empir-
ical USLE and RUSLE methods (Mao et al., 2010). To allow users to
estimate erosion after a disturbance, the Disturbed-WEPP web
interface was developed which contains several default parameters
and vegetation treatments (Elliot and Hall, 2010). As the processes
governing runoff erosion are fine-scale in nature, the WEPP model
(as well as other watershed-scale erosion models, e.g. (Arnold
et al., 1998; Leonard et al., 1987; Williams et al., 1985)) was orig-
inally developed at the hillslope scale. This makes it difficult to
evaluate the overall effectiveness of land use policy and the imple-
mentation of conservation programs, which normally occur over
watershed and regional scales (Mao et al., 2010) (Table 1). There-
fore, a framework to nest this relatively fine-scale model into a
larger-scale framework is needed. Mao et al. (2010) linked hydro-
logic outputs from the Variable Infiltration Capacity (VIC) macro-
scale hydrologic model (Liang et al., 1994) with the erosion module
from WEPP (WEPP-Hillslope Erosion, WEPP-HE) (Flanagan et al.,
2005) to estimate soil erosion over thousands of square kilometers.
However, this VIC–WEPP model implementation has no specific
parameterizations on fire disturbances; these disturbances are a
new addition in this study.

The overall goal of this study is to quantify the relative roles and
combined impacts of climate change and extreme wildfires in con-
tributing to runoff-induced sediment generation at larger scales
across the PNW. To do this, we refined the VIC–WEPP model for
post-fire conditions and applied the model over the Salmon River
Basin (SRB), a relatively human unimpaired watershed in the U.S
intermountain West. We predict the influence of climate change
and wildfire severity on streamflow regimes and sediment genera-
tion patterns.
2. Study domain

The SRB is located in the central of Idaho and lies between the
Rocky Mountains on the east and the Columbia Plateau on the
northwest and its elevation ranges from 304 to 3713 m (Fig. 1). It
is one of the largest undeveloped watersheds in the U.S.
(�36,000 km2) with 27% of the basin federally protected and nearly
90% owned by the Bureau of Land Management (BLM) and the U.S.
Forest Service (USFS) (Tetra Tech EC, Inc., 2006).

The sediment contributions from the SRB play an important role
with respect to flood control, irrigation, infrastructure, and naviga-
tion in the Lower Snake River (LSR) (U.S. Army Corps of Engineers,
2012). About 54% of the total sediment (65% of the total sand)
entering the Lower Granite Reservoir was generated from the
SRB during 2008–2011 (U.S. Army Corps of Engineers, 2012). As
the primary source of sediment yield from the SRB comes from dis-
turbed areas such as wildfire and roads (Goode et al., 2012), pre-
dicting post-fire soil erosion is critical for reservoir and
environmental management. During the period of 2001–2010,
wildfire affected approximately 7200 km2 in the SRB as compared
to 500 km2 during 1971–1980 (U.S. Army Corps of Engineers,
2012).

Climate change is also projected to play an important role in the
hydrologic processes that govern runoff-induced erosion. Other
studies have involved application of the VIC model to understand
the implications of climate change on SRB hydrology and have
found that warming results in an earlier shift in the timing of the
snowmelt peak (Sridhar et al., 2013; Tang and Lettenmaier, 2012)
and that overall basin runoff may increase by a small amount
under future climate scenarios (Sridhar et al., 2013).
3. Methods

3.1. Implementation of the coupled VIC–WEPP model

In this study, we refined and applied the VIC–WEPP modeling
framework which was originally developed by Mao et al. (2010).
The VIC model (v4.1.1) is a fully-distributed, physically-based
macro-scale hydrologic model which solves the water and energy
budgets at every time step (from 1 to 24 h) and for every grid cell
(Liang et al., 1994). It is developed for large-scale applications
(1/16th–2�), in which sub-grid variability in land cover, topogra-
phy, and saturated extent is based on statistical relationships.
The VIC model accounts for key moisture and energy fluxes
between the land surface and the atmosphere and includes algo-
rithms for shallow subsurface (frozen and unfrozen) moisture,
snow, lake, and wetland dynamics (Andreadis et al., 2009;
Bowling and Lettenmaier, 2010; Cherkauer and Lettenmaier,
1999). The VIC model has been applied over all continental land
areas, and has been extensively used over the western U.S. (e.g.,
Hamlet and Lettenmaier, 1999; Maurer et al., 2002; Elsner et al.,
2010; Hamlet et al., 2013; Liu et al., 2013) as well as the SRB



Table 1
Summary of relevant research on occurrences of wildfire and its effects on runoff and erosion over mountainous regions.

# Country: Location/Land-cover Reference (R) Data/Model (D/M) Location/
Land-cover (L/L)

Key results/limitations (or comments)

1 Global: global scale/all ecosystems R: Chuvieco et al. (2014)
D/M: ORCHIDEE/USLE

� Generated a global fire vulnerability map.
� Two components are used for estimating soil erosion
potential: potential soil degradation and adaptation to
fire.

� The vulnerability levels to the soil erosion potential was
carried out by cross-tabulation procedures (i.e. more
descriptive and empirical than process-based) and used a
coarse resolution DEM and climate data directly without
any spatial disaggregation treatments; therefore, it has
many uncertainties for local and regional applications.

2 Global: global R: Moody et al. (2013), Ebel and Moody
(2013) and Moody and Martin (2014)
D/M: literature review

� Identified research priorities related to post-fire runoff
and erosion response: to (1) understand the relations
between soil properties and burn severity metrics; (2)
characterize meso-scale rainfall appropriately; (3)
develop new methods for determining sediment supply
and modifying existing sediment transport algorithms;
and (4) develop standard measurement methods for col-
lecting uniform and comparable runoff and erosion data.

� Post-fire responses can be organized into domains with
three quantifiable metrics for the fire, precipitation,
and hydro-geomorphic regimes.

� The hyper-dry domain is important for understanding
post-fire infiltration-runoff response.

� Effects of soil–water repellency should be incorporated
into infiltration models.

� There is a lack of models to predict post-wildfire channel
scour, bank erosion, and biological effects on sediment
transport.

� Physically-based models are needed to investigate the
effects of single variables on runoff and erosion.

3 Global: global R: Nyman et al. (2013)
D/M: literature review

� Current post-fire response models are largely designed
to predict catchment processes after a fire event; while
new models are needed to predict larger-scale implica-
tions of climate change and fire management on
longer-term catchment processes.

� Landscape-scale interactions between fires, catchment
processes, and fire regimes should include: (1) first-
order interactions between rain storms and fire events;
(2) the coincidence of fire impacts and rain storms in
spatial and temporal dimensions; and (3) linkages
between long-term erosion rate and event frequencies.

4 USA: Colorado Front Range/pine forests R: Benavides-Solorio and MacDonald
(2001)
D/M: Field OBSa/EXPb

� Burn severity has only slight effects on runoff rate.
� Burn severity has a very large effect on sediment yield
(and percent ground cover explained 81% of the variety
in sediment yield).

� The plots are too short to generate rill erosion.
5 USA: Buffalo Creek & Spring Creek, Colorado/sparsely

forested
R: Moody and Martin (2001a)
D/M: Catchment OBS

� The relaxation or recovery time in runoff and erosion
responses are much less than the fire recurrence
interval.

� Rill, interrill, and drainage erosion accounts for 6%, 14%,
and 80% of the initial erosion in the observed wildfire
occurrence year (i.e. 1996), respectively.

� Erosional and depositional features caused by wildfire
may become legacies and become a new set of initial
conditions for subsequent wildfire and flood sequences
as the estimated residence time of eroded sediment is
greater than 300 years.

6 USA: Three watersheds in South Dakota (Bear
Gulch), Colorado (Spring Creek), and New Mexico
(Rendija Canyon)/N.A.

R: Moody and Martin (2001b) and Moody
et al. (2008)
D/M: Catchments OBS

� Post-fire changes in peak discharge (1.45 to 870-fold
increase) are much larger than post-fire changes in
annual runoff (0.5-fold decrease to a 4.5-fold increase)
(conclusion from literature review).

� These three burned mountainous watersheds show that
rainfall–runoff relations exist that relate the unit-area
peak discharge to the maximum 30 min rainfall intensity
(I30) by a power law.

� Above the threshold (I30 � 10 mm h�1) the flood peaks
increases more rapidly.

� The reason for the existence of the threshold could be
the change in the infiltration rate by wildfire and/or
the nature of hillslope friction. The threshold may
change with time and perhaps approach the pre-fire
condition.
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Table 1 (continued)

# Country: Location/Land-cover Reference (R) Data/Model (D/M) Location/
Land-cover (L/L)

Key results/limitations (or comments)

� The erosion response did not vary significantly between
the granitic terrain (Spring Creek) and volcanic terrains
(Rendija Canyon).

7 USA: western United States/various ecosystem types R: Moody and Martin (2009)
D/M: literature review (data synthesis)

� A dataset of post-fire sediment erosion, transport, and
deposition measurements (135) was compiled from lit-
erature (1927–2007) for the western U.S. where mea-
surements were made within 2-years after wildfire.

� Post-fire sediment yield from channels were greater
than yields from hillslopes across the western U.S.; i.e.
�75% of the post-fire sediment yield comes from chan-
nels and 25% comes from hillslopes.

� Wildfire was an important geomorphic agent of land-
scape change when sufficient rainfall follows.

� Quantitative information on burn severity, rainfall inten-
sity, overland flow discharge, channel geometry, and chan-
nel discharge is limited for understanding the complex links
between climate, rainfall, land cover,wildfire, and sediment
yields.

8 USA: Front Range Foothills in Colorado, near
Boulder/Montane ecosystem

R: Ebel et al. (2012)
D/M: Catchment OBS

� Burned area has a large reduction in water infiltration
into soils.

� Ash acts as an important hydrologic buffer by storing
water readily after storm and releasing it slowly over a
period of several days into the soil and by evaporation
to the air.

� Hydrologic models should include ash-controlled hydrologic
processes and runoff generation mechanisms in estimating
peakflow rate and total amounts of runoff in the few
months after wildfire.

9 USA: Lower Snake River Basin/Croplands R: Boll et al. (2011)
D/M: GIS-based RUSLE (i.e. RUSLE2) and
WEPP

� The highest erosion rates occur in high precipitation
zones and with conventional tillage practices.

� Not enough long-term data to evaluate and calibrate
models.

10 USA: Northwestern U.S. R: Elliot (2013) and Elliot and Hall (2010)
D/M: Overview/Disturbed WEPP

� Wildfire is the natural disturbance that generates the
greatest amount of sediment in the western U.S.

� Prediction models, e.g. WEPP, ERMiT, etc., are usable for
hillslope and road segment processes, but improvements
are made in incorporating road networks, flood routing,
and spatial variability associated with wildfire burn sever-
ity and weather at watershed scales.

11 USA: The central Idaho/coniferous forests R: Goode et al. (2012)
D/M: Synthesis of existing data

� The extent and frequency of wildfires are expected to
increase in the next several decades because warming
may likely extend the fire season throughout the west-
ern U.S.

� Cumulative effects of grazing on basin-scale sediment yield
should to be addressed.

12 USA: North central Washington/mixed conifer
forests

R: Helvey (1980)
D/M: Catchment OBS

� Runoff increases after wildfire, particularly during sub-
sequent years.

� Sediment production increased dramatically after the
fire due to increased flow rates, overland flow, and mass
soil movement.

13 USA: Pacific Northwest USA/forests R: Holden et al. (2012)
D/M: Satellite-derived burnt area and
severity

� Annual area burnt and area burn severity are strongly
and positively correlated.

� The annual area burnt and severity are significantly cor-
related with metrics of total annual streamflow and
streamflow timing.

� Interacting effects of climate, topography, vegetation, and
land use on wildfire extent and severity should be
considered.

14 USA: Near Los Alamos, New Mexico, USA/semiarid
forest

R: Johansen et al. (2001)
D/M: Field EXP

� Post-fire sediment yields increase non-linearly as per-
cent bare soil increases.

� There is a limited effect of water repellency on runoff
from burned plots.

� Large increases in sediment yields follow severe fire in a
pine forest, which is an order of magnitude greater than
most other ecosystems.

� The persistence of increases in post-fire sediment and water
yields needs to be studied.

15 USA: U.S./rangeland and cropland R: Laflen et al. (1991)
D/M: Field EXP/WEPP

� Interrill and rill erodibility and critical hydraulic shear
must be estimated when using WEPP; they are poorly
correlated with USLE soil erodibility values.

� Rill and interrill erodibilities for rangelands are much
lower than for cropland soils.

� Extensive field data need to be collected when using WEPP.

(continued on next page)
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Table 1 (continued)

# Country: Location/Land-cover Reference (R) Data/Model (D/M) Location/
Land-cover (L/L)

Key results/limitations (or comments)

16 USA: Colorado Front Range/ponderosa pine and
some Douglas pine

R: Larsen et al. (2009)
D/M: Field OBS/EXP and laboratory-based
study

� Hillslopes with high severity burns results in stronger
soil water repellency than unburned hillslopes only for
the first summer, but sediment yields from these burnt
areas are greatly elevated about background levels for
several years.

� Removing the surface litter by raking has similar effects
to that of rainfall on sediment yields over burned
hillslopes.

� There is close relationship between surface cover per-
centage and post-fire sediment yield which is caused
by soil sealing rather than soil water repellency or fire-
induced changes in soil erodibility.

� The most effective post-fire rehabilitation treatments will
be increasing surface cover.

17 USA: Minnesota/cropland, forest, and prairie
grassland

R: Mao et al. (2010)
D/M: Coupled VIC/WEPP-HE model

� The coupling of the large-scale hydrology model (i.e.
VIC) and theWEPP hillslope erosion model is able to pre-
dict soil erosion at large river basin scales.

� Discrepancies between coupled model results and the
stand-alone WEPP model arise from differences in
hydrologic processes and simplifications in vegetation
and soil erodibility.

� The model’s performance in responding to disturbances
such as wildfire should to evaluated.

� Sediment transport from each VIC grid cell into the stream
needs to be addressed.

18 USA: U.S. R: Renard et al. (1991)
D/M: USLE/RUSLE

� An improved iso-erodent map for the western U.S.; new
approaches for estimating K factor and its seasonality; a
sub-factor method for computing soil loss ratios (i.e., a
revised C factor); new P-factor considering the effect of
terracing and contouring.

� USLE/RUSLE adequately captures the first-order effects
of the major factors controlling sheet and rill erosions.

� USLE/RUSLE estimates average annual soil loss due to sheet
and rill erosion over the portion of landscape without depo-
sition occurring.

� USLE/RUSLE is an empirically-based model and does not
simulate hydrologic and erosion processes explicitly.

19 USA: Cerro Grande burn area, New Mexico, U.S. R: Reneau et al. (2007)
D/M: Filed OBS

� Over 90% of the ash was delivered to the reservoir by rel-
atively moderate convective storms in the summer after
the burn.

� Fine-grained sediment delivery rapidly declined after
the wildfire, while delivery of coarse-grained sediment
was prolonged.

� Impacts of ash and other fine grained sediment on reser-
voirs occurred soon after the fire, whereas the down-
stream impacts of coarse-grained sediment attenuated
gradually by bedload sediment transport which corre-
lated with snowmelt.

20 USA: Northern Rocky Mountain forest/coniferous
forest

R: Robichaud (2000)
D/M: Field EXP/OBS

� High-severity burn sites produce greater runoff rates
than low-severity sites especially during the initial
stages of the first rainfall event.

� The hydrophobicity caused by prescribed fire can be
washed away within one to two years.

� Cumulative distribution algorithms of hydraulic conduc-
tivity can be used with an erosion model as they account
for inherent variability within hillslopes and different
surface conditions caused by fire.

21 USA: Oregon and Washington, U.S. R: Wagenbrenner et al. (2010) and
Robichaud et al. (2010, 2007)
D/M: Filed EXP/WEPP model

� The disturbed sites have higher runoff rates, velocities,
and sediment flux rates than the undisturbed sites.

� The sediment flux rates generally are greater in the ini-
tial stage of each runoff event than under the steady-
state condition.

� Calculated rill erodibility increased by orders of magni-
tude with an increase in fire severity.

� The log-transformed stream power was the best hydrau-
lic relationship for predicting sediment flux rates.

� The rill erodibility values in a disturbed forest should not be
held constant for a given rainfall-runoff event.

22 USA: Potlatch River basin, north central Idaho, U.S./
croplands

R: Teasdale and Barber (2008)
D/M: High resolution aerial imagery

� Seasonal high-resolution digital aerial imagery can be
used to detect ephemeral gullies and analyze gully
morphology.
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Table 1 (continued)

# Country: Location/Land-cover Reference (R) Data/Model (D/M) Location/
Land-cover (L/L)

Key results/limitations (or comments)

� An erosion potential index (EPI) is developed with aerial
imagery to identify agricultural fields with risk of
ephemeral gully erosion at large watershed scales.

� The effects of winter hydrology should be included for the
EPI method.

23 USA: The lower Snake River basin/forests,
agricultural lands, and urban area

R: Tetra Tech EC, Inc. (2006)
D/M: Inventory

� There are limited data on major sediment sources and
yields in the Snake River basin.

� A multi-year sediment transport monitoring program
should be conducted.

� An initial sediment budget estimate is needed.
24 USA: Targeting ungauged rural basins throughout

the US; tested over Oklahoma and Texas/rural area
with cropland, rangeland and non-agricultural land

R: Williams et al. (1985) and Williams and
Berndt (1977)
D/M: Simulator for Water Resources in
Rural Basins (SWRRB) and the Modified
Universal Soil Loss Equation (MUSLE)

� A sediment routing model is added to MUSLE.
� MUSLE uses runoff variables (i.e., runoff volumes and
runoff peak flows), rather than rainfall erosivity, to esti-
mate sediment yields so that it can give single storm
estimates of sediment yields.

� The model performs well when rainfall is generated.
25 Australia: Sandstone Tablelands near Sydney/

eucalypt forest
R: Doerr et al. (2006)
D/M: Field OBS

� High severity burns caused destruction of repellency in
the surface soil layer.

� Existing fire severity classifications for predicting fire
impacts on hydrologic responses need to be improved,
which encompasses not only foliage and ground cover sta-
tus, but also changes to surface and subsurface soil hydro-
logic properties.

26 Australia: Eastern Victorian Uplands, near
Melbourne/Mixed forests

R: Langhans et al. (2016)
D/M: an intermediate model between
physically-based/distributed and lumped/
empirical; Monte-Carlo approach simula-
tion

� This model can be used to assess risk to water quality
due to fine sediment delivery after wildfire.

� A fire spread model and an erosion model is coupled.
� Headwaters, sub-catchments, and the water supply
catchment are independent, but nested with rule-based
linkages.

� Fine sediment is most sensitive to the texture of source
material, debris flow volume estimation, and the trans-
mission of fine sediment estimates.

� Parameters and processes need to be calibrated when
applied in other regions.

27 Australia: Southeast Australian highlands (eastern
uplands of Victoria)/from open dry forests, tall
temperate rainforests, to Mountain Ash

R: Nyman et al. (2015)
D/M: Erosion survey, aerial imagery, &
logistic regression model

� Sediment yields from debris flows after wildfire are 2–3
orders of magnitude higher than background erosion
rates.

� Debris flow susceptibility was quantified with a logistic
regression based on an inventory from 315 debris flow
fans; burn severity (differenced normalized burn radio,
dNBR), local slope, dryness, and rainfall intensity are sig-
nificant predictors.

� Burn severity is an important control on sediment
delivery.

� A drier catchment might be more susceptible to debris
flows than wetter regions.

28 Canada: Western Canadian mountainous
catchments/Montane Spruce, etc.

R: Mahat et al. (2015)
D/M: Conceptual modeling (HBV-EC)

� A reduced forest canopy cover after wildfire will likely
cause early initiation of snowmelt and peak flow.

� Both pre-wildfire and post-wildfire data are needed for
evaluating the impacts of wildfire on catchment hydrology
with a conceptual modeling approach.

� A more physically-based model is needed for evaluating
wildfire impacts on hydrology when pre-fire data are
unavailable.

29 Canada: Rocky Mountains (Alberta)/Montane and
subalpine ecozones

R. Silins et al. (2014) and Silins et al. (2009,
2008)
D/M: Field OBS

� Sediment production increased dramatically in burned
and post-fire salvage logged catchments, while they
were strongly mediated by topography and hydro-cli-
matic controls.

� Post-fire salvage logging produced much greater impacts
than wildfire alone.

� The practice of post-fire salvage logging produces more
sediment than burnt watersheds without salvage
logging.

� Wildfire and salvage logging could cause a cascading
series of ecohydrologic effects on aquatic ecosystems
through increasing mean annual concentrations of all
forms of phosphorus (P), and the median, and the max-
imum of concentrations of total phosphorus (TP).

30 China: Daxing’an Mountains,
Heilongjiang/coniferous forest

R: Cui et al. (2014)
D/M: Field EXP

� The change in soil organic carbon (SOC) after wildfire
depends on fire severity and topology/location: low-
and medium-severity fires have no significant immedi-
ate effect on SOC; high-severity fires cause a large and
immediate loss of C through direct combustion or
high-temperature volatilization.

(continued on next page)
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Table 1 (continued)

# Country: Location/Land-cover Reference (R) Data/Model (D/M) Location/
Land-cover (L/L)

Key results/limitations (or comments)

31 China: Hong Kong/Dicranopteris fern or bare ground R: Hill and Peart (1998)
D/M: literature review & Field EXP

� After burning, large quantities of sediment move on the
slopes but this is short-lived because of the extremely
rapid recovery of vegetation by mid-May.

� While burnt plots generated 3–5 times more sediment
yield from hillslopes than unburnt plots, there is a small
difference in sediment levels in small streams; i.e., much
of this additional yield is not delivered to the streams.

� There is a need for further research on the linkages between
on-slope plot studies with catchment-level studies.

32 Greece: Mediterranean/coniferous forests,
woodland-shrubs, and croplands

R: Karamesouti et al. (2016)
D/M: RUSLE and the Pan-European Soil
Erosion Risk Assessment (PESERA)

� RUSLE shows high sensitivity to topographic and rainfall
erosivity; while PESERA is more sensitive to vegetation
coverage as well as to soil characteristics.

� RUSLE modeled significantly higher erosion rates over
both pre- and post-fire settings.

� Experimental measurements are required for evaluating
model performance.

33 South Korea: Gangneung/pine trees R: Shin et al. (2013)
D/M: Field/Catchment EXP

� The runoff coefficient has a high correlation with rainfall
amount, while the sediment response rate is highly con-
trolled by vegetation structure, litter, and root.

� The sediment response rate decreased greatly within
two years after wildfire with vegetation recovery.

� Stream-head hollows function as areas of deposition
rather than erosion, unless disturbed by heavy rainfall
events and landslide processes.

34 USA: Salmon River Basin (the central of
Idaho)/forest, shrubland, herbland, and cropland

R: This study
D/M: coupled VIC and WEPP-HE

� We model the effects of climate change and extreme
wildfire activity on erosion at the basin scale.

� A hillslope-scale erosion model was nested into a macro-
scale hydrologic model.

� Wildfire exacerbates the impacts of climate change on
the hydrograph shape.

� Climate change may exacerbate the impacts of extreme
wildfires on sediment yield.

� More field observations and experiments are needed to
evaluate model performance.

� Vegetation regrowth after fire should be explicitly
simulated.

a Abbreviation for ‘‘observation”.
b Abbreviation for ‘‘experiment”.

Sampling sites of Kirchner et al. 2001 

Fig. 1. Salmon River basin map showing calibration basins in purple (with basin number reference), elevation, land cover, National Climate Data Center (NCDC) stations, and
test area (shaded).
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(Sridhar et al., 2013; Tang et al., 2012). WEPP-HE is a stand-alone
process-based erosion model that has been extracted from the full
WEPP model (v2004.7) which operates over field and hillslope
scales (hundreds of m2) for specific storm events (Flanagan et al.,
2005; Mao et al., 2010). Linking of these two models (that operate
at different temporal and spatial scales) requires spatial and tem-
poral disaggregation of VIC output prior to running WEPP-HE. To
reduce computation time, WEPP-HE was run using the representa-
tive hillslope approach (as described below) and erosion results are
aggregated over each hillslope class subsequent to analysis.

We followed the same procedures as Mao et al. (2010) to per-
form VIC model simulations, to transform VIC model outputs to
drive WEPP-HE, and to aggregate WEPP-HE simulated results to
the level of the VIC model grid cell. Because methodologies related
to these pre- and post-processes have been described in detail by
Mao et al. (2010), here we focus on the differences in how we
implemented the VIC–WEPP model, including our refinements
for post-fire applications. This process involved three major steps,
as follows.

1. For each VIC model grid cell, the VIC model passes hydrologic
information (runoff depth, peak runoff rate, effective runoff
duration, and effective rainfall intensity and duration) to
WEPP-HE. This step involves a rainfall disaggregation step, as
described by Mao et al. (2010). See further details in Section 3.2
on meteorological data sources.

2. We select representative hillslopes in each VIC grid cell by using
a stratified sampling scheme (Park and van de Giesen, 2004;
Thompson et al., 2006) to perform simulations from each rela-
tively homogeneous subgroup (e.g., with similar slope gradient
ranges) and from each vegetation cover. The number of repre-
sentative hillslopes selected for each subgroup is set propor-
tionally by the fractional areal coverage within the grid cell.
The slope distribution in each VIC model grid cell is downscaled
from a 500-m DEM data with a monofractal scaling method,
which is based on the monofractal nature of topography
(Klinkenberg and Goodchild, 1992; Xu et al., 1993; Zhang
et al., 1999), i.e. topography estimated from a DEM is a function
of the pixel size and the slope gradient is linked with the fractal
dimension of the topography. This method has been used and
evaluated by Bowling et al. (2004) and Mao et al. (2010) to
downscale 30 arc second DEM to 50 m and 30 m resolution
slope, respectively. We identified five slope ranges as <20�,
20–36�, 36–52�, 52–70�, and >70�, over which the number of
sampled hillslopes covers 22.7%, 27.8%, 22.4%, 14,9%, and
12.2% of total hillslopes in the SRB, respectively.

3. Soil information, beyond what is needed for VIC modeling, is
gathered; these include baseline erodibility, soil particle size
classes, size class specific gravity, and organic matter content.
Erodibility adjustments (due to ground cover, canopy effects,
live and dead root biomass, and residue) are handled in the cou-
pled model using a variety of relationships that were developed
by Mao et al. (2010). New erodibility adjustments are made to
Table 2
Adjustment factors for key post-fire erosion parameters as implemented in the VIC and W

Parameter Adjustments (within the parentheses is the valu

No fire Low fire

LAI 1 0.6
Kc 1 0.9
Ki (kg s m�4) 1 (400,000) 1.75 (700,000
Kr (s m�1) 1 (0.00027) 1.887 (0.0005
scrit (N m�2) 1 (1.5) 1 (1.5)

a Abbreviations: LAI: leaf area index; Kc: saturated hydrologic conductivity, Ki: interrill
account for the effects of wildfire, as follows. Five vegetation
and soil parameters are identified to be adjusted for post-fire
conditions with three various fire severities (i.e. low fire, mod-
erate fire, and high fire): leaf area index (LAI), saturated hydro-
logic conductivity (Kc), interrill erodibility (Ki), rill erodibility
(Kr), and critical shear stress (scrit) (Parson et al., 2010;
Robichaud, 2000; Robichaud et al., 2007). LAI adjustment fac-
tors for low, moderate, and high fire severity conditions are
taken from Parson et al. (2010) (Table 2). Kc for low and high fire
severities were from Robichaud (2000) and the value for the
moderate fire severity is the average of the low and high fire
conditions. LAI and Kc adjustments are applied for both VIC
(for hydrological processes) as well as WEPP-HE (for soil ero-
sion processes) simulations. Initial values of Ki, Kr, scrit and their
adjustments for different fire severities are identified using the
WEPP soil database (Frankenberger et al., 2011) and for pre-
and post-fire conditions for forests from Robichaud et al.
(2007). The averages of these two data sources are used for this
study and the parameters for moderate fire severity are calcu-
lated as the average of low and high fire conditions (Table 2),
although the scrit parameter does not change with low and high
fire conditions according to Frankenberger et al. (2011) and
Robichaud et al. (2007). The values for the sandy loam condi-
tions (i.e. 55% sand, 35% silt, and 10% clay) are selected from
these two data sets because of this soil type’s dominance over
the SRB. In our sensitivity analysis we assume uniform fire
severities everywhere in the SRB under each fire severity sce-
nario. This is a sensitivity study around the worst case scenario,
as wildfires in reality have not occurred simultaneously over
such a large spatial extent. According to the Global Fire Emis-
sions Database (GFEDv4) (Randerson et al., 2015), during the
period of 1997 to 2014, the 25 to 75th percentile of burnt area
in the SRB ranged between 53.6 and 411.9 km2 (or 0.15–1.14%
of total land area).

3.2. VIC model input data

Historical gridded meteorological data were necessary for
model evaluation and for providing baseline estimates for the
future climate scenarios. We use the dataset created by
Abatzoglou (2013) which covers a period of 1979 to 2010, and
includes daily precipitation, air temperature, and wind speed.
Abatzoglou statistically downscaled the data from the North Amer-
ican Land Data Assimilation System Phase 2 (NLDAS-2, (Mitchell
et al., 2004)) to 1/24th degree (�4-km) resolution by using data
derived from the Parameter-elevation Regressions on Independent
Slopes Model (PRISM, (Daly et al., 2008)). For future climate simu-
lations, we use a dataset created by Abatzoglou and Brown (2012),
who statistically downscaled and bias-corrected future daily grid-
ded climate data (from 2039 to 2070) from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) using the Multivariate
Adapted Constructed Analogs (MACA) method. These spatially
downscaled climate data are suitable for this study as MACA
EPP-HE models.a

e)

Moderate fire High fire

0.25 0.05
0.775 0.65

) 2 (800,000) 2.25 (900,000)
) 2.075 (0.00055) 2.264 (0.0006)

1 (1.5) 1 (1.5)

erodibility, Kr: rill erodibility, and scrit: critical shear stress.
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conserves the relationships between meteorological variables and
has been shown to closely follow extreme fire danger metrics
(Abatzoglou and Brown, 2012). All 1/24th degree gridded climate
data were aggregated into 1/16th degree resolution for running
the VIC model.

The soil and vegetation parameters for VIC model simulations
are from Hamlet et al. (2013) that include new calibrations based
on Elsner et al. (2010). Soil types and physical properties are orig-
inally derived from the State Soil Geographic (STATSGO) database
(Kirschbaum and Lettenmaier, 1997; Nijssen et al., 1997; United
States Department of Agriculture, 1994). The land cover type is
reclassified from MODIS MOD 12Q1 data with 500-m resolution
(Friedl et al., 2002). The 500-m resolution digital elevation model
(DEM) data are from the Global Multi-resolution Terrain Elevation
Data 2010 (GMTED2010) (Danielson and Gesch, 2011).

3.3. Model calibration

Four U.S. Geologic Survey (USGS) streamflow gauging stations
are used for model calibration and evaluation (see Fig. 1 and
Table 3). Three of these stations are at the outlet of independent
watersheds (stations 2–4), while one is at the outlet of the entire
SRB (station 1) (Table 3). VIC model calibration parameters include
the variable infiltration curve parameter (bi [–]), maximum veloc-
ity of baseflow (Dsmax [mm day�1]), fraction of maximum velocity
of baseflow (Ds [–]) and fraction of maximum soil moisture (Ws

[–]) where non-linear baseflow begins, depth of second (D2 [m])
and third soil layers (D3 [m]), and snow surface roughness (Snow_-
rough [m]) (Gao et al., 2010). A streamflow routing process (Route
1.0) is conducted for comparing simulated daily runoff with stream
hydrograph (Lohmann et al., 1998, 1996). Observations from these
four gauges are also used for model evaluation, but over indepen-
dent periods. Calibration is first conducted using stations 2–4, then
the parameters for the remaining parts of the SRB are calibrated to
match the observed streamflow at station 1.

In addition to calibration of the soil parameters, we also bias-
correct the simulated incoming shortwave radiation from the VIC
meteorology sub-module, which uses the algorithms of the Moun-
tain Microclimate Simulation Model (MT-CLIM; (Hungerford et al.,
1989; Kimball et al., 1997; Thornton et al., 2000; Thornton and
Running, 1999)) to estimate shortwave radiation from the daily
temperature range and other variables. Barsugli et al. (2012) and
Bohn et al. (2013) indicate that MT-CLIM may generate substantial
biases over interior continental regions in the presence of snow,
such that the adjustments are needed to eliminate biases in the
timing of snowmelt.

In addition to matching the shape of the average monthly
hydrograph during calibration periods, the Nash-Sutcliffe effi-
ciency (NS) metric (Eq. (1)) is used to evaluate simulated stream-
flow against the gauge observations during model evaluation
periods (Table 3).

NS ¼ 1�
Pn

i¼1ðOi � PiÞ2Pn
i¼1ðOi � OÞ2

ð1Þ
Table 3
USGS gauges for model calibration and evaluation.

Watershed Gauge station name Period f

1 Salmon River @ White Bird, ID Jan. 197
2 Salmon River @ Salmon, ID Jan. 197
3 Middle Fork Salmon River @ Mouth NR Shoup, ID Oct. 199
4 Little Salmon River @ Riggins, ID Jan. 197
Here, O is the observed mean streamflow, Oi is the observed stream-
flow, and Pi is the simulated streamflow for each time step, i. For a
perfect model, NS would be one while Moriasi et al. (2007) suggest
that model performance can be thought as acceptable if NS is
greater than 0.60 at daily time-steps.

3.4. Model evaluation

3.4.1. Streamflow
For evaluation of the model’s performance beyond the calibra-

tion period, the following additional metrics are calculated: daily
peak flow (PK) (Eq. (2)), averaged yearly relative bias (RB) (Eq.
(3)), and daily and monthly root-mean-square error (RMSE) (Eq.
(4)). PK emphasizes the model’s capability in estimating daily
extreme events, wherein a PK value ranging 0.1–0.15 can be
thought of as good model performance (a perfect model would
yield a zero PK) (Coulibaly et al., 2001). PK is calculated as

PK ¼
Pnp

i¼1ðQpi � bQpiÞ
2ðQpiÞ2

� �1
4

Pnp
i¼1ðQpiÞ2

� �1
2

ð2Þ

where np is the number of peak flows greater than one-third of the
observed average daily peak streamflow, Qpi is the observed daily

flow, and bQpi is the simulated daily streamflow (Coulibaly et al.,
2001). RB, on the contrary, emphasizes the simulation accuracy on
annual streamflow rather than daily extremes, as follows

RB ¼
Pny

i¼1ðPi � OiÞ=ðOiÞ
ny

ð3Þ

where ny is the number of years, Pi is the simulated streamflow, and
Oi is the observed streamflow, for each year, i. RMSE is used to quan-
tify biases of modeled daily or annual streamflow over the simula-
tion period, as follows

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPnm

i¼1ðPi � OiÞ2
nm

s
ð4Þ

where nm is the number of months or days, Pi is the simulated
result, and Oi is the observation.

3.4.2. Sediment yields
In addition to evaluating simulated streamflow, we also com-

pare simulated sediment yields against a long-term average mea-
sured sediment yield from the SRB by Kirchner et al. (2001).
Kirchner et al. (2001) measured erosion rates over long temporal
scales (6300–26,000 years) using cosmogenic 10Be, and over
shorter scales (short-term; record lengths of 10–28 years) using
conventional sediment-trapping and sediment-gauging methods.
Because slope and land cover type were not specified for each
specific sample location by Kirchner et al. (2001), the VIC–WEPP
model sediment yields that are compared are from the model grid
cells that the catchment boundaries of Kirchner et al. (2001) falls
within. Although the spatial scales of the model and the catch-
or calibration Period for evaluation Drainage area [km2]
(% of total calibration area)

9 – Dec. 1994 Jan. 1995 – Dec. 2010 34,760 (100%)
9 – Dec. 1994 Jan. 1995 – Dec. 2010 9679 (27.8%)
3 – Mar. 2002 Apr. 2002 – Sep. 2010 7449 (21.4%)
9 – Dec. 1994 Jan. 1995 – Dec. 2010 1491 (4.3%)



Table 4
Vegetation type and cover fractions used in Disturbed-WEPP and the VIC–WEPP
model.

VIC–WEPP Vegetation Disturbed-WEPP

Vegetation %Cover %Rock

Forest 5 year old forest 100 20
Wooded grassland Tall grass 80 20
Prairie Short grass 50 20
Cropland Tall grass 40 20
Other types high severity fire 1 40

Fig. 2. Selection of the future climate scenarios for analysis (among 24 CMIP5
scenarios available to us by Abatzoglou and Brown, 2012) was performed by
selecting the four corners plus the middle scenario when plotting them in terms of
projected annual precipitation and temperature changes over the basin.
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ments from Kirchner et al. (2001) are different and only seven
catchments are available in the SRB (Fig. 1), an evaluation provided
the general order of magnitude difference between the VIC–WEPP
model and observed yields.

3.4.3. Model inter-comparison
For placing our simulated results in context of existing and

frequently-applied tools, the VIC–WEPP model simulated results
are compared against hillslope-level WEPP simulations using the
Disturbed-WEPP (v2010.01) web-based tool, which is designed to
capture the effects on erosion due to multiple types of disturbances
in forest and rangeland ecosystems and is often used for informing
land management decisions (Elliot and Hall, 2010). Ten grid cells
(located in the western half of the SRB), of which each contains
96–199 sampled hillslopes, are selected for running both models
with two fire severity scenarios: no fire and high fire. The same cli-
mate (which were generated using a rainfall disaggregation pro-
cess), slope, and soil texture data are used in both models. The
default vegetation definitions are different in these two models;
therefore, when running Disturbed-WEPP, we adjust the default
values of % cover and % rock to describe the corresponding VIC–
WEPP model vegetation type (Table 4) (Elliot and Hall, 2010). For
comparison purposes, we average erosion results from the no-fire
and high-fire scenarios from VIC–WEPP and compared these
results to those from Disturbed-WEPP.

3.5. Future climate scenarios

To quantify the impact of climate change on streamflow over
the SRB, we select five future climate scenarios out of the 24 sce-
narios that are available to us by Abatzoglou and Brown (2012).
The 24 scenarios include twelve different General Circulation Mod-
els (GCMs) for each combination of two Representative Concentra-
tion Pathways (RCP4.5 and RCP8.5). The five scenarios were
identified to cover the range of possible projected annual precipi-
tation and temperature changes over the basin, which were calcu-
lated as percent change and absolute difference, respectively,
between the periods of 1979–2010 and 2039–2070 (Table 5;
Fig. 2).

For simulating the impacts of climate change on sediment yield
from the entire SRB, we chose downscaled climate data from
MIROC5 only (the mid-range future climate scenario), due to the
Table 5
Selected GCMs (General Circulation Models) and RCPs (Representative Concentration Path

Model # Model and version Institute

1 BCC_CSM1.1 Beijing Climate Center, China
2 CanESM2 Canadian Centre for Climate
3 GFDL-ESM2G US Department of Commerce
4 INMCM4.0 Institute for Numerical Math
5 MIROC5 Atmosphere and Ocean Resea

Institute for Environmental S
and Technology, Japan
large computational requirements of the WEPP-HE model. To
assess the effects that the uncertainty of future climate scenarios
has on sediment yield, we ran all five scenarios over a selected test
area (see gray area in Fig. 1). This test area covers 80 grid cells and
is a good representation of the entire SRB in terms of ranges of
annual precipitation, slope, land cover, and estimated sediment
yield change.

For both historical and future simulations, we remove the first
two years of simulated results to allow for model spin-up. There-
fore, when analyzing results, we utilize the 30-year average peri-
ods of 1981–2010 and 2041–2070 for historical and future
simulations, respectively.
4. Results

4.1. Calibration and evaluation

Over the calibration periods, all selected watersheds have NS
larger than 0.6 on both daily and monthly simulated streamflow
except Watershed-2 (for which NS equals 0.4 and 0.56 for daily
and monthly time steps, respectively) (Table 6). Over the SRB as
a whole, the calibrated VIC model successfully captures the timing
of peak flow and the daily and monthly magnitudes during the cal-
ibration period (Fig. 3). The PK values for all watersheds are less
than the criteria identified by Coulibaly et al. (2001); this indicates
that the model captures peak flows relatively well (Table 6). All RB
values from these four watersheds are less than 15%, while
Watershed-3 has the least bias of �0.3% (Table 6). The RMSE
ways) for VIC–WEPP model simulations over the period of 2039–2070.

RCP scenario

Meteorological Administration, China 8.5
Modeling and Analysis, Canada 8.5
/NOAA/Geophysical Fluid Dynamics Laboratory, USA 8.5
ematics, Russia 4.5
rch Institute (The University of Tokyo), National
tudies, and Japan Agency for Marine-Earth Science

4.5



Table 6
Calibration and evaluation metrics over selected watersheds (see Fig. 1 for streamflow gauging locations). While NS was calculated separately for both the calibration and
evaluation periods, PK, RMSE, and RB were calculated for the evaluation periods only.

Watershed NS (calibration period) NS (evaluation period) PK RMSE [m3 s�1] RB

Daily Monthly Daily Monthly Daily Monthly

1 0.88 0.96 0.83 0.93 0.095 162 884 �0.098
2 0.41 0.56 0.59 0.81 0.108 34.6 187 0.148
3 0.60 0.83 0.71 0.90 0.124 52.5 279 �0.003
4 0.76 0.93 0.75 0.88 0.099 14.0 75.1 �0.103

A: Calibration B: Evaluation 

Fig. 3. Observed and simulated discharge over the calibration (A) and evaluation (B) periods at the outlet of the SRB (station #1 in Fig. 1) for (a) the average Julian day, (b)
average month, and (c) three years of daily flows. The ‘‘averages” are the mean value during the calibration and evaluation periods for panel A and panel B, respectively.

Fig. 4. Comparisons of average annual sediment yield between the VIC–WEPP
simulated results and short-term and long-term observations from Kirchner et al.
(2001).
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depends on the magnitude of average streamflow so that it is
expected that Watershed-1, the entire SRB, has the largest bias in
absolute value from the observations [Table 6].
The average VIC–WEPP sediment yield from the seven SRB sites
(Fig. 4) is 4.37 t ha�1, while the average yield from Kirchner et al.
(2001) over the short-term and long-term scales are 0.12 and
2.14 t ha�1, respectively (Fig. 4). Because of the naturally episodic
pattern and the underestimation of short-term soil erosion from
conventional sediment-yield data (Kirchner et al., 2001), the differ-
ence in measured versus simulated erosion estimates do not lead
us to believe that there are major (order of magnitude) biases in
simulated erosion rates. VIC–WEPP modeled results over catch-
ments with long-term high-potential sedimentation yields are
close to measurements, even though there are some bias over
catchments with relatively low-potential erosion (Fig. 4). This indi-
cates that the VIC–WEPP model is particularly suitable for estimat-
ing long-term average sediment yields.

4.2. Model inter-comparison and model sensitivities to various
parameters

The VIC–WEPP model and Disturbed-WEPP predicted an aver-
age annual sediment yield of 0.85 and 0.36 t ha�1, respectively.
While the VIC–WEPP model yields were on average more than
double that from Disturbed-WEPP, the VIC–WEPPmodel generated
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a much larger dynamic range of sediment yield estimates from
individual hillslopes (from 0 to 125 t ha�1) as compared to
Disturbed-WEPP (from 0.01 to 10 t ha�1) (Fig. 5). While Fig. 5
would suggest that the basin-average yield would be lower for
VIC–WEPP, the higher yield estimates that exceed the dynamic
range of Disturbed-WEPP simulations (>10 t ha�1) result in an
overall higher sediment yield. The difference in results between
these two models arises from differences in input parameters
(i.e., we were able to provide detailed input parameters to the
VIC–WEPP model but utilized default parameters when running
Disturbed-WEPP) as well as from different sensitivities to each of
these parameters (Table 7).

For Disturbed-WEPP, the differences in average annual precipi-
tation have the largest effects on yield followed by slope length
and slope (Table 7). For the VIC–WEPP model, the land cover type
is most influential on erosion followed by slope length, slope, and
precipitation. Disturbed-WEPP is more sensitive than the VIC–
WEPP model to hydraulic conductivity, scrit, and Kr; while the
VIC–WEPP model is more sensitive to changes in land cover, aver-
age annual precipitation, slope length, and slope.
4.3. Climate change and fire impacts on streamflow

Under the no-fire scenario, future climate change will decrease
SRB peak streamflow and shift it earlier in the season (Fig. 6). The
Fig. 5. Cumulative Distribution Functions (CDFs) of estimated average annual sedim

Table 7
Range of input parameters for the two contrasted models (Disturbed WEPP and VIC_WEP
absolute magnitude and as a relative sensitivity).

Parameter Disturbed WEPP

Range Yield
Change
(t ha�1)

R
c
(

Annual precipitation (mm) 598–1296 9.56 0
Slope (%) 1–100 5.00 0
Slope length (m) 5–95 7.10 0
Hydraulic conductivity (mm day�1) 144–672 �0.64 �
Cover (%) 0–100 �0.50 –
Critical shear (scrit) (N m�2) 0.5–1.0 �0.41 �
Rill erodibility (Kr) (s m�1) 0.0003–0.0004 0.07 7
Land cover – – –

LAI (fraction) – – –

Interrill erodibility (Ki) (kg s m�4) – – –

a Indicates the parameter was not used in the specific model sensitivity test.
magnitude of peak streamflow in a future climate increases with
higher fire severity scenarios until it becomes larger than the his-
torical peak streamflow under the no-fire scenario (Fig. 6). Under
the low and moderate fire severity scenarios, the projected timing
of peak streamflow has a small earlier shift (�15 days) from the
historical period. However, under the high-fire scenario, the occur-
rence of peak streamflow is shifted much earlier with respect to
the other lower fire scenarios in a future climate, and is around
50 days earlier than the historical no-fire scenario (Fig. 6). The
shifting of peak streamflow is mostly controlled by the warming-
induced early snowmelt (Hamlet et al., 2013; Mote et al., 2005).
The increase in peak flow magnitude with increasing fire severity
is due to less vegetation available to store water and the surface
being more repellent due to wildfire which caused an increase in
runoff. The decreased vegetation and increased surface repellency
is caused by the changes in the post-fire adjustment factors LAI and
Kc for each fire severity condition. Over three smaller watersheds
within the SRB, climate change and fire severity result in similar
impacts to the magnitude and timing of peak streamflow (results
not shown). We note that in Fig. 6 we assume that the entire SRB
has the same fire treatment for each of the wildfire scenarios. This
does not represent a realistic situation (most individual fires will in
reality burn only a portion of the watershed) but provides for a
worst case scenario that we use to examine relative sensitivity
between climate and wildfire impacts on runoff and erosion.
ent yields over all hillslopes from the VIC–WEPP and Disturbed-WEPP models.

P), and the sensitivity of sediment yield to model parameters (expressed both as an

VIC–WEPP

ate of yield
hange
fraction)

Range Yield
change
(t ha�1)

Rate of yield
change
(fraction)

.0137 598–1296 10.2 0.0146

.051 1–100 21.0 0.191

.079 5–95 �12.6 �0.140
0.0012 300–2700 �0.125 �0.0001
a – – –
0.82 0.45–1.05 �0.013 �0.02
00 0.0001–0.0007 0.00 0.00

Forest, Wooded grassland,
Prairie, Cropland, and Bare
soil

2051 –

0.4–1.6 �2.1 –

300,000–1,500,000 5.08 –



Fig. 6. Simulated mean (a) daily and (b) monthly streamflow from the outlet of the
SRB in the future (i.e. 2041–2070) under different fire severity conditions (i.e. no,
low, moderate, and high). The future streamflows shown (for each fire scenario) are
the average of streamflow simulations for the five selected climate scenarios. Also
shown, for comparison, is historical climate streamflow under the no-fire scenario.

(a) Effect of high-fire 
under historical climate

(c) Effect of climate change 
under no-fire scenario

Fig. 7. Impacts of climate change and fire severity on sediment yield over the Salmon Riv
2010) and future (2041–2070) periods, respectively. Panels c and d depict the effects o
magnitudes of changes in estimated sediment yield is calculated either by the difference
climate scenarios (for a and b), or by the difference between future and historical clima
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Allowing the entire basin to burn provides insight as to which por-
tions of the watershed are most sensitive to fire-induced erosion.

4.4. Climate change and fire impacts on sediment yield

Climate change and fire conditions both have significant effects
on the generation of sediment over the SRB, but their impacts are
different in terms of both magnitude and spatial variability. Our
model results indicate that increases in fire severity will substan-
tially increase sediment yield across the entire SRB under both his-
torical (+26.0 t ha�1) (Fig. 7a) and future (+31.2 t ha�1) climate
scenarios (Fig. 7b); however, the increases mainly occur from the
forested lands in the central and western parts of the basin
(Fig. 7a and b). The effects of climate change (versus from fire con-
ditions) on soil erosion are more heterogeneous across the basin.
Under the no-fire condition, climate change will result in a mod-
eled decrease (increase) of yield over the central (eastern) portions
of the SRB. On average for the entire basin, climate change (for the
mid-range climate scenario, MIROC5 RCP4.5) will decrease soil
erosion by 1.45 t ha�1 (Fig. 7c). The mid-range climate scenario
projects a moderate change in temperature and precipitation
across most of the basin, but with more significant decreases in
precipitation over the western SRB (results not shown), explaining
the decrease in modeled yield due to climate change over that area.
The increased sediment yield over the eastern part is because of
the increased total precipitation and the increased fraction of pre-
cipitation as rainfall during winter and spring seasons caused by
warming temperatures and the decrease of snowpack accumula-
tion over this region. Under the high-fire scenario, most of the
SRB will experience higher sediment yield in the future with an
average yield increase of 3.7 t ha�1 (Fig. 7d) and the effect of cli-
mate change will be small as compared to fire effects under the
high-fire condition.
(b) 

(d) 

Effect of high-fire 
under future climate

Effect of climate change 
under high-fire scenario

er Basin. Panels a and b depict the effects of fire severity during the historical (1981–
f climate change under no-fire and high severity fire conditions, respectively. The
s between the high severity fire condition and the no fire condition under different
tes while under different fire conditions (for c and d).



Fig. 8. VIC–WEPP simulated sediment yield for six climate and four fire severity scenarios over a portion of the Salmon River Basin (see gray area in Fig. 1). Historical and
future yields are averaged over the periods of 1981–2010 and 2041–2070, respectively. The future climate scenarios are organized from top to bottom in order of larger to
smaller increases in annual precipitation.
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4.5. Model sensitivities to multiple climate projections

The five different future climate scenarios result in very similar
patterns of sediment yield over the test area and for each of the fire
scenarios (Fig.8). While the impacts of climate change on sediment
yield are much less than those of increasing fire severity (Fig. 9),
isolation of the impacts due to individual climate scenarios uncov-
ers differences in spatial heterogeneity that result from future cli-
mate uncertainty (Fig. 10). However, this uncertainty in response
to climate change is at least an order of magnitude less than that
associated with fire conditions.

5. Discussion

5.1. Implications

This modeling study suggests that the effect of fire severity is
more important than the direct effect of climate change (through
changes in temperature and precipitation) on sediment yield. This
conclusion is consistent with earlier studies that highlight the con-
trolling effects of wildfire severity on sediment yield and runoff
(Table 1; e.g. Doerr et al., 2006; Elliot, 2013; Elliot and Hall,
2010; Helvey, 1980; Robichaud, 2000). However, we do not
account for the indirect effects of climate change on soil erosion
through its potential role in changing wildfire occurrence and
severity; accounting for this indirect effect would likely accentuate
the contribution of climate change to erosion. Recent studies have
demonstrated that warming may result in heightened global arid-
ity (by increasing atmospheric demand for moisture and altering
atmospheric circulation patterns; Dai, 2011) and an earlier spring
snowmelt (Mote et al., 2005). These effects can increase the length
of the fire season and the extent of burnable area (Goode et al.,
2012; Jolly et al., 2015; Westerling et al., 2006), although forest
management practices and policies around fire suppression play
an important if not dominant role in wildfire risk (Stephens and
Ruth, 2005).
The climate sensitivity of sediment yield is in part due to
warming-induced changes to the snowpack. While precipitation
as compared to temperature acts as a stronger direct control on
erosion, future precipitation projects are less certain. Therefore,
impacts related directly to warming have a higher likelihood. An
increase in the fraction of annual precipitation falling as rain and
a longer snow-free season (due to a later accumulation and earlier
melt) could increase the potential for sediment generation by
increasing the exposure of the soil to rain droplets and increasing
the length of the season during which overland runoff occurs. As
a decreasing snowpack and earlier snowmelt have already been
observed over the western U.S. and is projected to become more
extreme (e.g. Adam et al., 2009; Elsner et al., 2010; Hamlet et al.,
2013; Mote et al., 2005; Mote and Salathe, 2010), the impacts of
snowpack changes on sediment yield potential and the subsequent
impacts on water quality should be included along with assess-
ment of the impacts of warming on water quantity, which are bet-
ter understood (e.g. Hamlet et al., 2013; Liu et al., 2014; Tetra Tech
EC, Inc., 2006). The role of the snowpack in the interplay between
climate change and wildfire also needs further exploration as wild-
fire could lead to more exposure of the snowpack to sunlight
because of a decreased canopy cover, as well as a decrease in snow
albedo through black carbon, both of which can accelerate the
snowmelt process and further impact sediment yields over burnt
areas (Mahat et al., 2015).

5.2. Study uncertainties and limitations

Not accounting for the transient effects of fires on streamflow
and erosion is a source of uncertainty in this study. We applied his-
torical fire severity conditions to parameterize the entire SRB with-
out addressing changes in future fire behavior (frequency or
severity) or plant regrowth after a fire. Fire events were prescribed
over the entire watershed. While we did this intentionally to
examine the heterogeneity over the watershed of runoff and sedi-
ment yield response to changes in wildfire severity, this does not



Fig. 9. Change in VIC–WEPP simulated sediment yield between three fire severities and the no fire scenario for six climate over a portion of the Salmon River Basin. See Fig. 8
caption for further details.

Fig. 10. Change in VIC–WEPP simulated sediment yield between five future climates and the historical scenario for four fire scenarios over a portion of the Salmon River
Basin. See Fig. 8 caption for further details.
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result in a realistic response at the basin scale. The results most
affected by this limitation were the streamflow responses to wild-
fire because streamflow is an aggregate hydrologic process. Sedi-
ment yield results that were presented on a per area basis are
less impacted by this limitation. Land cover and land use changes
both historically and in the future were also not accounted for.
Future studies should explore the transient behavior of climate
and wildfire impacts on runoff and erosion.

As Kirchner et al. (2001) indicate, catastrophic erosion events
might dominate the long-term sediment yield even though they
are rare and brief. VIC–WEPP provides estimates of sediment yield
due to runoff erosion but does not capture mass wasting events
related to landslides. This limitation in the model is a possible
explanation for discrepancies between long-term VIC–WEPP esti-
mates and observed. Finally, we were limited by a lack of fine-
resolution sediment observations for model evaluation. Efforts
are needed to increase the availability sediment observations for
erosion and water quality studies, particularly given the likelihood
of climate change and wildfire exacerbating current water quality
problems.
6. Conclusions

We utilize a macro-scale hydrological model (VIC) and a high-
resolution soil erosion model (WEPP-HE) to simulate grid cell level
(�6 km � 6 km) sediment yield due to runoff erosion over a large
and heterogeneous mountainous basin. Using this integrated
framework (VIC–WEPP), we quantify the relative contributions of
fire activity (for various fire severities) and climate change on
streamflow and sediment yield.

The VIC–WEPP model results indicate that SRB streamflow will
have an earlier spring peak flow by one to two months under
future climate scenarios in response to a declining snowpack under
warming temperatures. The magnitude of peak flow increases with
each higher severity fire scenario; and under the highest fire sever-
ity, the peak flow is shifted even earlier, exacerbating the effects of
climate change. Similarly, sediment yield also increases with
higher fire severities for both historical and future climates. Sedi-
ment yield is more sensitive to fire occurrence than to climate
change by one to two orders of magnitude, which is not unex-
pected given that our fire scenarios were applied basin wide as
worst case scenarios. In reality, fires only occur over portions of
the basin in any given year and subsequent years’ vegetation
regrowth reduces erosion. However, the effects of climate change
on sediment yield result in greater spatial heterogeneities, primar-
ily because of the spatial differences in precipitation projections,
while fire conditions were uniformly applied. The combined effects
of climate change and a possible continuation of increasing fire fre-
quency and severity will compound excess sediment issues that
already exist in this region of the intermountain West.
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