CSIRO PUBLISHING

International Journal of Wildland Fire 2011, 20, 430-442

www.publish.csiro.au/journals/ijwf

The influence of wildfire extent and severity on
streamwater chemistry, sediment and temperature
following the Hayman Fire, Colorado®

Charles C. Rhoades™P, Deborah Entwistle® and Dana Butler®

AUSDA Forest Service, Rocky Mountain Research Station, 240 W Prospect Road, Fort Collins,

CO 80526, USA.

BUSDA Forest Service, Arapaho and Roosevelt National Forests, Fort Collins, CO 80526, USA.
CUSDA Forest Service, Pike and San Isabel National Forests, Pueblo, CO 81008, USA.

PCorresponding author. Email: crhoades@fs.fed.us

Abstract. The 2002 Hayman Fire was the largest fire in recent Colorado history (558 km?). The extent of high severity
combustion and possible effects on Denver’s water supply focussed public attention on the effects of wildfire on water
quality. We monitored stream chemistry, temperature and sediment before the fire and at monthly intervals for 5 years after
the fire. The proportional extent of a basin that was burned or that burned at high severity was closely related to post-fire
streamwater nitrate and turbidity. Basins that burned at high severity on >45% of their area had twice the streamwater
nitrate and four times the turbidity as basins burned to a lower extent; these analytes remained elevated through 5 years
post-fire. In those basins, the highest post-fire streamwater nitrate concentrations (23% of USA drinking water standards)
were measured during spring, the peak discharge period. Summer streamwater was 4.0°C higher in burned streams on
average compared with unburned streams; these persistent post-fire stream temperature increases are probably sufficient
to alter aquatic habitat suitability. Owing to the slow pace of tree colonisation and forest regrowth, recovery of the
watersheds burned by the Hayman Fire will continue for decades.

Additional keywords: Colorado Front Range, montane forests, nitrate, turbidity, wildfire effects.

Introduction

The effects of wildfire on aquatic conditions span from hours to
centuries (Minshall ez al. 1989). Temperatures reached during
active burning can kill aquatic vertebrates and invertebrates
(Dunham et al. 2003; Minshall 2003). Smoke and ash deposited
into streams during combustion immediately change stream
chemistry (Earl and Blinn 2003; Cerda and Doerr 2008); the
effects typically subside within months as precipitation trans-
ports ash from upland areas into surface or subsurface water.
Sustained effects of wildfire on watershed conditions result
from the loss of aboveground structure and subsequent altera-
tions in soil and hydrological processes. Return of stream con-
ditions (i.e. discharge, temperature, chemical composition,
sediment concentration) to within their pre-fire range follows
overstorey vegetation recovery, typically occurring within a
few years or decades (Benavides-Solorio and MacDonald 2001;
Moody and Martin 2001; Prepas et al. 2003; Lane et al. 2008),
though relatively few studies have compared post-fire changes
to pre-fire stream water conditions (Minshall et al. 2004; Burke
et al. 2005).

The extent and severity of combustion determines the magni-
tude of wildfire effects on watershed processes. In North
American forests, high-severity burning kills most overstorey
and understorey plants, roots and rhizomes and consumes most
of the surface organic matter (Keeley 2009). This type of
combustion generally results in widespread change in forest
structure and soil conditions that dramatically alter the water-
shed processes that control streamflow, peak discharge, soil
erosion, channel stability and streamwater nutrient export
(Spencer and Hauer 1991; Prepas et al. 2003; Robichaud et al.
2003; Lane et al. 2008; Blake et al. 2010). In contrast, low-
severity fire kills few overstorey trees and has minimal effect on
belowground plant structures, litter layers and watershed con-
ditions. The vegetation and O horizon (Pannkuk and Robichaud
2003; Cerda and Doerr 2008) remaining after moderate- and
low-intensity fire both buffer against post-fire changes and
facilitate watershed recovery (Wagenbrenner et al. 2006). The
influences of fire severity on vegetation combine with the spatial
variability of soil and geomorphic features to determine basin-
scale consequences of wildfire (Ice et al. 2004; Rodriguez et al.
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2009). In addition, post-fire water quality is typically regulated
by seasonal and episodic fluctuations in stream discharge
(Townsend and Douglas 2000; Prepas et al. 2003; Burke et al.
2005; Moody et al. 2008; Blake et al. 2010).

The Hayman Fire was ignited on 8 June 2002 after a period of
prolonged drought in the Colorado Front Range (Graham 2003,
see maps therein). Total precipitation and the water contained
in the 2002 snowpack were approximately half of long-term
annual averages (Western Regional Climate Center 2006). Low
fuel moisture and relative humidity (5-8%) and strong,
gusty winds (30-80kmh ") triggered rapid rates of spread
(>3.2kmh™") and long-range spot fires (Finney ef al. 2003).
Coupled with the extreme climatic conditions, the dense, con-
tinuous horizontal and vertical fuel structure, created by decades
of fire exclusion in lower montane forests (Brown et al. 1999;
Kaufmann et al. 2000), allowed burning to advance for 24 days
prior being declared contained on 2 July 2002 (Graham 2003).
Areas of internal burning continued throughout the summer
months, and the fire was not declared extinguished until 30
October 2002. High-severity crown fire killed the overstorey
forest and consumed forest floor across 40% of the entire area
burned. Moderate- or high-severity fire influenced 32-96% of
riparian ecosystems compared with 25-62% in upland areas in
first- to third-order watersheds located within the burn perimeter
(Kershner et al. 2003).

The 558 km® Hayman Fire was the largest fire in recent
Colorado history (Graham 2003). Its location, 75 km from 2.7
million citizens in the Denver metropolitan area, created public
anxiety about protection of human safety and private property
in the expanding residential areas of the Front Range foothills.
Colorado receives more than 90% of is public water supply from
surface water sources (Hutson et al. 2004) that originate from
forest watersheds, so concern about protection of Denver’s
supply of clean water focussed attention on the watershed
response after the Hayman Fire. Public awareness, raised both
by the Hayman Fire and other large North American wildfires of
2002 and recent years, has prompted widespread implementa-
tion of hazardous fuels reduction projects on national forest
lands (USDA/USDOI 2005). These efforts include timber har-
vesting, prescribed burning and fuels reduction treatments
conducted in the wildland—urban interface. However, in spite
of the broad mandate for this work, active management of
national forestlands remains controversial (Beschta et al. 2004).

During the past two decades, the incidence of large, severe
forest fires in the western USA (Westerling e al. 2006) and
elsewhere globally has increased in response to warmer spring
temperatures and longer fire seasons (Williams ef al. 2001;
Scholze et al. 2006; Intergovernmental Panel on Climate Change
2007; Flannigan et al. 2009) and fuel accumulation. Wildfires
such as the Hayman Fire periodically disturb watersheds in
Colorado’s montane forest zone (Romme et al. 2003; Veblen
and Donnegan 2005), yet the influence of wildfire and fire
behaviour on aquatic processes remains poorly understood. As
part of the Upper South Platte Watershed Protection and Resto-
ration Project, a multiple-basin monitoring network was estab-
lished 1 year before the Hayman Fire, which allowed comparison
of streamwater properties in burned and unburned catchments
for a range of burns severities and watershed characteristics.
This assessment evaluated changes in streamwater chemistry,

Int. J. Wildland Fire 431

temperature and sediment beginning the month the fire was
contained and continuing for 5 years.

Methods
Studly site

The Hayman Fire burned in ponderosa pine (Pinus ponderosa
Dougl. ex Laws) and Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) forests of the lower montane elevation zone
(1980-2750m). Mean annual precipitation within the area
burned by the Hayman Fire is 41 cm (Western Regional Climate
Center 2006); summer rain and snow fall contribute equal
amounts of the annual precipitation.

The majority of the Hayman Fire area and the study water-
sheds are underlain by the Pikes Peak batholith, a coarse-grained
biotite and hornblende-biotite granite (Bryant et al. 1981). Soils
weathered from the Pikes Peak formation granite are weakly
developed (Typic Ustorthents), excessively drained, coarse
sandy loams (Cipra et al. 2003). Depth to bedrock ranges from
25 to 50cm and coarse fragments represent 25-50% of the
soil volume. A mixture of sandstone and limestone strata that
form deeper soils with higher organic matter and cation content
underlie a portion of the burn area involved in this study
(Bryant ef al. 1981; USDA Forest Service 1995). Soils formed
from Pikes Peak formation granite can be highly susceptible
to erosion, sheetwash, rilling and gullying (Robichaud et al.
2003; T. John, unpubl. data, 2002).

Tributaries of the Upper South Platte supply water for the
Denver metropolitan area and support popular sport fishing
sites. Pre-fire water quality concerns regarding sediment and
temperature of several streams located in the study area resulted
in their placement on Colorado’s 303(d) Monitoring and Evalu-
ation list (Colorado Water Quality Control Division 2002).
Streams draining the Pikes Peak batholith also contain naturally
high fluoride concentrations released by fluoride, lithium and
rare earth-rich pegmatite inclusions (Simmons et al. 1987;
Foord et al. 1995).

Sampling and analysis

Monthly sampling began in August 2001 on six streams
(Table 1). The Hayman Fire affected half of the original basins,
so our assessment compared pre- and post-fire flow-weighted
streamwater concentrations in three burned and three unburned
watersheds. Four additional sample locations were established
following the fire to allow comparisons of the unburned drai-
nages with drainages affected by varying fire extent (Table 1).

Monthly streamwater samples were collected for dissolved
chemical constituents and sediment. Streamwater grab samples
were kept cool and then filtered (0.45 um) before analysis by ion
chromatography (Waters Ion Chromatographs, Waters Corp.,
Milford, MA, USA, with a Dionex AS12 A Separator Anion
Column, Dionex Corp., Sunnyvale, CA, USA, and Waters IC
Pak Cation M/D Column, Waters; APHA 1998a). Detection
limits were 0.01 mqu for NO5-N, NH4-N, Na™, CI~ and
F~, 0.02mgL™" for Ca*", Mg and K", 0.03mgL ™" for
PO4 and 0.05mgL ™" for SO3 . Acid neutralising capacity
(ANC) was measured by Gran titration (Gran 1952) and
pH and electrical conductivity were analysed automatically
with PC Titrate sensors (Mantech Inc., Guelph, ON, Canada).
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Streamwater-suspended sediment was collected in 1-L bottles,
filtered onto 0.45-um filters and dried at 105°C (APHA 1998b).
Turbidity was measured in the 1-L samples using the nephelo-
metric method (APHA 1998¢; HF Scientific Inc., Micro 100
Turbidimeter, Fort Meyers, FL, USA). On-site stream tempera-
ture and conductivity measurements complimented laboratory
analyses and instantaneous discharge measurements were used
to flow-weight streamwater concentrations. Storm event sam-
pling would have allowed greater insight about water quality
fluctuations during episodic high-flow events, but personnel and
budgetary constraints and the remoteness of several of the sites
restricted us to monthly sampling.

Pre-fire and post-fire water nitrate, temperature and turbidity
were compared graphically and statistically between the three
burned and three unburned basins that were part of the original
sampling network. The influence of basin geology was evaluat-
ed for pre-fire streamwater chemistry, temperature and sediment
among the six original sample streams using one-way analysis
of variance (SPSS ver. 10.1.3, SPSS Inc., Chicago, IL, USA).
Levene’s statistic was used to test for homogeneity of variance.
Non-parameteric Kruskal-Wallis means comparisons were
made on non-normal streamwater analytes. Significance is
reported at the oo =0.05 critical value unless noted otherwise.
Relationships between water quality parameters and basin
characteristics were evaluated using least-squares linear regres-
sion (SPSS Ver. 10.1.3).

Results

The pre-fire chemistry of stream draining basins located solely
on Pikes Peak formation granite was more dilute for many
analytes than streams underlain by a mixture of granitic and
sedimentary geological materials (Table 2). Streamwater Ca’™,
conductivity, ANC, Mg®>", Na™ and Cl~ were 1.5 to 3 times
higher in mixed-geology basins; pH was 0.4 units higher. Cal-
cium was the dominant cation followed by Na*, Mg® " and K " in
all six streams. ANC, composed largely of bicarbonate, was the
dominant anion, followed by SO3~, C1~ and F~. In contrast to
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other streamwater analytes, NO3-N, NHy-N, F, POy, turbidity
and suspended sediment did not differ significantly among the
basins regardless of their lithology (P > 0.1).

Streamwater NO;-N averaged 0.1 mg N L™ in the six South
Platte tributaries before the Hayman Fire. During the pre-fire
period, NH4-N was never detectable and PO, rarely exceeded
detection limits. Pre-fire mean F~ levels (3mgL ") exceeded
the National Secondary Drinking Water Standard of 2mgL ™"
(US EPA 2003) due to release of fluoride and rare earth elements
from pegmatite inclusions in the Pikes Peak formation granite
(Simmons et al. 1987; Foord et al. 1995). Turbidity averaged
5 NTU (Nephelometric Turbidity Units) and did not exceed
10 NTU in most streams.

Fire effects

The Hayman Fire burned three of the six streams included in
pre-fire sampling (Brush, Trout and Horse Creeks). All three
unburned streams, as well as the four basins added to the sam-
pling network after the fire, were located in granitic basins
(Table 1). Owing to the pre-fire differences in dominant cation
and anion concentrations (e.g. Ca>" and ANC) between the
granitic and mixed-lithology basins (Table 2), post-fire com-
parisons are restricted to granitic basins for these analytes. In
contrast, nitrate, turbidity and sediment did not respond signif-
icantly to differences in basin lithology, so their post-fire
comparisons include all 10 basins.

Average spring and summer water temperatures were 5 and
6°C higher respectively in burned catchments the year following
the Hayman Fire compared with the corresponding seasonal
averages for unburned streams (Fig. 1). The maximum summer
temperature measured in burned streams exceeded pre-fire
summer temperatures by 10°C. Winter temperatures did not
differ between burned and unburned streams. In the 5 years
following the burn, summer and spring temperatures averaged
4.0 and 4.5°C higher in burned and unburned streams respec-
tively. During the post-fire years, spring streamwater tempera-
ture in burned streams was similar to the summer temperatures

Table 1. Study watersheds within and adjacent to the 2002 Hayman Fire, Upper South Platte River Drainage, Colorado

Stream order Watershed area (ha) Burned area Burn severity (ha) Burn severity (%)
(ha) (%) Low Moderate High Low Moderate High

Burned watersheds

Brush 1 609 532 87.5 176 18 338 28.9 3.0 55.6

Fourmile® 1 2145 1513 70.5 247 217 1049 11.5 10.1 48.9

Wigwam” 2 5753 2742 47.7 863 123 1756 15.0 2.1 30.5

West™ 3 17888 8482 47.4 3942 2656 1883 22.0 14.9 10.5

Goose” 2 22236 2604 11.7 904 210 1490 4.1 0.9 6.7

Trout® 3 30088 2555 8.5 1102 1082 372 3.7 3.6 1.2

Horse® 3 48670 11688 24.0 5184 3848 2656 10.7 7.9 5.5
Unburned watersheds

No name 1 345 0 0 0 0 0 0 0 0

Sugar 2 3129 0 0 0 0 0 0 0 0

Pine 2 3364 0 0 0 0 0 0 0 0

AMonthly sampling began in August 2002, following containment of the Hayman Fire. Sampling at other sites began in August 2001.

BStreams draining basins with mixed lithology.
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Table 2. Pre-fire streamwater chemistry and sediment South Platte tributaries draining granitic (» = 4) and mixed sedimentary and granitic (n = 2) basins
Flow-weighted mean concentrations (and s.e.) are calculated from analysis samples collected monthly between August 2001 and May of 2002. Significance was reported at the o =0.05 critical value.

ANC, acid neutralising capacity; NTU, Nephelometric Turbidity Units

Turbidity Sediment

F NOs-N PO,

Na Mg K NHsN  ANC SO, cl
(mgL™") (mgL™") (mgL™") (mgL™") (mgL™") (mgL™h

(mgL™") (mgL™") (mgL™") (mgL™")

Ca
(mgL™")

EC
(uSem™)

pH

(mgL™"

(NTU)

Basin geology

13.9 (4.9)
772.7)

74 (3.5)

5.7 (2.4)

32(0.2) 0.1(0.02) 0.0(0.0)
2.6(0.1) 0.2(0.07) 0.0 (0.0)

17.5(1.6)  3.2(0.6)

56.7 (4.2)
115.6 (9.4)

0.0 (0.0)
0.0 (0.0)

3.0 (0.3)
3.4(0.1)

6.5(0.4) 4.3(0.3)
18.6(0.9) 8.4 (0.6)

177.5 (10.7) 22.6 (1.7)

Granitic (n=4) 7.8 (0.05)

Mixed (n =2)
Mann—Whitney U

16.8(1.0) 9.5(1.7)

82(0.04) 3292(11.7) 342 (1.2)

0.000 0.000 0.000 0.000 0.703 0.000 0.002 0.000 0.657 0.196 0.809 0.207 0.547

0.000 0.000

Significance
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of streams draining unburned basins. As such, streamwater
warmed earlier in burned basins and aquatic ecosystems were
warmer for a prolonged period.

Concentrations of Ca*" and ANC and conductivity increased
in the months following the Hayman Fire (Fig. 2). Monthly
levels measured in burned streams exceeded both average pre-
fire and post-fire peaks in unburned granitic streams. Maximum
post-fire Ca®" concentrations were double the mean summer
peak concentration of pre-fire streams and post-fire unburned
streams (i.e. 56 v. 23 mgL~"). Similarly, post-fire ANC was
also twice that of the summer peak concentrations for pre-fire
and unburned post-fire streams. Streamwater conductivity
responded similarly. During the 2 months following the fire,
conductivity and, to a lesser extent, Ca®" concentrations in-
creased in one unburned stream due to ashfall from the adjacent
fire. Dissolved PO, was detectable in all burned streams the first
sample date after the fire (July 2002; mean and maximum of
0.20 and 0.32mgL™"). The following July, PO, was detectable
in six of seven burned streams, but for the duration of the study,
PO, was below detection in both burned and unburned streams.
Stream NH4-N was undetectable before the fire, increased
in three streams during July and August 2002 (i.e. mean and
maximum of 0.21 and 0.27mg NH,-N L"), and was then
typically below detection in burned and unburned streams for
the duration of the study.

Streamwater Ca®", ANC and conductivity are typically
diluted by the increased discharge volume during snowmelt.
However, during the first post-fire years, the minimum values
for these analytes did not drop below pre-fire or unburned peak
concentrations (Fig. 2a, b). In the first winter—spring snowmelt
period after the Hayman Fire, Ca*", ANC and conductivity
levels were 1.5-fold higher in burned streams compared with
pre-fire and unburned post-fire seasonal averages (Fig. 2). The
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Fig. 1. Streamwater temperature of three burned and three unburned
watersheds in the upper South Platte watershed. Bars show means and
standard errors for 4-month periods (Winter, November—February; Spring,
March—June; Summer, July—October) during the year preceding and the
5 years following the fire.
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Fig.2. Monthly streamwater concentrations of (a) calcium and () acid neutralising capacity
(ANC) and (c) electrical conductivity in watersheds underlain by Pikes Peak formation
granite. Dashed lines denote four burned basins and solid lines denote three streams draining

basins outside the fire perimeter.

chemical effect of the fire remained evident during the second
post-fire snowmelt (e.g. spring 2003—-04) and summer (2004)
seasons before disappearing approximately 2 years after the fire.

The Hayman Fire burned 8—-87% of the basins included in our
assessment (Table 1); high-severity wildfire affected 1-56% of
the basins. Both streamwater nitrate and turbidity increased
linearly with the proportional extent of a basin that burned or
that burned at high severity (Figs 3, 4); no other chemical analyte
responded significantly to fire extent or severity. Nitrate and
turbidity both increased more than 4-fold across the range of
proportional extent burned (Figs 3a, 4a). An apparent threshold
in streamwater nitrate and turbidity occurred between the two
basins that burned on >60% of their area or high-severity
wildfire on >45% of their area (i.e. Brush and Fourmile Creeks)
and the other five streams (Table 3). The streams draining basins
affected by extensive stand-replacing fire had 3.3-fold higher
nitrate concentrations on average than basins that burned to a
lesser extent (Fig. 3b). Similarly, average turbidity was 2.4-fold

greater in basins with extensive high-severity fire compared
with other burned basins (Fig. 4b).

Streamwater nitrate fluctuated seasonally, with the highest
peaks coinciding with spring snowmelt (Fig. 5). In unburned
basins, peak NO5-N concentrations averaged 0.2 mgNL ™' and
exceeded 0.5 mgNL ™' on one occasion during the study period
(Fig. 5a). For streams draining basins that burned to a low
extent, pre-fire and post-fire seasonal nitrate fluctuations were
of similar magnitude (Fig. 5b). In contrast, the two extensively
burned basins had higher nitrate peaks than both unburned
basins and basins burned to a lower extent (Fig. 5¢). The
seasonal peak in streamwater NO5-N exceeded 1.5mgNL ™'
in extensively burned basins on average, and it reached
23NmgL ™" during the third spring snowmelt after the fire
(spring 2005). More than 10% of post-fire samples exceeded
1.1 mg N L™, a concentration threshold not reached in any basin
that was unburned or burned to a small extent. Nitrate concen-
trations remained elevated between seasonal peaks, especially
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Fig.3. Linear relationship between mean streamwater NO3-N for individ-
ual basins during post-fire years and (a) the extent of each watershed burned
and (b) the area affected by high-severity combustion during the 2002
Hayman Fire.

during the third and fourth post-fire years. In extensively burned
basins, streamwater nitrate concentrations did not decline over
the course of the study; the fifth post-fire peak (2007) did not
differ from the previous 4 years (Table 3).

Like nitrate, turbidity increased during spring snowmelt in
unburned streams (Fig. 6). For basins burned to a low extent
(Fig. 6a), streamwater turbidity also increased after two summer
rain storms. Where severe fire occurred on >45% of a basin,
turbidity responded more often and to a greater degree, compared
with either unburned or lesser-burned basins. Streamwater turbid-
ity surpassed 200NTU on 13 occasions in extensively burned
basins, and higher-turbidity samples were as likely to occur during
the summer as the spring snowmelt season. Stream turbidity
showed no sign of decline in consecutive post-fire years (Table 3).

Stream nitrate (Fig. 7) increased with stream discharge
during the post-fire period. The highest seasonal mean
(Fig. 7a) and maximum (Fig. 7b) nitrate concentrations mea-
sured in the 10 study streams (1.1 and 2.3 mgN L") occurred
during the spring snowmelt when streamflow was highest. Mean
streamwater nitrate in basins with extensive high-severity fire
were more sensitive to increased discharge (i.e. slope was 4-fold
greater) than either unburned basins or those with a lower extent
of high-severity fire. Unlike stream nitrate, the highest mean
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Fig. 4. Linear relationship between mean streamwater turbidity for indi-
vidual basins during post-fire years and (a) the extent of each watershed
burned and () the area affected by high-severity combustion during the
2002 Hayman Fire. NTU, Nephelometric Turbidity Units.

(Fig. 8a) and maximum (Fig. 8b) turbidity measurements
occurred during the summer season in response to storm events
in 2005 and 2006, thus complicating the linear relationship with
stream discharge. In contrast to our monthly collection schedule,
sampling of individual storm events would have allowed a more
accurate measure of peak nitrate and turbidity and would have
better demonstrated how episodic discharge events regulate
sediment and nutrient export.

Discussion and conclusions
Immediate and persistent effects

The chemical composition of streams draining watersheds
burned by the Hayman Fire exhibited changes commonly
associated with particulate and gaseous chemical inputs from
ash and smoke (Minshall et al. 1989; Cerda and Doerr 2008).
Cation (Ca*", Mg*", K¥), ANC and conductivity in streams
responded immediately after the fire and concentrations peaked
during the 4-month period following the fire (Fig. 2). Ash
deposition also altered these analytes in one adjacent unburned
stream. The duration of wildfire ash effects on streamwater
acid-base chemistry typically decline to pre-disturbance levels
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Table 3. Post-fire nitrate (mg NO3-N L") and turbidity (NTU, Nephelometric Turbidity Units) for unburned basins and basins with low and high
proportional extent burned by the 2002 Hayman Fire

Basins in the high-extent class burned on >60% of their area with >45% of basin area affected by high-severity wildfire. Monthly flow-weighted post-fire

streamwater nitrate concentrations and turbidity were collected from August 2002 to June 2007. Significances were determined by Kruskal-Wallis non-

parametric analysis of variance test and was significant at o = 0.05

Post-fire year Nitrate Significance Turbidity Significance
Unburned Low extent High extent Unburned Low extent High extent

1 Mean 0.15 0.13 0.39 0.144 4.26 31.30 71.95 0.004
Median 0.03 0.12 0.22 2.30 32.58 48.00
s.d. 0.27 0.11 0.46 4.39 27.75 57.86
95%ci. (—0.13t00.44) (0.01t00.24) (0.03to 0.75) (—0.3t08.8) (2.2t0 60.4) (27.5t0 116.4)

2 Mean 0.05 0.18 0.38 0.009 5.84 58.32 65.58 0.025
Median 0.02 0.19 0.22 322 27.86 23.52
s.d. 0.05 0.09 0.35 5.89 77.83 90.43
95%c.i. (—0.011t00.10) (0.09to 0.27) (0.05to 0.70) (—=0.31t012.0) (—23.4t0140.0) (—18.1to 149.2)

3 Mean 0.08 0.25 0.83 <0.001 36.41 48.78 131.84 0.041
Median 0.06 0.22 0.71 18.51 40.17 119.57
s.d. 0.06 0.16 0.59 36.18 35.22 86.62
95%ci.  (0.01t00.14) (0.08to 0.42) (0.34to 1.32) (-1.6t0744) (11.8t085.7) (59.4 t0 204.2)

4 Mean 0.08 0.21 0.52 0.008 9.98 11.61 63.05 0.206
Median 0.06 0.17 0.41 6.91 7.78 31.71
s.d. 0.06 0.15 0.43 10.65 9.87 74.85
95%ci.  (0.01t00.14) (0.05t00.36) (0.15to 0.88) (—=1.2t021.2) (1.2 t0 22.0) (0.5 to 125.6)

5 Mean 0.09 0.22 0.59 0.031 16.86 95.21 145.31 0.090
Median 0.09 0.14 0.32 16.77 36.56 90.19
s.d. 0.06 0.21 0.54 10.09 147.95 149.82
95%ci.  (0.02t00.15) (0.00to0 0.44) (0.14to 1.04) (6.3t027.5) (—60.0t0250.5)  (20.1to 270.6)

All years Mean 0.09 0.20 0.54 <0.001 14.67 49.04 95.71 <0.001
Median 0.05 0.17 0.36 8.20 28.79 61.70
s.d. 0.13 0.15 0.49 20.35 77.43 98.03
95%ci.  (0.04t00.14) (0.14t0 0.25) (0.38t0 0.70) (7.7t022.3)  (20.1 to 78.0) (64.4 to 127.1)

once rain storms or spring snowmelt export ash from burned
watersheds. For example, experimental input of ash to a first-
order tributary generated a peak of conductivity, major ions and
turbidity within 1 h of starting the additions and returned to pre-
fire levels less than 24 h after additions ceased (Earl and Blinn
2003). Smoke and ash elevated streamwater nitrogen and
phosphorus 5- and 60-fold during wildfire in north-western
Montana; the values returned to background levels within sev-
eral weeks of the burn (Spencer et al. 2003). Similarly, con-
centrations of various streamwater constituents (NHZ, NO3,
K™, P, alkalinity) that increased following wildfire in mixed-
conifer, ponderosa pine and scrub oak (Quercus turbinella)
communities returned to pre-fire levels 1-4 months following
burning (Earl and Blinn 2003). Even moderate-severity pre-
scribed fire burning in mixed-conifer forests generated imme-
diate increases in Ca® " and SO3~ (1.3- and 13-fold respectively)
in streams of the Lake Tahoe Basin that returned to pre-fire
levels within 3 months (Stephens et al. 2004).

Our monthly sampling and analysis following the Hayman
Fire documented elevated Ca®", ANC and conductivity in
burned streams for 2 years after the fire compared with pre-fire
and unburned stream levels (Fig. 2). The extent and severity of
the fire created sufficient ash to alter both summer and spring
snowmelt stream chemistry before ash was completely flushed
from the burned watersheds. The year after the Hayman Fire,
a one-time comparison of three streams sampled inside and
outside the fire perimeter found statistically insignificant

increases in conductivity and cation and anion concentrations,
along with fewer benthic macroinvertebrate taxa and lower
invertebrate density and biomass (Hall and Lombardozzi 2008).

The Hayman Fire burned across basins with differing under-
lying geological materials, and the magnitude of the stream-
water response to wildfire reflected pre-fire baseline differences
in Ca*" and ANC. High-ANC streams draining basins with a
mixture of sedimentary and granitic lithology were relatively
insensitive to ash inputs following the fire; the post-fire peak in
these streams was indistinguishable from pre-fire fluctuations.
In contrast, naturally dilute streams, draining granitic bedrock
basins responded sharply to the Hayman Fire (Fig. 2). Similarly,
following the 2003 wildfires in Glacier National Park in north-
western Montana, the high chemical concentrations associated
with the underlying carbonate-bearing geology masked post-fire
changes in stream chemistry for most analytes (Mast and Clow
2008). As with dilute, low ionic-strength streams and lakes that
are highly responsive to changes in atmospheric inputs (Turk
and Spahr 1991), it appears that the watershed processes that
regulate streamwater chemistry following wildfire are most
sensitive in basins with low pre-fire concentrations of dissolved
solids.

Fire effects associated with the loss of forest vegetation and
altered soil processes generally reach a peak a few years after
wildfire before declining towards pre-burn conditions (Minshall
etal. 1989; Wan et al. 2001; Ranalli 2004; Certini 2005), though
severe and extensive wildfire initiates changes in terrestrial
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nutrient cycling that endure for decades before forest composi-
tion and soil processes return to pre-fire conditions. Five years
following the Hayman Fire, streamwater temperature, nitrate
and turbidity have not returned to pre-burn levels (Figs 1, 4).
Winter-season streamwater nitrate concentrations remained
higher for 4 years but growing-season concentrations were
elevated for only 2 years after a Glacier National Park wildfire
(Mast and Clow 2008); the seasonal difference was attributed to
increased growing nutrient uptake by recovering and residual
vegetation. Following the Yellowstone fires, streamwater nitrate
remained higher than background levels for 5 years (Robinson
and Minshall 1996). Higher radiation inputs to Yellowstone
streams caused by the combustion of forest overstorey and
riparian vegetation increased stream temperatures for 2—6 years
before shade from regenerating shrub and tree canopies returned
to pre-fire levels (Minshall et al. 1989).

Mineral and organic soil layers are the largest reservoirs of N
in most forest ecosystems (Schlesinger 1991), so combustion of
these N pools and the acceleration of N cycling processes can
increase nutrient leaching following fire (Chorover et al. 1994;
Murphy et al. 2006). Oxidation of forest biomass, litter and soil

organic matter commonly increases the availability of NHJ in
soil for months to several years following wildfires or slash
burning (Giardina and Rhoades 2001; Wan et al. 2001; Certini
2005). Prolonged changes in streamwater N result from the
combined influence of reduced plant N demand, stimulated N
mineralisation and nitrification due to increased soil tempera-
ture and pH, and subsequent release to groundwater and surface
water.

The rate of forest overstorey and understorey recovery helps
to explain the slow recovery of streamwater nitrate, sediment
and temperature following the Hayman Fire. Monitoring plots
established in upland and riparian ecosystems before the
Hayman Fire document changes in the extent of vegetative
cover and species composition in areas burned at high, moderate
and low severity (Fornwalt et al. 2009). The cover of bare soil
was 22% before the fire and increased to 46, 34 and 86% the year
after the fire in low-, moderate- and high-severity areas respec-
tively. In general, understorey species composition and cover
returned to pre-fire conditions within 2-3 years, regardless of
fire severity. Plant life history played an important role in
vegetative recovery, as many of the understorey species are
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known to regenerate from either sprout or soil seed banks
(Fornwalt 2009). In contrast, recolonisation of burned areas by
tree seedlings is progressing more slowly. Four years after the
fire (summer 2006) ponderosa pine seedlings were found in 52
and 37% of subplots located in low- and moderate-severity burn
areas respectively, but none occurred in high-severity subplots
(P. J. Fornwalt, pers. comm.). The extent of exposed soil
declined with time since the fire, but remained more than double
pre-fire conditions after 4 years. Loss of seed reserves and
barriers to colonisation of extensive high-severity burn areas
is expected to delay forest establishment. In spite of the rapid
recovery of understorey vegetation, the extent of litter loss and
the slow recolonisation by forest vegetation may influence the
uptake, turnover and export of N and sediment delivery from
watersheds burned by the Hayman Fire for decades.

Water quality implications

Prior to the Hayman Fire, stream temperature and sediment
levels were identified as quality concerns for South Platte
tributaries (Colorado Water Quality Control Division 2002). Pre-
fire streamwater nitrate (Table 2) also exceeded draft numeric

standards proposed by the US Environmental Protection Agency
(EPA) for minimally disturbed streams in the Western Forested
Mountains ecoregion (e.g. 0.01 mg NOs-N L™'; US EPA 2000).
The sustained post-fire changes in these parameters further
threaten the viability of the drainage’s aquatic resources. For
example, in basins burned extensively by the Hayman Fire peak
nitrate concentrations remained more than 100-fold above nitrate
concentrations typically found in minimally disturbed Western
Forested Mountain streams throughout the study and they were
occasionally more than 10-fold higher than proposed total N
criteria (e.g. 0.12mgNL™!; US EPA 2000). Temperature
increases associated with climate change projections (i.e. 1-3°C
increase in air temperature) are predicted to reduce fish habitat by
15-40% in the Rocky Mountain region (Intergovernmental Panel
on Climate Change 2007). Based on findings from a study of
the temperature sensitivity of salmonid populations in southern
Wyoming (Rahel et al. 1996), the 4°C increase in summer
streamwater temperature measured after the Hayman fire could
be expected to reduce fish habitat by 45-63%.

The highest measured post-fire nitrate concentration was
23% of the USA EPA’s drinking water standard, though rain
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Fig. 7. Relationship between stream discharge and nitrate concentrations.
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<60% of basin area) and those burned to a high extent (e.g. >60% of basin
area with >45% of burned at high severity).

storms occurring between monthly sample dates may have
increased discharge and nitrate above drinking water thresholds
in extensively burned basins. Summer convective storms gener-
ate high-intensity rainfall (i.e. >10mmh™") capable of produc-
ing runoff in burned Rocky Mountain watersheds (Moody and
Martin 2001; Wagenbrenner ef al. 2006; Moody et al. 2008). In
the Colorado montane zone, storms of this nature generate peak
flows of up to 2-60m> s~ in small basins (Benavides-Solorio
and MacDonald 2001; Larsen and MacDonald 2007) when
nitrate could exceed USA EPA’s drinking water threshold. For
example, based on the relationship between seasonal maximum
discharge and nitrate concentration in extensively burned
basins (Fig. 7b), stream discharge above 100Ls 'km 2 (e.g.
0.1m>s ' km?) would exceed 10 mg NO5-N L' Inthe 5 years
following the Hayman Fire 29 summer storms occurred in the

Fig. 8. Relationship between stream discharge and turbidity. Symbols
show (@) mean and (b) maximum seasonal values (Winter, November—
February; Spring, March—June; Summer, July—October) for streams drain-
ing unburned basins, those burned to a low extent (e.g. <60% of basin area)
and those burned to a high extent (e.g. >60% of basin area with >45% of
burned at high severity). NTU, Nephelometric Turbidity Units.

burn area; 13 produced more than 25.4 mm of rain over a 24-h
period and six produced more than 40 mm of rain (Western
Regional Climate Center 2006); these storms created rainfall
intensities sufficient to generate surface runoff and sediment
movement (Fig. 8), and likely resulted in stream nitrate peaks
between our monthly sample collections.

Disturbance extent and severity

The post-fire water quality of these Hayman Fire study areas was
well related to the extent of a basin burned at high severity (Figs 3,
4). Basins within the Hayman Fire perimeter that sustained high-
severity wildfire on >45% of their area had streamwater nitrate
and turbidity roughly 3-fold the levels measured in basins with
<10% burned under such conditions (Fig. 3). High-severity fire
released seven times more nitrate from two southern California
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chaparral watersheds at the US Forest Service San Dimas
Experimental Forest compared with two basins burned at lower
severity (Riggan ef al. 1994). The high post-fire nitrate losses at
San Dimas were attributed to increased soil nitrification com-
bined with sediment movement from surface erosion and debris
flows and chronically high atmospheric N deposition in southern
California. In the New Jersey Pine Barrens, water and cation
fluxes to groundwater were also highest in wildfire areas, inter-
mediate in prescribed burned areas and lowest in unburned sites
(Boerner and Forman 1982).

Post-fire streamwater conditions were related to both propor-
tional extent burned and basin size in the Hayman, the 1988
Yellowstone and the 2003 Glacier National Park fires (Minshall
et al. 1989; Mast and Clow 2008). Changes in streamwater
chemistry and stream habitat increased with the extent burned
(0-90%) across 21 basins burned by the Yellowstone fires
(Robinson and Minshall 1996). Similarly, the 2003 Robert and
Trapper fires burned 73 and 26% respectively of two Glacier
National Park drainages and increased stream nitrate concentra-
tions 2.5-fold in the extensively burned basin but had no effect in
the other (Mast and Clow 2008). The extensively burned basin
was only 15% the size of the less-responsive basin that burned to a
lesser extent. Relative size also influenced the post-fire response
of'the Hayman study basins. For example, as basin size decreased
there was an increase in the proportion of a basin that burned or
that burned at high severity (extent burned: R* = 0.83, P = 0.004;
high-severity burned: R*=0.62, P=0.036). The two smallest
burned basins (Brush and Fourmile) had the highest mean
streamwater nitrate concentrations and they released 4-fold more
N per area than larger burned basins.

Greater streamwater discharge from larger basins dilutes
post-fire increases in solutes and sediment (Lathrop 1994) and
residual vegetation and O horizon retain nutrients and sediment,
so the location of burning within a watershed is also important
(Mast and Clow 2008).

Owing to the slow pace of tree colonisation and forest
regrowth, recovery of the watersheds burned by the Hayman
Fire will continue for decades. Similar to the streamwater
responses we document here, post-fire forest succession will
likely vary among basins due to the extent and degree of
disturbance. In the lower montane ponderosa pine forests of
the Rocky Mountain West, the impressive effects of the Hay-
man Fire and other large wildfires have become synonymous
with the consequences of historic fire exclusion coupled with
recent climatic conditions (Westerling et al. 2006; Flannigan
et al. 2009). Use of mechanical treatments and prescribed fire to
reduce hazardous fuel loads, such as those that contributed to the
Hayman Fire, are being widely implemented on US Forest
Service lands under the auspices of the Healthy Forest Restora-
tion Act (USDA/USDOI 2005). Compared with wildfire, these
management activities typically create minor changes in water
quality (Richter et al. 1982; Stephens et al. 2004). In spite of
current public support for hazardous fuel treatments, active
management of national forestlands remains controversial
(Beschta et al. 2004; Steelman and DuMond 2009). The large
extent of forest area designated for fuel-reduction treatments,
projections for longer fire seasons, increasing frequency
of large, severe fires (Westerling et al. 2006), and the slow
pace of watershed recovery from high-severity wildfire all
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underscore the need for comprehensive, long-term monitoring
of the watershed and aquatic conditions (Stone et al. 2010).
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