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Effects of climate and fire regime on post-fire iseeht delivery in Pacific Northwest
forests
Jordan S. Laniflj Elizabeth A. Clark and Dennis P. Lettenmafer

Abstract

Wildfires affect the coupled dynamics of vegetationnoff response, and sediment
production in forested watersheds in ways that dépa interactions of fires and post-
fire storms. We examined these interactions usingpatially distributed hydrologic
model applied to multiple-year periods before aftdraa major fire that occurred in the
Entiat River basin, Washington, in 1970. The eHeot climate on post-fire sediment
delivery were examined by simulating the 1970 &self it had occurred at other times in
a 50-year simulation period. Simulated total sedirmdelivery varied by a factor of two
depending on the year of burn. The effects of adtdire regime were compared to those
of natural conditions. Total sediment productionswamilar for both fire regimes;
however, sediment delivery in the post-fire perigds temporally and spatially more

concentrated for the altered fire regime.

®Department of Civil and Environmental Engineeribigiversity of Washington, Seattle,

WA 98195
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1 Introduction

Wildfires act as agents of increased sediment defito stream channels due to
post-fire changes in vegetation and sdkefpda et al. 2003; Cannon et al. 2001].
Vegetation mortality reduces slope stability beeaits decreases root cohesion and
transpiration, thereby increasing soil moisture g@aode pressure. Surface erosion can
increase post-fire due to higher precipitation tiglofall and increased overland flow
associated with soil hydrophobicitp¢Bang 2000]. Our work expands on earlier studies
of the interaction of fire, sediment generationg atorm characteristics [e.ddenda and
Dunne,1997;Gabet and Dunne2003;Istanbulluoglu et al.2004] to represent the time-
varying dynamics of post-fire sediment generatidnaasub-daily timestep using an
explicitly distributed model.
2 Methods
2.1 Model Development

We used the Distributed Hydrology-Soil-Vegetatiomdél (DHSVM) Wigmosta et

al., 1994] and its sediment mod&ldten et al. 2006] to study the effects of climate and
fire interactions on sediment generation in theaexasCascade Mountains, Washington.
DHSVM has been widely used to predict the hydralogfifects of land use change on
forested catchments in the Pacific Northwest [eAlila and Beckers 2001]. The
sediment model predicts mass wasting, surface ardsom hillslopes and roads, and
sediment transport via channel routing. We upd®etEVM to model the effects of
post-fire vegetation and soil disturbances.

We referenced fire frequency to natural fire ratatiNFR), the mean time
required for a given area to burn, as describeddme[1993]. Also as inPAgee[1993],

we define three fire regime categoriesw severity fire regimesre typical of the lower
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elevation eastern Cascade forests; fires occuty fdrequently, but mainly affect
understory vegetation. Forestshigh severity fire regimelurn rarely, but fires kill both
understory and overstoryMixed severity fire regimesccur mostly at intermediate
elevations and tend to have patches of high andrtemsity during individual fires; fire
frequencies fall between low and high severity fegimes.

We modeled the effects of fire on catchment hydyaloresponse (and its
corollary, sediment production [sEmten et al. 2006]), by adjusting three parameters in
DHSVM: leaf area index (LAIl), root cohesion, andmaum infiltration rate. Root
cohesion and LAl were updated based on post-loggow cohesion decay and
subsequent regrowth as documented for coastal BsuBIr by Sidle [1992]* We
modeled the effects of hydrophobicity on grid cellsere the pre-fire vegetation type
was conifer forest, hydrophobic behavior has beleserved [se®eBang 2000], by
lowering the maximum infiltration rate with fire \&&rity (to 33% of its pre-fire value
after a high severity fire, 50% after a medium sigydire, and 66% after a low severity
fire), then increasing this rate linearly for sieays to its pre-fire value, following
observations of hydrophobic persistence in the &estDyrness 1976].

2.2 Model Implementation

The Entiat River basin (EB) is located in northicenWashington on the eastern
slopes of the Cascade Mountains (Figure 1). AbbeddSGS gage at Ardenvoir, the 527
km? drainage area is composed of metamorphic schistgaeiss, granodiorite, and
quartz diorite, covered by volcanic ash and punjld§DA 1979]. Annual average
precipitation, 75% of which falls between Octobaed aarch, ranges from about 2.3 m

in the headwaters to less than 0.5 m in the loe&ches.

! Auxiliary materials are available in the HTML. db0.1029/200XGLOXXXXX.
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Within the EB, three small catchments (Fox, BuMsCree) constitute the Entiat
Experimental Watersheds (EEW), each with about 5 drainage area. The U.S. Forest
Service measured streamflow and sediment delivdrech 1961-1977 for paired
catchment studies in the EEWHdlvey 1980]. On 24 August 1970, high severity
wildfires burned 22% of the EB, including the eatEEW [USDA 1979].

We used DHSVM to address two fire-related issuést,Fve studied fire-climate
interactions using a shuffled-deck approach (segose3.2) over the EEW. Second, we
modeled the effects of changing fire regimes olierEB. We applied DHSVM over the
EEW at 30-m spatial resolution for the period 19882 and over the EB at 90-m spatial
resolution from 1930-1990. As iDoten et al.[2006], a 10-m DEM was used for mass
wasting calculations for both domains. Model cliem&drcings were taken fromrdamlet
and Lettenmaief2005] and adjusted to local observations from Rlope Ridge NRCS
SNOTEL station (no. 669). Precipitation data wepatslly interpolated from PRISM
(Parameter-elevation Regressions on IndependepeSiodel Paly et al, 1994]) grids
of 1971-2000 monthly mean precipitatiorRISM 2005]. Pre-fire vegetation data were
taken from the potential vegetation types (basecmvironmental conditions, such as
topography, precipitation, and temperature) of Washington GAP projectdassidy
1997]. Soils data were modified froboten and Lettenmaig2004] (Table S1).

Soil lateral hydraulic conductivity and the paraemethat represents changes in
hydraulic conductivity with depth in DHSVM were adjed to match observed EEW
streamflow for the pre-burn period 1964-1970. SQwhesion values were adjusted to
approximate observed pre-fire delivered sedimehiega Root cohesion was unaltered
during calibration, as it was prescribed to reflpost-fire conditions. Soil depth was

fixed based on soil maps.
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3 Results
3.1 Model Testing

DHSVM captured the general post-fire trends in finacluding rapid post-fire
dampening of the diurnal flow cycle and dramatit swisture increases (Figures S1 and
S2) Helvey 1980]. Although flow timing better matched obs#ions for the modeled
fire scenario, post-fire peak flows were overestedaFigure 2). Debris flows in 1972
destroyed gages in Fox and McCree, and data quedity/fair to poor thereafter. Burns
Creek data quality was considered goddbpdsmith et al 2004]. Given the quality of
the post-fire streamflow records, and the fact thast of the simulated erosion is driven
by mass wasting (Figure S3), the overestimatioAoced may be inconsequential to the
discussion that follows.

Due to the high infiltration capacity of soils rle to precipitation in the EEW,
predicted sediment generation was insensitive tiydphobic effects and was dominated
by changes in vegetation — in particular, overstoky. Overstory removal results in less
snow interception and ablation, which leads to newew accumulation. The overstory
also attenuates solar radiation; thus, its remoay speed melting. Although complete
overstory mortality was observed, initially settingl to zero may be unrealistic since
vegetative debris likely intercepts snow and ata@si solar radiation to some extent.

Figure 2 shows modeled sediment generation forotmify low, medium and
high severity fires, each burned on 24 August 19¥#vey[1980] reports that the 1970
fire burned at uniformly high severity across tHeVE, and total observed and predicted
sediment match best for a case between medium ighdsaverity in the model (Figure

2).



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

After the fire, sediment was removed from the vp@inds and measured annually.
Observations are conservative because some ofetfienant likely escaped the weir
ponds Helvey 1980]. Also, large debris torrents on Fox and M&CCreeks in 1972
were not trapped, budelvey[1980] estimated the sediment volume left in adlivans.
Modeled sediment delivery excludes channel scoet,since the observed values are
conservative, the model results seem plausible.

3.2 Climate Interactions

To model interactions between climate and postdnasion, we used a shuffled-
deck approach, consisting of 30 simulations in Whiee shifted the burn year. The
climate data forcing the model were unchanged betwens. Fires were placed on the
landscape for each year from 1952-1981, with thee dtarting on 24 August of the first
year of each 20-year simulation.

Figure 3a shows the modeled annual sediment dglteethe outlets of the EEW
for these experiments. Three years produced ladiengnt volumes for most fire dates:
1968, 1972, and 1974. All three had ample snowpaics saturated soils. DHSVM
predicted the largest 20-year sediment deliveryifes occurring in the 1960s, with peak
sediment delivery after a 1964 fire (Figure 3b)eeriod of reduced root cohesion after
a 1964 fire coincides with the three high snowpgelars, with the minimum root
cohesion in 1972, the year of largest snowpacking&d generated during the first 20
post-fire years in EEW varied by more than a faciotwo depending on the timing of
fire relative to climatology.

3.3 Shifting Fire Regime
In 1970, the EEW was uniformly burned at a highesity; however, over a larger

area, fire regimes vary in severity with vegetattgpe and locationAgee 1993]. To
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explore the effects of changing spatially heteregeis fire severity, we expanded our
study area to the EB. Previous studies have shdwah fire regimes shift to higher
severity in anomalously warm, dry periods [e@edalof et al.2005 Meyer and Pierce
2003]. Similarly, decades of fire suppression hslvdted low and mixed fire regimes to
less frequent, higher severity regimég¢e 1993].

To explore these interactions, we generated pleudibe scenarios with a
stochastic fire model. Followinggee[1993] andBenda and Dunngl997], we modeled
fire frequency as a Poisson process. Fire size elach model fire was treated
probabilistically, using the 433-year fire histony the Teanaway basin in the eastern
CascadesWright and Agee2004]. Severity of the fire placed upon each pigéased
on the fire regime (“natural” or “current”) and \etgtion type of that pixel.

Using the stochastic fire generator, natural fegime scenarios in the EB under
the lower severity, higher frequency and more gfigtheterogeneous conditions of the
18" to early 28" centuries were modeled. To determine this hisabfice regime, each
potential vegetation typeClssidy 1997] was assigned a fire regime according\gee
[1993]. The assigned fire regimes were altered dase elevation, topography and
nearby fire regimes, as well as personal commubitatith Agee (2005), to improve
accuracy.

We modeled current fire regime scenarios as loweiraquency and higher in
severity than natural, as typically results frontaties of fire suppression. The current
regime’s fire severity fraction was based on obserfire intensities during the 1994
Tyee fire that burned much of the EB (Agee, unmlitgd report, 1995).

NFRs, calculated from historical fire timing andtext, were based on work by

Schellhaas et al[2001] in the subalpine zones of eastern Wasbmdpr high severity
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pixels, and based on studies Byerett et al.[2000, 2003] in the lower EB for low
severity pixels. Both studies used physical evidefrtom past fires to reconstruct
regional fire histories. Mixed severity NFR valwesre taken fronAgee[1993, 2005].

Fire sequences were generated for each scenattioef@eriod 1930-1980 (Figure
4). Maps of burn severity and extent were iterdyivgenerated using the stochastic fire
generator until NFRs were nearly equal for eacmade of a given regime. To ensure
that fires at the end of the sequence imparted th#ieffect on sediment generation,
DHSVM was run until 1990, at least 10 years afterlast fire.

Each of the scenarios of a given regime had sinbilaned areas and levels of
total sediment delivery to the stream network. Fegd shows that sediment tended to
come in large pulses for the current fire regimmilar to observations bieyer and
Pierce[2003]. Because overland flow is driven by satioraexcess runoff in this region,
the year with the highest basin saturation, 1978dyced the largest surface erosion
events for all scenarios (Figure S4). Both curregime scenarios 5 (11,100 ha in 1967)
and 4 (19,500 ha in 1971) had large burned areseg@ing the 1972 storms; yet, despite
lower root cohesion in 1972, scenario 5 generaged $ediment because more sediment
was removed earlier in the sequence (Figure 4b).

Mass wasting dominated predicted sediment generdto both natural and
current scenarios (Figure S4). EEW simulations stbthat surface erosion was more
sensitive than mass wasting to fire severity, lmutldbw severity fires, higher surface
erosion only persisted about four years (Figure Zb) generate similar total sediment
amounts, the higher frequency and larger burn ase#se natural fire regime scenarios
compensated for the longer-lasting and higher ntadeieffects of the high severity fires

in the current fire regime scenarios.
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4  Conclusions

The two modeling experiments were intended to iplevnsights into the
nature of interactions between fire and sedimemegsion in the dry forests of the
interior West. The coincidence of reduced root sadre with high snowpack greatly
increased erosion, resulting in a strong dependéeteeen erosion and fire timing
relative to climatology.

The stochastic fire sequence experiments for diffefire regimes confirmed the
importance of timing between fires and large snakpao sediment generation, which
mostly occurred during the spring snowmelt peri8denarios with similar NFRs had
moderate differences (10%-20%) in total sedimenively; however, the timing and
magnitude of individual events varied widely betwesgenarios. Basin response to fires
of like size and severity also varied widely basadgost-fire conditions.

The total sediment generation for the current regimas slightly lower than that
of the natural regime. In the case of the curregime, sedimentation is more localized,
such that at specific sites along the stream, dugnrgent delivery will be much higher
than would occur under the natural regime. As altethe chance of impacting local
ecosystems due to increased sediment load is higharfire suppression scenario.
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287 Figure 1. Location of the EB and DEM of the basin above Wi&GS gage at Ardenvoir.

288 The basins of the EEW are outlined.
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Figure 2. (a) Daily streamflow (left) and mean monthly strd@low (right) before and
after 24 August 1970 fire for the EEW. Unlike “M&ldd, no fire,” “Modeled, fire”
includes vegetation and soil disturbances. Obsensawere unavailable in 1973 for Fox

and 1972 for McCree Creeks. For mean monthly stileamcolor scheme matches that
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of daily streamflow. (b) Modeled sediment deliverigh and without the 24 August 1970
fire, for low, medium and high severity fires, aetoutlets of the EEW. Observations
were unavailable for 1973-1974. Total erosion egjsakface erosion plus mass wasting
delivered to the channel network. Modeled sedimsnabout an order of magnitude

higher in post-fire years for high severity thanrio fire.
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Figure 3. (a) Annual sediment delivery in the EEW for 2Caxg after the fire for

experiments in which the 1970 fire was assumedctwuoin each year from 1952-1981.
Time series are color-coded by date of fire, dight green corresponds to fire occurring
in 1952; bright red in 1962, light blue in 1972 daso on. (b) Total delivered sediment

summed over 20 post-fire years for each time seni¢sgure 3a, plotted at the year of



306 fire initiation. Color code matches Figure 3a. Blgortion of bar shows surface erosion,
307 colored mass wasting. Sediment delivered in 19ff#laged as a function of the year of

308 disturbance.
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310 Figure 4. (a) Burned area maps and (b) fire history seqeendth annual delivered
311 sediment (black) for scenarios applied to the E@narios labeled 1-3 are under the

312 natural regime and 4-6 are under current.



