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Abstract
Storms followingwildfires are known to impair drinkingwater supplies in the southwesternUnited
States, yet our understanding of the role of precipitation in post-wildfire water quality is far from
complete.We quantitatively assessedwater-quality impacts of different hydrologic events in the
Colorado Front Range and found that for a three-year period, substantial hydrologic and geochemical
responses downstreamof a burned areawere primarily driven by convective stormswith a 30min
rainfall intensity >10mmh−1. These storms, which typically occur several times each year in July–
September, are often small in area, short-lived, and highly variable in intensity and geographic
distribution. Thus, a rain gage networkwith high temporal resolution and spatial density, together
with high-resolution stream sampling, are required to adequately characterize post-wildfire responses.
Wemeasured total suspended sediment, dissolved organic carbon (DOC), nitrate, andmanganese
concentrations that were 10–156 times higher downstreamof a burned area compared to upstream
during relatively common (50%annual exceedance probability) rainstorms, andwater quality was
sufficiently impaired to posewater-treatment concerns. Short-termwater-quality impairment was
driven primarily by increased surface runoff during higher intensity convective storms that caused
erosion in the burned area and transport of sediment and chemical constituents to streams. Annual
sediment yields downstreamof the burned areawere controlled by storm events and subsequent
remobilization, whereasDOCyields were closely linked to annual runoff and thusweremore
dependent on interannual variation in spring runoff. Nitrate yields were highest in the third year post-
wildfire. Results from this study quantitatively demonstrate thatwater quality can be altered for several
years after wildfire. Because the southwesternUS is prone towildfires and high-intensity rain storms,
the role of storms in post-wildfire water-quality impactsmust be consideredwhen assessingwater-
quality vulnerability.

1. Introduction

About half of thewater supply for the southwesternUS
states of Arizona, Colorado, New Mexico, and Utah is
derived from forested land (Brown et al 2008). Water
supply from forested land is generally of higher
quality, and thus less expensive to treat for human
consumption, than that derived from any other land
use. Not only are fewer pollutants present, but forest
cover reduces flooding from storms (Dudley and
Stolton 2003), which are important drivers of

suspended and dissolved constituents to surface water
(Williams 1989, Inamdar and Mitchell 2006, Ray-
mond and Saiers 2010). However, forests are vulner-
able to wildfire: more than 5.1 million ha of land have
burned in these states (4.7% of total area) since 1984
(based on areas burned at low, moderate, or high
severity;Wildland Fire ResearchCouncil’sMonitoring
Trends in Burn Severity website, www.mtbs.gov),
including important forested surface-water supply
watersheds (figure 1(a)). Wildfires increase suscept-
ibility of watersheds to flooding and erosion and thus
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can have both short- and long-term impacts on water
supplies, such as increased treatment costs, need for
alternative supplies, and diminished reservoir capacity
(Smith et al 2011). Post-wildfire runoff and erosion
has recently impaired the water supplies of Denver,
Albuquerque, and other southwestern US cities (Mor-
ton et al 2003). A compounding factor in the south-
western US is the abundance of easily erodible waste
from historical mining andmilling (figure 1(b)); wild-
fires may leave these sites vulnerable to increased
surface runoff and erosion.

Post-wildfire runoff and erosion are most severe
during high-intensity rainfall (Moody et al 2013).
Therefore, water supplies from wildfire-prone forests
that receive high-intensity rainfall are at substantial
risk of wildfire-induced water-quality impairment. In
the southwestern US, wildfire activity is greatest from
May−July (Barbero et al 2014), and up to 60% of
annual precipitation is delivered in July–September
(figure 1(c)), largely in response to the North Amer-
ican Monsoon and Great Plains convection (Adams
and Comrie 1997, Higgins et al 1997). Thus, newly
burned areas have little time to recover before the
onset of high-intensity rainfall, which occurs relatively

frequently: in most of the southwestern US, rain
storms with 30 min rainfall intensity (I30)
20–74 mm h−1 have a 50% annual exceedance prob-
ability (AEP; Perica et al 2013) (figure 1(d)). Surface
runoff can occur in recently burned forest in the
region when I30 > 10 mm h−1 (100% AEP;Moody and
Martin 2009).

Because post-wildfire water-quality impairment is
greatest in response to storms (Smith et al 2011), high-
frequency discharge and water-quality measurements
are critical to quantifying fluctuations,maximum con-
stituent concentrations, and yields. We previously
demonstrated substantial increases in turbidity, total
suspended solids (TSS), dissolved organic carbon
(DOC), and nitrate (NO )3

− concentrations down-
stream of a burned area in response to convective
storms ten months after wildfire (Murphy et al 2012,
Writer et al 2012, Writer and Murphy 2012). The
objective of this study, which expands temporally to
3.3 years post-wildfire (encompassing both drought
and a rainstorm that delivered more than half of the
average annual precipitation to the burned area), is to
quantitatively assess the role of rainfall intensity on
stream concentrations and yields of constituents that

Figure 1.Maps of the southwesternUS, showing (a) important forested surface-water supplywatersheds (based on population served
and intake locations, weighted by percent forest;Weidner andTodd 2011) andwildfires from1984–2013 (www.mtbs.gov), (b) past or
presentmetalmines (http://mrdata.usgs.gov); (c) percentmean annual precipitation contributed July–September, 1981–2010
(http://prism.oregonstate.edu), and (d) 30 min rainfall intensity (I30) in mm h−1 for stormwith 50%annual exceedance probability
(AEP; Perica et al 2013).
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are often elevated post-wildfire (Emelko et al 2011,
Bladon et al 2014) and can impair water treatability
(Crittenden et al 2012): TSS, NO ,3

− DOC, andmanga-
nese (Mn). We evaluate rainfall data with high tem-
poral resolution (minutes) from a dense network (1
rain gage per 17 km2) to determine spatially explicit
rainfall intensity, its relation to a burned area, and the
resulting sediment and chemical export. We also
assess altered seasonality of hydrological and chemical
export.

2. Study area

The 2370 ha Fourmile Canyon fire burned 23% of the
6330 ha Fourmile Creek watershed, Colorado at
mixed burn severity in September 2010 (figure 2(a)).
We sampled Fourmile Creek at sites upstream (US1
and US2) and downstream (DS1, DS2, DS3) of the
burned area with similar geology (metamorphic and
granitic rocks), pre-fire land cover (77–79% forest,
16–19% shrubland/grassland, <1% developed), and
mean basin slope (33–37%) (table S1). Historical
(1860s–1940s) mining of gold, tungsten, and other
metals left tailings and waste rock dispersed through-
out the watershed (Murphy 2006) and areas disturbed
by mining and related logging have been revegetating
for 70 years or more. Mean annual precipitation
(MAP) is 500–600 mm in the burned area and at the
study sites, but much higher in the headwaters of
Fourmile Creek; west of 2600 m elevation, MAP

increases ~50 mm per 100 m elevation to 1000 mm
(figure 2(b)). As in most post-wildfire studies, pre-
wildfire water quality data are limited, and due to
variations in elevation ranges, headwater area, land
cover, and historical land use in nearby watersheds,
there is no ideal exterior reference watershed. How-
ever, our upstream sites have similar geology, land
cover, and historical mining activity, and therefore
servewell as unburned referencewatersheds.

3.Methods

Daily precipitation totals and type were obtained from
three stations near the Fourmile Creek watershed that
record both snow and rain (figure 2(a); data for BL
from www.esrl.noaa.gov/psd/boulder, SL from http://
nadp.sws.uiuc.edu, and NW from www.wcc.nrcs.
usda.gov). We also obtained incremental rainfall data
from 1.0 mm tipping-bucket rain gages operated by
the Urban Drainage and Flood Control District
(UDFCD; https://udfcd.onerain.com/home.php). For
the period June through September (when precipita-
tion is typically in the form of rain), we calculated daily
rainfall totals for these gages, and when daily rainfall
exceeded 10 mm at three UDFCD gages in or near the
burned area (or at SL or BL), we determined I30. Maps
of maximum I30 during storms were produced using a
Geographic Information System (GIS) (universal kri-
ging, exponential semivariogram, variable search
radius).

Figure 2.Maps of the Fourmile CreekWatershed, showing (a) burn severity for the Fourmile Canyon Fire (low, differenced
Normalized BurnRatio (dNBR) 84–117;medium, 118–195; high, dNBR196–255) (www.mtbs.gov), precipitation gages, and
sampling sites and (b)mean annual precipitation (1981–2010; http://prism.oregonstate.edu) and 400 melevation contour intervals.
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Stream discharge (5 min) at sites DS2 andDS3 was
obtained from USGS stream-gaging stations
(06727500 and 06727410; http://waterdata.usgs.gov/
nwis), which operated April–September. Water-level
loggers were deployed to monitor stage at sites US1
andDS1 (and at DS2 andDS3 in 2011 prior to installa-
tion of stream gages) every 5 min for the same period,
and stream discharge was measured periodically to
develop rating curves for discharge estimation (Rantz
et al 1982).

Water-quality grab samples were collected
monthly or semi-monthly during base-flow condi-
tions (October–February), and 2–8 times monthly
from March–September (frequency decreased in sec-
ond and third years as knowledge was gained about the
system). Samples were collected at more frequent
intervals (0.3–4.0 h) during and after precipitation
events with automatic samplers, which began sam-
pling when stream stage reached an actuator or when
the sampler was manually started. Actuators were set
to 5–7 cm above water level during routine visits; due
to constantly changing stage during snowmelt runoff,
the actual height above water may have been higher or
lower when triggered. During some storms, upstream
stage response to storms was too small to initiate auto-
matic sampling, or downstream samplers became
clogged and would only sample part (or none) of the
event. Samples were delivered within 6 h of collection
(for routine samples) and 24 h of collection (for storm
samples) to the USGS National Research Program
laboratory in Boulder, CO. Samples were filtered
through a 0.40- or 0.45 μm membrane filter and pre-
served as required for the analysis of the constituent
(as described in (McCleskey et al 2012). A subset of
unfiltered samples was acidified with nitric acid and
filtered through a 0.45 μm membrane filter for ‘total
recoverable’ cations. Concentrations of major cations
and trace metals were determined using inductively
coupled plasma–optical emission spectrometry.
Nitrate concentrations were determined by ion chro-
matography. Concentrations of DOC were measured
bywet oxidation. Additional details, alongwith quality
assurance/quality control information, are available in
McCleskey et al (2012). Water-quality data are pro-
vided in the SI.

Turbidity of unfiltered samples was measured
within 4 h of collection for routine samples and 48 h of
collection for storm samples using a turbidimeter. If a
sample exceeded the maximum range of the turbidi-
meter (1000 nephelometric turbidity units (NTU)), it
was dilutedwith deionizedwater, agitated, and re-ana-
lyzed with the turbidimeter. TSS concentrations were
determined for a subset of samples (McCleskey
et al 2012), and TSS was estimated from turbidity
using a simple linear regression (Murphy et al 2012).
We excluded samples with turbidity <3 NTU and/or
TSS < 3 mg L−1 from the regression due to a poor rela-
tionship at such low values. For samples with turbidity
<800 NTU (the highest turbidity standard we used,

and for which no sample dilution was required), we
used the regression TSS = 1.166 × turbidity + 2.84
(r2 = 0.75), while for samples with turbidity >800
NTU we used the regression TSS = 1.479 × turbidity−
98 (r2 = 0.85). (These regressions differ slightly from
those reported inMurphy et al (2012) due to inclusion
of three years of data and removal of low-turbidity
samples from the regression).

Statistical evaluation of differences in constituent
concentrations at upstream and downstream sites was
performed with the Kruskal–Wallis test (Hollander
and Wolfe 1999). Daily DOC and dissolved Mn loads
(in kg d−1) were determined using the Load Estimator
(LOADEST) program (Runkel et al 2004) using aver-
age daily discharge and measured concentrations
unless more than three samples were collected in a day
(due to a storm event); in that case, daily load was cal-
culated by integration. The LOADEST program was
not used for TSS, NO ,3

− or total recoverable Mn load
calculations due to poor correlation of concentrations
with discharge. Rather, daily NO3

− loading was calcu-
lated by multiplying measured concentration by aver-
age daily discharge (NO3

− values were interpolated
between samples); if more than one NO3

− value was
available in one day, average NO3

− was used. We cal-
culated loads using both 0 and the detection limit
(0.03 mg NO3

− L−1) for samples that were below
detection; the difference in annual loading was
between <1 and 5% at sites DS1, DS2, and DS3, and
between 3 and 22% at US1. We report the average of
these twomethods. The samemethod was used to cal-
culate daily TSS loads for September–May; however,
since TSS changed by orders of magnitude during
storms, discharge and TSS were each interpolated to
one-minute intervals for June–August (and Septem-
ber 2011). If automatic samplers began sampling well
into an event and/or ended prior to the end of the
event, the previous or following grab sample was used
for TSS prior to or after the event. This method was
used to avoid grossly overestimating TSS. If down-
stream automatic samplers did not sample (as on July
13, 2011 due to clogging of sampler intakes at DS2 and
DS3 by debris), minimum loads were estimated from
upstream sites. When estimated TSS was <6 mg L−1,
we calculated loads using both 0 and 6 mg L−1; the dif-
ference in annual loading was between <1% and 19%
at DS1, DS2, and DS3, and between 8 and 47% at US1.
We report the average of these methods. Total reco-
verable Mn (which includes dissolved, colloidal, and
any particulate matter that would pass through a
0.45 μm filter after acidification) was analyzed for only
a subset of samples, but concentrations were very well
correlated with measured TSS (total Mn= 0.0045 ×
TSS0.8324; r2 = 0.940), so we estimated monthly total
recoverable Mn loads from TSS loads. Because not all
storms were sampled (due to clogging of the sampler
intake or the river stage not rising to the level of auto-
matic sampler actuator), we consider our load esti-
mates to be minimum values. Seasonal and annual
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runoff values were calculated by dividing stream dis-
charge by drainage area, and seasonal and annual yield
(t ha−1 or kg ha−1) by dividing load by drainage area.

Extensive flooding in September 2013 caused sub-
stantial infrastructure damage (including loss of
stream gages and data loggers, and impassable roads),
so for access and safety reasons discharge and water-
quality measurements were limited for the rest of that
year. We estimated runoff and minimum TSS load at
DS3 for September from four samples (discharge was
estimated from UDFCD stream gages on Boulder
Creek upstream and downstreamof Fourmile Creek).

4. Results and discussion

4.1. Rainfall intensity and spatial distribution drive
stream response afterwildfire
The greatest hydrological and water-quality impacts
for three years after the Fourmile Canyon fire were
observed in response to summer storms, when max-
imum concentrations downstream of the burned area
were 120 000 mg TSS L−1, 12 mg NO3

− L−1, 71 mg
DOC L−1, 2.2 mgMn L−1 (dissolved), and 110 mgMn
L−1 (total recoverable) and exceeded levels that affect
water treatment (Crittenden et al 2012) by several
orders of magnitude (figure 3, table S2). These
concentrations were 31, 14, 10, 156, and 153 times
greater, respectively, than maximum upstream con-
centrations during storm events. Grouping of geo-
chemical data into four categories of maximum
precipitation intensity 12 h prior to sampling (0, 1–10,
11–30, and 31–55 mm h−1) reveals that median
and/or maximum TSS, NO ,3

− DOC, and Mn con-
centrations at the downstream sites increased with
increasing I30, and were significantly higher when
I30 > 10 mm h−1 (figure 4; table S2). Water-quality
impairment was greatest when I30 > 30 mm h−1 (50%
AEP). In contrast, DOC, NO ,3

− and Mn concentra-
tions at the upstream site (US1) did not change or
increased only slightly as I30 increased, even when
I30 > 30 mm h−1, and median concentrations re-
mained below water-treatment thresholds. Upstream
TSS concentrations increased with increasing I30, but
median TSS was <200 mg L−1 at all I30 categories.
Lower rainfall intensity thresholds were required to
export constituents downstream of the burned area;
for example, when I30 was 1–10 mm h−1, downstream
TSS, DOC, and dissolved and total recoverable Mn
concentrations were statistically similar to upstream
concentrations when I30 > 10 mm h−1 (figure 4).

Higher rainfall intensity, and therefore impaired
water quality at downstream sites, was a seasonal phe-
nomenon: during the 3.3 years of this study, 22 of 24
days with I30 > 10 mm h−1 and all 7 days with
I30 > 30 mm h−1 (50% AEP or less) fell in July–
September (figure 3). Spring frontal storms (e.g.
18–19 May 2011 and 19–20 June 2011) had similar or
greater daily rainfall, were larger in areal extent, and

had lower spatial variability in rainfall total and inten-
sity than convective storms, but much lower max-
imum I30 (figure 5, table S3). These events produced a
smaller downstream response in discharge and TSS,
NO ,3

− and DOC concentrations than convective
storms, and no difference in dissolved Mn concentra-
tions (figure 3).

The geographic distribution of rainfall intensity
relative to the burned portion of the Fourmile Creek
Watershed was an important determinant of post-
wildfire hydrologic response and water quality. For
example, on 30 July 2012, rainfall with
I30 > 30 mm h−1 fell both upstream and within the
burned area; discharge downstream of the burned area
increased 42 times (figure 5(e)) and we observed the
highest TSS concentrations recorded during the study.
Upstream discharge increased by only 2.9 times (and
did not reach a level required to trigger automatic
samplers). The spatial distribution of rainfall within
the burned area was also an important factor in hydro-
logic and geochemical response, and demonstrates the
need for a dense rain gage network. On 7 July 2011,
maximum I30 recorded at the three rain gages in the
burned area was 12 mm h−1 (table S3), but interpola-
tion with gages outside of the burned area suggested
that maximum I30 in the southern part of the burned
area was 30–40 mm h−1 (figure 5(b)), which was con-
firmed by independent rain gages in the area (Moody
and Ebel 2014). Peak discharge on 7 July 2011
(0.71 m3 s−1) was much less than on 13 July 2011
(22 m3 s−1), when high-intensity rainfall was focused
on the steep, 70% burned Gold Run subwatershed
(figures 2(a) and 5(c)). The 7 July event resulted in
maximum concentrations of 31 000 mg TSS L−1,
51 mg DOC L−1, 9 mg NO3

− L−1, and 0.35 mg dis-
solvedMnL−1 at site DS2 (figure 3). Sampler intakes at
DS2 and DS3 were clogged with sediment and burned
debris on 13 July so we cannot directly compare geo-
chemical response, but black, sediment-laden water
was videorecorded at site DS2 and inGold Run. Exten-
sive erosion of mine waste along a Gold Run tributary
was observed, and much greater sediment deposition
was observed in the channel and stream banks after
that storm. Thus, we suspect TSS concentrations were
substantially higher on 13 July than on 7 July. Two
storms in 2012 with I30 > 30 mm h−1 (5 July 2012 and
30 July 2012; the latter is shown in figure 5(e)) fell in
the Gold Run subwatershed and again led to high dis-
charge and impairedwater quality (figure 3).

Altered post-wildfire watershed response during
and after storm events is evident not only by compar-
ing sites upstream and downstreamof the burned area,
but to historical discharge data. Published water-qual-
ity data prior to 2010 are limited to six samples in
1975, 1977, 1985, and 2000 that were collected in June,
September and October (Murphy et al 2003). Con-
centrations of TSS, NO ,3

− DOC, and Mn concentra-
tions were similar to those we observed during the
same periods prior to July 2011 storms; none of these
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samples were collected during storms, so we cannot
compare the water-quality response during storm
events. Analysis of historical discharge data, however,
showed that the highest peak annual discharge at site
DS3 prior to the wildfire (22 y of record) was
7.3 m3 s−1, recorded on both 6 June 1949 and 1 June
1991 (figure 6). A rain gage at R3 (figure 2(a)) received
87 mm rainfall on 31 May−1 June 1991, the second
highest 2-day total in 23 y; maximum I30 was
42 mm h−1 (https://udfcd.onerain.com/home.php).
Peak discharge in 2011, the first year after the Four-
mile Canyon fire, was three times greater than in 1991
(22 m3 s−1 on 13 July; the highest 15 min discharge, to
match frequency of historical data, was 9.6 m3 s−1),
despite lower rainfall (50 mm on 12–13 July 2011 at

RS3) and similar maximum I30 (42 mm h−1). Higher
post-fire peak discharge has been attributed to altered
hydrologic conditions that favor overland or near-sur-
face flow, such as decreased interception (Neary
et al 2005), loss of surface cover (Larsen et al 2009),
decreased evapotranspiration (Dore et al 2012), and
changes to soil hydraulic properties (Moody
et al 2013). Greater overland flow can lead to increased
transport of ash and sediment to streams after wildfire
(Smith et al 2011). Overland flow and entrained debris
was observed on burned hillslopes within the Four-
mile Creek watershed (Moody and Ebel 2014, Moody
and Martin 2015) during the storms when we mea-
sured water-quality impairment. We infer that over-
land flow was greater after the wildfire, compared to

Figure 3. (a)Daily precipitation (at site SL forOctober–May (no data available for 1–24 January 2011, 31October–5November 2012,
or 6November–2December 2013) and average of three rain gages in burned area for June–September). (b)–(f) Streamdischarge and
constituent concentrations in Fourmile Creek (note that US2was not instrumented for storm sampling). Stormswith
I30 > 10 mm h−1 identifiedwith dashed verticals, and letters indicate storms evaluated infigure 4. Levels affectingwater treatment
(horizontal dashed lines) are based on turbidity of 20 nephelometric turbidity units (equivalent to 26 mg L−1 total suspended
sediment in this study) and 4 mg L−1 dissolved organic carbon, abovewhich conventional treatment, rather than filtration, is typically
required, and both 0.2 mg L−1manganese, abovewhich growth ofmicroorganisms in reservoirs and distribution systems can be
promoted, and 0.05 mg L−1, the secondary drinking water standard established by theUSEnvironmental ProtectionAgency
(Crittenden et al 2012).
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the period before the wildfire, resulting in greater geo-
chemical response.

4.2. Annual runoff and constituent yields after
wildfire and the role of storms, snowmelt, and
delayedwildfire effects
Annual yields of TSS, NO ,3

− and total recoverableMn
were higher at all sites downstream of the burned area

compared to upstream for three years after the Four-
mile Canyon fire. For the first two years, this
difference, as shown in figure 7, was due to increased
downstream yield during July–September (JAS). In
April–June (AMJ) 2011, the yields of these constitu-
ents were similar upstream and downstream due to
similar concentrations and discharge at all sites (figure
S1, table S4). The majority of annual runoff from the

Figure 4. (a)–(e) Constituent concentrations in Fourmile Creekwithin 12 h of identifiedmaximum30 min rainfall intensity (I30) for
2011–2013. Upstream includes all samples from sites US1 andUS2; downstream includes all samples fromDS1,DS2, andDS3. For all
sites,maximum I30 is from anupstream rain gage, and for sites DS1,DS2, andDS3 themaximum I30 is also within the burned area.
Dashed lines indicate levels that affect water treatment (see figure 3 caption). Different letters indicate statistically different
distributions; p<0.05 usingKruskal–Wallis test (Hollander andWolfe 1999); see table S2 formore details.
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Fourmile Creek Watershed occurs in AMJ (79%
historically; table S5); at the upstream, unburned site,
annual yield of all evaluated constituents is similarly
greatest in AMJ (including 86% of annual TSS yield in
2011; table S5). Downstream of the burned area, in
contrast, most (86–88%) of 2011 TSS yield was
exported in JAS, primarily during brief periods in
response to rain storms with I30 > 10 mm h−1; almost
half of 2011 TSS yield at DS1 was delivered in two one-
hour periods on 7 July (104 t) and 13 July (77 t). In
comparison, the largest daily load at US1 in 2011 was
1.4 t, or 3% of annual load, and coincided with peak
discharge inMay.

In contrast to TSS, annual DOC yields decreased
downstream (figure 7), similar to runoff (runoff, or

discharge per unit area, decreases downstream
because amajority of annual runoff is derived from the
conveyance of snowmelt from headwater areas;
figure 2(b)). Between 71% and 84% of annual DOC
yield was exported in AMJ at all sites; therefore, very
high but brief increases in DOC concentrations down-
stream of the burned area during storms did not sub-
stantially affect annual yield. Dissolved Mn yields in
2011 were higher upstream of the burned area than
two of the three downstream sites, and are likely affec-
ted by factors other than wildfire (such as mine
discharge).

Annual yields of all constituents except DOC were
higher downstream of the burned area than upstream
in the second and third year post-wildfire (figure 7),

Figure 5.Maps ofmaximum30 min rainfall intensity (I30) and corresponding rainfall and streamdischarge for select storms. Rainfall
intensity could not be estimated in thewestern edge of thewatershed due to lack of tipping-bucket rain gages.
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and were again dominated by summer storms. Two
July 2012 storms with I30 > 30 mm h−1 in the Gold
Run subwatershed delivered 85% of the annual TSS
yield at DS3. The most transformative geomorphic
event in the three years since the wildfire (and likely
for many decades prior) occurred in September 2013
when 210–370 mm rain fell in the Fourmile Creek
watershed in 7 days (7 day AEP <0.1%; https://udfcd.
onerain.com/home.php). Peak discharge at DS3 was
estimated to be 71 m3 s−1, or 3.3 times greater than the
previous peak on 13 July 2011 (figure 6). Numerous
debris flows, yet little evidence of deposition, were
observed throughout the region (Anderson et al 2015),
suggesting that most debris was entrained in stream-
flow and exported out of the area. While sampling was
limited during and after this storm, we estimate that
an absolute minimum of 6900 t TSS (1.1 t ha−1), and
likely muchmore (because we were not able to sample
peak flows) was exported from the Fourmile Creek
watershed in the month of September; this is more
than had been exported during the entire three years
prior.

Interannual climate variation, together with
delayed wildfire effects, affected yields of all evaluated
constituents during AMJ in 2012 and 2013. Winter-
spring precipitation and runoff in these two years
represented hydrologic extremes in this watershed.
January–June 2012 precipitation at SL (figure 2(a))
was the lowest in 27 y of record, whereas that same
period in 2013 was the second highest (http://nadp.
sws.uiuc.edu). Discharge in spring 2013, therefore,
was substantially higher than in 2012 (figure S1), and
was high enough to remobilize stream sediment that
had been deposited during post-wildfire JAS storms,
whereas in 2012 it was not (we observed the presence
of this sediment in the channel through spring 2013).
Thus we observed high TSS and total recoverable Mn
yields in AMJ 2013 downstream of the burned area

(figure 7; table S5). Greatest AMJ (and annual) NO3
−

yields were observed in the third year post-wildfire
(table S5), in contrast to several other post-wildfire
studies (e.g. Bladon et al 2008) and studies cited
therein); another study in Colorado, however, also
reported a delay (Rhoades et al 2011). After dis-
turbance, nitrogen uptake by vegetation is reduced or
eliminated, but NO3

− export can be limited by
reduced accumulation due to microbial activity, and/
or insufficient water percolation through soil (Vitou-
sek et al 1979). Limited vertical percolation during
summer 2011 and the winter/spring drought of 2012
may have led to insufficient vertical percolation for
NO3

− export in spring 2012. Vertical percolation dur-
ing the wet spring of 2013, however, likely led to
higher NO3

− export from soil into the stream at all
sites, but greater downstream: AMJ yield was 16 times
greater in 2013 than in 2011 at downstream site DS3,
compared to two times greater at US1 (figure 7). Dis-
solved Mn yields in AMJ were 1.4–7.3 times higher in
2013 than in 2011 at downstream sites, but were simi-
lar in AMJ in 2011 and 2013 at US1. Manganese is
often elevated in wildfire ash (Bodí et al 2014) and
burned soil (Gonzalez Parra et al 1996) and thus ele-
vated stream concentrations and yields may be related
to greater watermovement through soil in spring 2013
or leaching of channel sediment. We measured ele-
vated Mn concentrations in mine discharge in the
watershed (McCleskey et al 2012), so increased dis-
charge through mine workings in 2013 could also be a
factor.

The maximum TSS and NO3
− concentrations we

observed downstream from the Fourmile Canyon
burned area in the first year post-wildfire (68 000 mg
TSS L−1 and 9.5 mg NO3

− L−1) fall near or above the
upper end of concentrations reported in a review of a
range of ecosystems in North America, Australia, and
Europe for the same period (11–500 000 mg TSS L−1

Figure 6.Annual peak discharge and 15 min discharge at site DS3 (USGS streamgaging station 06727500) (a) pre-wildfire (1947,
1949–1953, 1983–1994; 15 min discharge available for 1987–1993 only) and (b) post-wildfire (2011–2014; 15 min data (starting at
each hour)were extracted from5 min data tomatch intervals available fromhistorical data.
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and 0.8–5.3 mg L−1; Smith et al 2011). However, our
yields (0.13 t TSS ha−1 and 0.29 kg NO3

− ha−1) fall
within the low range of yields reported in Smith et al
(2011) (0.017–50 t TSS ha−1 and 0.04–13 kg NO3

−

ha−1). Comparison of concentrations and yields for
streams draining burned areas is complicated by

substantial variations in precipitation regimes, fire
severity, ecosystem processes, drainage areas, and
sampling and analytical methods (Lane et al 2008).
Our low yields are probably because our site has rela-
tively low annual precipitation and only 23% of the
watershed was burned (largely at low or moderate

Figure 7. Seasonal contributions of (a) precipitation, (b) runoff (discharge/drainage area), and (c)–(g) constituents at sitesUS1 and
DS3 for the study period. Precipitation at siteNW fromwww.wcc.nrcs.usda.gov and SL fromhttp://nadp.sws.uiuc.edu. A,minimum
July–September load because sampler intakes cloggedwith sediment and burned debris during two storms; 2013 excludes
September–December due to destroyed stream gages and site inaccessibility.
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severity). In contrast, the highest NO3
− yields repor-

ted in Smith et al (2011) weremeasured in a watershed
that was 95% severely burned and received 1658 mm
in the first post-wildfire year (Lane et al 2006, Lane
et al 2008).

4.3. Relevance towater providers
Our results show that wildfire and subsequent storms
can have short-term (days) and long-term (years)
effects on water supplies. For 3.3 years after the
Fourmile Canyon fire, water treatment thresholds
and/or secondary drinking water standards (Critten-
den et al 2012) for TSS, DOC, and/or dissolved Mn
were exceeded in Fourmile Creek on 56 sampled days
downstream of the burned area (site DS2), compared
to 20 days upstream (US1) (figure 3). Exceedances of
DOC occurred during AMJ in 2011 and 2013 at all
sites; higher stream DOC concentrations during
snowmelt runoff are expected in the southwestern US
(Hornberger et al 1994, Nguyen et al 2002), and water
providers plan accordingly. However, rapid increases
in TSS and DOC concentrations during high-intensity
rain storms in JAS, when both constituents are
typically lower, would present challenges for most
water treatment plants. The extremely high concentra-
tions of TSS (up to 120 000 mg L−1) and DOC (up to
71 mg L−1) we observed would decrease water-filtra-
tion and pathogen-removal efficiency (Delpla
et al 2009) and could lead to increased carcinogenic
disinfection byproducts upon chlorination (Writer
et al 2014). DissolvedMn concentrations exceeded the
water-treatment threshold of 0.2 mg L−1 on 5 days at
DS2, always in response to summer rainstorms with
I30 > 10 mm h−1, and also exceeded the secondary
drinking water standard of 0.05 mg L−1 on 29 days
during those storms and for months afterwards
(figure 3). Manganese thresholds or standards were
never exceeded at site at US1. Nitrate concentrations,
while reaching values up to 12 mg L−1 at downstream
sites during storms, did not exceed drinking water
standards (10 mg L−1 NO3

− as N, or 44 mg L−1 NO3
−

as NO )3
− (Crittenden et al 2012).

Increased TSS, NO ,3
− and Mn loads, if delivered

to a water-supply reservoir, can lead to long-term
impairment of water quantity and quality. Dissolved
Mn and particulate-associated Mn have been mea-
sured in reservoirs or lakes after wildfire (Taylor
et al 1993, White et al 2006). When incorporated into
bottom sediments subjected to chemically reducing
conditions, Mn can be released to the overlying water
column. Increased nutrient and Mn loads may
increase primary productivity, complicating drinking
water treatment due to potential increases in algal
DOC, phytotoxins, and other taste and odor issues
(Brookes et al 2008). In addition, the delivery of sub-
stantially greater sediment yields after wildfire can
shorten reservoir lifetime or require expensive sedi-
ment removal. For example, Denver Water spent

more than $26 million on water-quality treatment,
sediment and debris removal, and related issues after
twoColoradowildfires (www.denverwater.org).

The impairment we observed may represent the
lower end of potential water-quality consequences in
steep, burned watersheds in the southwestern US, par-
ticularly those affected by mining and other historical
disturbances. The Fourmile Canyon fire burned only
23% of the Fourmile Creek watershed, and only 5% of
the watershed was burned at high severity (figure 2(a);
table S1). The wildfire occurred near the end of the
summer, and no rainstorms with I30 > 10 mm h−1 fell
for ninemonths afterward. No stormswith AEP<20%
fell in the burned area for nearly two years post-wild-
fire, yet rain stormswithmuch higher rainfall intensity
(50–80 mm h−1, or AEP <2%–10%) fell within a few
kilometers of the burned area each summer after the
wildfire (figure 5). Finally, no large reservoirs are loca-
ted immediately downstream of the burned area to
trap sediment and nutrients exported during rain-
storms (however, decreased quality of water directed
into a small local water-supply reservoir required
installation of additional treatment equipment; R. de
Haas, Pine Brook Water District, written com-
mun., 2012).

Because climate change is projected to increase
wildfire frequency and size (Westerling et al 2006) and
possibly storm frequency and intensity (IPCC 2013),
post-wildfire water-quality impacts may be more
common in the southwestern US in the future, com-
pounding water supply and quality problems related
to projected decreases in runoff and continued popu-
lation growth (Seager et al 2013). Potential adaptation
strategies to avoid the introduction of problematic
constituents into water-treatment facilities or reser-
voirs after wildfire vary depending on water distribu-
tion systems and water rights portfolios, but could
include: filling off-channel water-supply reservoirs
prior to the first post-wildfire summer; closing intakes
when forecasts indicate a risk of high-intensity sum-
mer storms; establishing alternative water supplies;
constructing or expanding pre-sedimentation basins;
increasing sedimentation capacity at water treatment
plants; and developing real-timemonitoring networks
to provide advanced warning of high-intensity rain-
fall,flooding, and impairedwater quality.

5. Conclusions

Our results demonstrate that high-intensity rainfall is
the main driver of elevated post-wildfire TSS, NO ,3

−

DOC, and Mn concentrations in the study region.
Convective storms, the typical source of high-intensity
rainfall, are spatially variable in terms of size, location,
and intensity; thus, a dense rain gage network is
necessary to estimate rainfall intensity in a burned
area. Such a rain gage network, together with storm
event sampling and monitoring, are needed to
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adequately assess post-wildfire stream response and to
model post-wildfire risk to water supplies. Annual
yields depend not only on the delivery of constituents
to water bodies by high-intensity rainfall in a burned
area, but on interannual variations in runoff, which is
largely determined by snowmelt from headwater areas
that can be upstream of burned areas. The relative
importance of snowmelt runoff and summer storms
varies among constituents; in this case, rainfall inten-
sity in the burned area was most important for
sediment yield, but upstream snowmelt runoff con-
trolled DOC yield. Our findings are applicable to
watersheds throughout the southwestern US, where
wildfires, high-intensity rainfall, and historical mine
waste are common.
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