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Abstract

We documented immediate and mid-term (5 years) impacts on streams from a large (15,500 ha) wildfire in northwestern
Montana. Fire-related impacts were ecosystem-wide, extending from water chemistry to fish. During the initial firestorm,
phosphorus and nitrogen levels increased 5- to 60-fold above background levels resulting from aerial deposition from smoke and
ash. Nutrients returned to background concentrations within several weeks after the fire. During subsequent years, nutrient
concentrations periodically increased in fire-impacted sites compared to reference sites, especially during spring run-off.

Evidence of post-fire changes was also documented in the aquatic food web via stable isotope analyses. Macroinvertebrates
and fish from fire-impacted sites were significantly more enriched in >N and depleted in '*C than consumers from forested
reference sites (P < 0.001). The post-fire isotopic shift in consumers was consistent with increased utilization of algae and/or
other autochthonous food sources together with decreased reliance on terrestrial leaf litter and other allochthonous food sources.
Such a post-fire shift from a detritus based on a periphyton-based food web fits predictions of the river continuum concept
following canopy removal and nutrient enrichment.

Following decades of active fire suppression, forest managers are now contemplating aggressive efforts to reduce the fuel
build-up noted in forests throughout the western US. Such efforts could involve increased use of fire and mechanical thinning
and harvest. Results from our work and others suggest that expanded fire activity could mobilize substantial quantities of highly
available nutrients to lakes and streams. With significant nutrient delivery mechanisms involving water, as well as airborne
transport via smoke and ash, the potential for increased nutrient loadings to surface waters could extend well beyond the
catchment of any particular fire. As natural resource managers contemplate expanding the use of fire as a forest restoration tool,
they face the dilemma that such efforts could run counter to a decades-long effort to reduce nutrient loadings to lakes and other
surface waters threatened by eutrophication.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

At present, forest managers are wrestling with the
challenging task of formulating forest management
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plans for the new century. This comes in the wake
of several extensive fire seasons in recent years, which
followed decades of fire suppression in forests
throughout the US. As forest managers debate the
possibility of more aggressive forest management in
the face of extensive fuel build-up in many forests,
an important concern is the potential impact on
aquatic ecosystems. The quality of aquatic ecosystems
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typically reflects both the natural and human-related
aspects of the surrounding landscape. Evidence of
declining water quality and the deteriorating status
of many aquatic species in recent years provide clues
that all is not well within many lake and river catch-
ments. Although forest management practices do not
represent the only area of concern, the possibility
of more aggressive forest management in the future
raises concerns about possible impacts on aquatic
ecosystems.

In this paper, we present an overview of findings
from an ongoing study of a large 1988 wildfire located
mostly in Glacier National Park, Montana (Fig. 1).
Our study focuses on the effects of wildfire on stream
nutrients and aquatic food webs. There have been a
limited number of studies on the effects of large
wildfires on aquatic ecosystems. Those studies that
have addressed the impacts of fires on stream
nutrients reached different conclusions (see reviews
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by Tiedemann et al., 1979; Baker, 1990). Several early
studies reported that large forest fires did not increase
stream nutrient concentrations (Wright, 1976; McColl
and Grigan, 1977). More recent studies indicate that
large wildfires may contribute to elevated stream
concentrations of nitrate, and sometimes ammonium
and phosphate, for several or more years following the
fires (Tiedemann et al., 1978; Gluns and Toews, 1989;
Spencer and Hauer, 1991; Bayley et al., 1992; Brass
et al., 1996; Hauer and Spencer, 1998).

During large fires, substantial quantities of particu-
lates and volatile compounds are transported via the
atmosphere and may produce large fluxes of nutrients
in aquatic ecosystems (Spencer and Hauer, 1991) but
water chemistry data are often lacking during the early
stages of many fires that have been studied. This is
especially true of large wildfires, and stems largely
because such fires are unplanned and logistically
difficult to study. In the present study, we summarize
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Fig. 1. Area of the 1988 Red Bench Fire in northwest Montana showing study sites (black dots) and fire perimeter. The area to the east of the

North Fork of the Flathead River is in Glacier National Park.
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soluble nutrient data collected from several streams in
the midst of the Red Bench Fire in Glacier National
Park, as well as over the 5 years following the fire. A
more comprehensive data set from the Red Bench Fire
may be found elsewhere (Spencer and Hauer, 1991;
Hauer and Spencer, 1998).

In addition to summarizing nutrient data, we present
new findings dealing with the effects of the fire on the
food web of our study streams. Small forested streams
generally have allochthonous-based food webs,
supported by substantial inputs of terrestrial plant
material (Minshall, 1967; Fisher and Likens, 1973;
Cummins et al., 1982). Following the extensive fire
season of 1988 in the western US, Minshall et al.
(1989) predicted a post-fire shift to more autochtho-
nous-based stream food webs, resulting from reduced
inputs of terrestrial vegetation following the fires
together with expected stimulation of aquatic primary
production due to increased availability of light and
nutrients following the fires. This prediction stems
largely from theories developed in the river continuum
concept (Vannote et al., 1980). To date, little empirical
evidence has been published to support or refute this
prediction for fires, although similar effects have been
documented for timber harvest (Hansmann and Phinney,
1973; Stockner and Shortreed, 1976; Feminella et al.,
1989). In post-fire work in Yellowstone National
Park, Mihuc and Minshall (1995) found that benthic
macroinvertebrates were dominated by trophic gen-
eralists that appeared well-adapted to shifting between
allochthonous and autochthonous food sources. In
the present study, we measured stable carbon and
nitrogen isotope ratios across a wide variety of organ-
isms from the primary producers to fish to look for
evidence of food web shifts following the Red Bench
Fire.

2. Methods
2.1. Study sites

Prolonged drought in the western US contributed to
the extensive fire season of 1988 when over 2 million
ha of forest burned in Montana, Wyoming, and Idaho,
representing the most extensive fire season since 1910
(Hauer and Spencer, 1998). The fires of 1988 included
the Red Bench Fire, which began on 6 September and

covered 15,385 ha, mostly in Glacier National Park
(Fig. 1).

The Red Bench Fire burned substantial portions of
the lower Akokala and Bowman creek catchments and
we focused our studies on these two creeks. Sampling
sites were established on both creeks including fire-
impacted sites within the burned area, and reference
sites located outside the fire perimeter (Fig. 1). We
also collected water samples from Quartz creek; how-
ever, this stream was not accessible during the fire. All
of the study streams are third-order, fast-flowing,
nutrient-poor streams typical of Glacier National Park.
Although the streams originate in alpine terrain, the
study sites for this research lie within a large forested
valley, bisected by the North Fork of the Flathead
River. The national park lands upstream from our
study sites remain in a near-pristine condition.

2.2. Sampling design

Field collections of biota were made during July
and August of 1992 and 1993, 4-5 years after the Red
Bench Fire. Previous studies indicate that the effects of
major catchment disturbances such as wildfire continue
to be manifested on stream ecosystems for 5 years
or more, and thus within our sampling time-frame
(Minshall et al., 1997; Hauer and Spencer, 1998).
We did not attempt to quantify biomass, productivity,
or diet of the aquatic biota; rather, we collected a broad
array of biota across the various trophic levels for
subsequent stable isotope analysis.

Fish were collected by electroshocking and pre-
served in 85% ethanol. Since lipids tend to be more
depleted in d'3C relative to the food source (DeNiro
and Epstein, 1978; Tieszen et al., 1983), they
were removed from the white muscle tissue of fish
using a chloroform/methanol extraction (Bligh
and Dyer, 1959). The remaining muscle tissue was
dried at 65 °C and then freeze-dried prior to isotopic
analysis.

Aquatic invertebrates were collected using kick nets
as well as by direct removal of the organisms from
the cobble substrate using forceps. Organisms were
immediately preserved in 85% ethanol and identified
using various taxonomic keys (Jenson, 1966; Morihara
and McCafferty, 1979; Merritt and Cummins,
1984; Ward, 1985). Individual organisms of the same
taxon were pooled to obtain sufficient quantities for
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isotopic analysis. For some of the smaller invertebrate
taxa, as many as 100 individuals of each taxon were
combined into a single composite sample. Taxa
selected for isotopic analysis were based upon relative
abundance in our field collections. For some of the less
common invertebrates, particularly the smaller taxa,
we did not always have enough material to measure
both isotopes.

Fresh leaves were collected from the dominant
terrestrial plants in the riparian zone including
red-osier dogwood (Cornus stolonifera), willow (Salix
sp.), mountain alder (Alnus incana), black cottonwood
(Populus trichocarpa), and Douglas-fir (Pseudotsuga
mengziesii). To simulate the breakdown of terrestrial
plant material in streams, leaves were placed in mesh
bags and submerged in the streams. After 1 month, the
leaf material was retrieved and prepared for isotopic
analyses.

All of the terrestrial plant samples came from
reference sites. We did not analyze terrestrial plant
material from fire-impacted sites. Many of the trees in
the riparian zone were killed by the fire. We assume
that isotope ratios in the remaining terrestrial vegeta-
tion were not affected by the fire and have found
nothing in the literature to suggest otherwise.

Epilithic algae were scraped directly off the upper
surface of cobble substrate in the streams. In order to
get sufficient quantities of organic matter for isotopic
analysis, material from five or more cobbles from the
same riffle area were combined into composite sam-
ples. Portions of all samples were preserved in Lugol’s
solution for subsequent microscopic identification
using keys of Prescott (1973).

Microscopic examination of epilithon samples
revealed a wide mix of algae including a variety of
pennate diatoms, filamentous algae including Ulothrix
sp., Nostoc sp., Draparnaldia sp., and Chlorotylium
sp., as well as organic detritus, bacteria, and fungi.
In addition to this mixed epilithic material, we were
able to collect separate samples of filamentous algae
(Ulothrix, Oscillatoria, and Nostoc) distinctly visible
as stringy green clumps attached to cobble substrate.
Microscopic analysis revealed these samples to be
relatively free from contaminating detritus and other
organisms.

Clumps of aquatic bryophytes (Fontinalis sp.) also
were collected from cobble substrate in the stream
riffles. Fine particulate organic matter (FPOM), was

collected by filtering stream water through 1 mm glass
fiber filters. Filtration was conducted in the field;
each sample consisted of particulate matter obtained
from filtering 20 1 of stream water. Upon return to the
laboratory, the seston was scraped off the filters and
dried at 95 °C.

We encountered difficulties collecting sufficient
quantities of some autochthonous food sources at
certain sites due mainly to the low nutrient concentra-
tions and scouring in our study streams. This was
particularly true of the reference sites; for example,
we had insufficient quantities of epilithon for isotopic
analysis. Bunn et al. (1989) also reported similar
difficulty in collecting sufficient quantities of epilithic
algae for isotopic analysis in nutrient-poor streams in
Quebec.

Despite sampling difficulties, we collected enough
material to allow comparison of isotopic ratios for
some of the autochthonous sources from both fire-
impacted and reference sites. Two-way ANOVA indi-
cated fire did not have a significant effect on d">N or
d'3C values in our autochthonous samples. Given our
small data base together with the absence of a sig-
nificant fire effect, we combined data from reference
and fire-impacted sites for autochthonous food sources
in subsequent data analyses.

Prior to isotopic analysis all samples, except fish
muscle, were treated with 1N HCI for 24 h to remove
any potential carbonates (Rounick et al., 1982), rinsed
with distilled water, dried at 65 °C or freeze-dried, and
then ground with a mortar and pestle prior to isotopic
analysis. Samples of 3-35mg, depending on the
sample type, were weighed into foil containers and
combusted in a Carlo Erba CHN Analyzer. The
remaining CO, and nitrogen gases were then analyzed
for stable isotopes with a SIRA-10 isotope ratio mass
spectrometer. Carbon samples were standardized to
Peedee Belemnite and the nitrogen samples to atmo-
spheric nitrogen. Precision was better than 0.2%. for C
and 0.5%o for N as indicated by replicate measure-
ments. Isotope values were calculated as:

d13C or dlSN _ Xsample - Xstandard % 100 (1)

Xsample
where X = 13C/!2C or "'N/!"N. Methods used for
water sampling and water chemistry analysis are
described in detail in Spencer and Hauer (1991) and
Hauer and Spencer (1998).
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3. Results and discussion
3.1. Overview of nutrient dynamics

We present here a summary of post-fire water
chemistry dynamics, which are described in more
detail elsewhere (Spencer and Hauer, 1991; Hauer
and Spencer, 1998). During the initial firestorm, phos-
phate, nitrate, and ammonium concentrations in the
study streams increased 5- to 60-fold over background
levels (Figs. 2—4). Experimental evidence indicated
that the early nitrogen pulses came mainly from
diffusion of smoke gases into the stream waters while
the phosphorus spikes originated largely from rapid
leaching of ash deposited in the streams during the
firestorm. Nutrients returned to background con-
centrations within several weeks after the fire. During
subsequent years, nutrient concentrations periodically
increased in fire-impacted sites compared to reference
sites, especially during spring run-off. Other studies
also report large increases in stream nutrient concen-
trations following fire (Tiedemann et al., 1978; Gluns
and Toews, 1989; Bayley et al., 1992; Chorover et al.,

1994; Saa et al., 1994; Brass et al., 1996). Interest-
ingly, increased stream nutrient loadings in these other
fires have typically been attributed to overland flow
and subsurface transport following the fire. While such
modes of transport likely were important on the Red
Bench Fire during the post-fire years, overland and
subsurface transport were not likely immediately after
the fire when nutrient concentrations reached their
highest levels. The Red Bench Fire occurred during
a period of prolonged drought, and there was little
opportunity for accelerated transport of nutrients to
the streams by any type of water-borne transport for
the first 6 weeks of the fire. Aerial transport of
inorganic nutrients to streams, via ash and smoke,
was the likely mode of short-term nutrient delivery,
during and immediately after the Red Bench Fire
(Spencer and Hauer, 1991).

Other studies report volatilization of various forms
of gaseous nitrogen to the atmosphere from combus-
tion of vegetation during intense wildfire (see reviews
by Grier, 1975; Raison, 1979). Additional researchers
have reported windblown and convective transfer of
ash during fires and that ash may contain substantial
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Fig. 2. Time course measurements of soluble reactive phosphorus (SRP) in various fire-impacted and reference sites. Arrow indicates the
beginning of the Red Bench Fire on 6 September 1988 (redrawn from Hauer and Spencer, 1998).
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Fig. 3. Time course measurements of ammonium in various fire-impacted and reference sites. Arrow indicates the beginning of the Red Bench
Fire on 6 September 1988 (redrawn from Hauer and Spencer, 1998).
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Fig. 4. Time course measurements of nitrate in various fire-impacted and reference sites. Arrow indicates the beginning of the Red Bench Fire
on 6 September 1988 (redrawn from Hauer and Spencer, 1998).
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amounts of leachable phosphate (Trabaud, 1994). The
nitrogen and phosphorus carried in smoke and ash
tends to be present in highly available forms. During
the height of the Red Bench firestorm, SRP accounted
for over 80% of the total phosphorus loading in the
fire-impacted sites, compared to less than 25% at
reference sites (Spencer and Hauer, 1991). Similarly,
ammonium and nitrate made up a considerable portion
of the total nitrogen pool in fire-impacted streams,
exceeding 90% during peak fire activity (Spencer
and Hauer, 1991). Goldman et al. (1990) attributed
increased primary production in Lake Tahoe to atmo-
spheric deposition of nutrients transported from sev-
eral large fires in 1985. Lewis (1974) also suggested
the potential importance of atmospheric transport of
nutrients to surface waters, in studies of a prescribed
burn in a South Carolina pine forest. However, due to
logistical constraints many studies of intense wildfires
do not include surface water samples collected during
the actual firestorms. Consequently, the potential for
substantial, short-term transport of nutrients to surface
waters during large fires has probably been frequently
overlooked. It would be interesting in future fire
studies to include use not only of dryfall collectors
for collection of ash and other particulate material,
but also a water bath or other device for monitoring
of nutrient loadings from smoke and related gaseous
compounds.

3.2. Biotic responses

3.2.1. Short-term impacts

We observed a number of dead fish in the study
streams the day after passage of the initial firestorm.
Most of these fish were small (<10 cm) westslope
cutthroat trout (Oncorhynchus clarki lewisi). The fish
may have been killed by elevated temperatures during
the height of the firestorm. Unfortunately, we did not
have temperature loggers in the study streams during
the firestorm. The fish also may have been stressed
by diffusion of smoke gases or other water chemistry
changes during the firestorm, including high ammonia
levels or other volatile compounds.

In addition to fish-kills, we noted other biotic
impacts during the first spring after the Red Bench
Fire. Immediately after snowmelt, we noted numerous
puddles, ponds, and rivulets in the burned catchments
that were bright green from exceedingly dense algae

blooms. In several decades of work in Glacier
National Park we had never before witnessed compar-
able algae blooms. Subsequent observations on these
temporary water bodies in later years showed that
these algae blooms did not reappear.

3.2.2. Long-term biotic impacts via stable
isotope analysis

Stable isotope analysis of fish and macroinverte-
brates gave evidence of fire-related effects coursing
through the food web (Figs. 5 and 6). Before discuss-
ing fire effects on isotope ratios, we make note of an
obvious increase in d'’N as a function of increasing
trophic level in both fire-impacted and reference sites
(Fig. 5b). Fish had the highest d'°N values (7-8.5%o)
compared to herbivorous macroinvertebrates (shred-
ders and scrapers; 0.5-3.5%o). Such results are con-
sistent with other studies reporting a 1.5-5.0%0
increase in d'3N with each trophic transfer (Minagawa
and Wada, 1984; Fry, 1991). We found little evidence
of similar trophic level effect on d'3C (Fig. 6b) which
is consistent with other studies (DeNiro and Epstein,
1978; Peterson and Fry, 1987; Fry, 1991).

Stable isotope analysis revealed that fish and macro-
invertebrates from fire-impacted sites showed a con-
sistent shift in d'>N and d'3C values compared to
organisms from reference sites (Figs. 5Sb and 6b).
Consumers from fire-impacted sites were more
enriched in >N and more depleted in *C than con-
sumers from reference sites. Although the magnitude
of these isotopic shifts was relatively small, averaging
~1%o for d13C and ~0.5%o for d'°N, the differences
were highly significant for both isotopes (P < 0.001,
two-way ANOVA).

A number of researchers have linked shifts in stable
isotope ratios in aquatic consumers to dietary shifts
involving ingestion of food items with different iso-
topic signatures (Rau, 1980; Peterson and Fry, 1987;
Fry, 1991; Hesslein et al., 1993). For example, several
studies report a similar reduction in d'*C in a variety of
consumer organisms following experimental logging
and burning of small catchments in New Zealand and
attribute the isotopic shift to increased use of auto-
chthonous energy sources following canopy removal
(Rounick et al., 1982; Rounick and Hicks, 1985;
Rounick and Winterbourn, 1986). Similarly, Winter-
bourn et al. (1986) reported that macroinvertebrates
from open-canopied stream sites in UK were more
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depleted in '3C than consumers from closed-canopied
forested sites. The isotopic shift in consumers was
attributed to greater use of more-depleted autochtho-
nous food sources in the cleared and open sites.

We looked for evidence of a post-fire dietary shift in
consumer organisms by comparing stable isotope
ratios of consumers with isotope ratios of various
potential food sources (Figs. 5a and 6a). Stable iso-
topes are only effective as energy flow tracers if there
are distinct isotopic differences between various
potential food sources. We found clear differences
in d"”N values among some of the primary producers
and other potential food sources (Fig. 5a). All of the
autochthonous food sources were more enriched in
SN than leaves from the four deciduous tree species
(P < 0.05, Tukey—Kramer post-hoc test). Attached
algae, including composite epilithon scrapings as
well as distinct clumps of filamentous algae Ulothrix
sp. and Oscillatoria sp. as well as the aquatic bryophyte
Fontinalis sp. had mean d°N values of 1.2-1.7%o. By
contrast, alder, dogwood, willow, and cottonwood had
mean d"°N values of —0.7-0.0%o. Douglas-fir needles,
with a mean d">N value of 1.3%o, were indistinguish-
able from the autochthonous food sources.

In a review of other stable isotope studies, France
(1995b) also reported that autochthonous food sources
had higher d"°N values than terrestrial food sources
and concluded that these differences are “‘substantial
enough to be reflected by progressive ’N enrichment in
consumers along a gradient from terrestrial to fresh-
water (environments)”. Extending this analysis to our
study, the consistent increase in d'°N values noted in
consumers from fire-impacted sites (Fig. Sb) could
be explained by increased use of more-enriched auto-
chthonous food sources following the fire (Fig. 5a).

Although we did not quantify primary production in
the aquatic or terrestrial environment, other evidence
points to a likely increase in autochthonous production
in the study streams following the fire. Prior to the fire,
the third-order study streams were heavily forested
throughout much of their catchments. Removal of
riparian vegetation following the fire greatly increased
light penetration to the stream surface, likely stimulat-
ing autochthonous production, as has been reported in
other studies following canopy removal by various
means (Hansmann and Phinney, 1973; Stockner
and Shortreed, 1976). In addition, increased nutrient
loadings described earlier also likely contributed to

increased autochthonous production following the
fire, as has been documented in a number of experi-
mental nutrient-addition studies (Bothwell, 1985;
Lowe et al., 1986; Peterson et al., 1993).

Following the 1988 fire season in nearby Yellow-
stone National Park, Minshall et al. (1989) predicted a
shift from allochthonous to autochthonous energy
sources in stream food webs. Results from our d"°N
analysis appear to be consistent with this prediction.
Interestingly, research by Minshall and colleagues
now shows that periphyton biomass actually decreased
in a number of streams in Yellowstone Park following
the 1988 fire-season (Robinson et al., 1994; Minshall
et al., 1995, 1997). These studies attributed decreased
periphyton growth to physical disturbance of the
stream channel, including post-fire bed scouring,
channel alteration, and sedimentation. By contrast,
we found no evidence of major physical disturbance
of stream channels following the Red Bench Fire in
Glacier National Park, other than a fine coating of ash
covering most of the benthic substrate immediately
after the fire (Spencer and Hauer, 1991). While the
Yellowstone fires burned through areas of steep ter-
rain, the burned areas of the Akokala and Bowman
creek catchments are characterized by gentle terrain,
lying largely within the floodplain of North Fork
Flathead River. Furthermore, we observed little sur-
face erosion following the Red Bench Fire due in part
to a reduced winter snow-pack and a lack of heavy
rains which combined to produce mild run-off the year
after the fire. Consequently, burned areas revegetated
quickly in Glacier National Park and stream channels
appeared largely undisturbed, setting the stage for
potential increases in autochthonous production fol-
lowing the fire.

There are several alternative mechanisms that could
explain the shift in d'N values in fire-impacted
streams. Since Douglas-fir was indistinguishable from
autochthonous food sources based upon d'>N analysis
(Fig. 5a), the post-fire "N enrichment noted in
consumers would also be consistent with a shift from
a diet dominated by deciduous leaf material to one
dominated by Douglas-fir. This scenario seems
improbable as aquatic herbivores tend to prefer decid-
uous leaf material over coniferous leaf material
(Friberg and Jacobsen, 1995; Maloney and Lamberti,
1995). Furthermore, we saw no visual evidence that
input of leaf material from Douglas-fir increased
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relative to deciduous species following the fire.
Another possible explanation for post-fire increase
in dN in consumers was increased assimilation of
fine particulate organic matter, which had higher d'°N
values than any of the other potential food sources
(Fig. 5a). However, we do not think increased reliance
on FPOM is a primary contributor to the observed
isotopic shift in consumers since shredders and scra-
pers are not well equipped to filter FPOM from the
stream waters and these two functional feeding groups
comprised over two-thirds of the macroinvertebrate
taxa collected in our study.

We found much more overlap in d'*C values among
various potential food sources than with d'°N (Fig. 6a).
Mean values ranged from —21.5%o for epilithon to
—33.3%o for aquatic moss (Fontinalis sp.). A number
of allochthonous and autochthonous food sources had
overlapping d'*C values between —26 and —30%o.
France (1995a) and Mize (1993) also reported con-
siderable overlap in d'3C values among allochthonous
and autochthonous food sources, making it less useful
for assessing dietary shifts in consumer organisms. An
additional constraint with our d'*C data was the
relatively high variability between replicates, espe-
cially within the autochthonous food sources (Fig. 6a).

Given these constraints, we can only speculate as to
the potential cause of the lower d'3C values noted
in consumers from fire-impacted sites (Fig. 6b).
Increased feeding on highly depleted aquatic mosses
or somewhat depleted Oscillatoria following the fire
could have led to lower d!*C values in consumers.
Although aquatic mosses are not normally considered
to be widely used as food sources by stream inverte-
brates (Hynes, 1970), several studies have documen-
ted feeding by macroinvertebrates on aquatic mosses
(Williams and Williams, 1979; Willoughby and Map-
pin, 1988). Deciduous tree leaves were also relatively
depleted in d'3C, and increased use of this food source
could have reduced d'3C levels in consumers follow-
ing the fire. However, this explanation would contra-
dict the findings of other studies which report reduced
use of allochthonous food sources following canopy
removal (Hansmann and Phinney, 1973; Rounick and
Winterbourn, 1986).

Taken together, our data show a clear shift in
consumer organisms between fire-impacted and refer-
ence sites for d'>N and d'3C (Figs. 5 and 6). Although
our stable isotope data do not allow definitive con-

clusions to be drawn as to the cause of this shift, our
data and the large body of work within the river
continuum concept lead us to suggest that the most
likely explanation for the isotopic shift in consumers
involves increased use of autochthonous food sources
following the fire. After the 1988 fires in Yellowstone,
Mihuc and Minshall (1995) found that benthic
macroinvertebrates were dominated by trophic gen-
eralists that appeared well-adapted to shifting between
allochthonous and autochthonous food sources. It
would be interesting to repeat the stable isotope
analysis following recovery of the forest canopy, to
see if stable isotope ratios in consumers revert back to
reference site values.

3.3. Management implications

Forest managers are now contemplating widely
expanded use of fire in an attempt to reduce fuel
build-up in forests throughout the western US. As
with most natural resource management issues, there
are numerous trade-offs to be considered. Since fires
represent a natural disturbance, enhanced fire activity
in the future could represent a return to more natural
conditions. However, increased fire activity could
exacerbate another environmental concern: lake eutro-
phication. As shown in our study and others, fires can
mobilize substantial quantities of highly available
nutrients to lakes and streams. Over a decade ago,
Goldman et al. (1990) reported that primary produc-
tivity in Lake Tahoe was stimulated by increased
nutrient loadings associated with forest fires. During
the extensive fire season of 1988, smoke and haze were
visible across much of western Montana from June to
mid-October and Flathead Lake experienced the high-
est levels of primary productivity measured over the
last four decades (Stanford, 2002).

During the summer months, the epilimnetic waters
of many lakes often become nutrient depleted due to
reduced river inputs together with the isolation of
nutrients in the colder hypolimnetic zone (Wetzel,
2001). However, smoke and ash-fall from summer
fires could deliver a steady stream of highly available
nitrogen and phosphorus to nutrient-depleted surface
waters, thereby stimulating phytoplankton growth.

Since smoke and ash-fall represent potential path-
ways for substantial nutrient transport, increased
nutrient loadings to surface waters from fires may



C.N. Spencer et al./Forest Ecology and Management 178 (2003) 141-153 151

extend well beyond the catchment of a particular fire.
During spring and fall, it is common to see a visible
haze of smoke permeating the atmosphere in the
northwestern US, particularly in river and lake valleys.
It is during these seasons that slash piles, recently
logged areas, and agricultural lands (particularly
wheat-growing areas of eastern Washington) are com-
monly burned. Smoke plumes from individual slash
and burn operations have been tracked for 60 km at
elevations up to 4000 m (Debyle, 1981).

Beginning in the 1960s and 1970s, much effort has
been directed at reducing nutrient inputs to surface
waters in response to eutrophication concerns. Among
these many efforts include construction of tertiary
wastewater treatment plants, expanded use of no-till
agriculture, and streamside buffer zones in logging
sites and agricultural fields. Through mandates
of the Clean Water Act, the US Environmental Pro-
tection Agency is currently spearheading efforts
across the country to establish total maximum daily
loads of nutrients to lakes at risk of eutrophication.
Thus, natural resource managers contemplating
expanded use of fire as a forest restoration tool
face the dilemma that such efforts could run counter
to a decades-long effort to reduce nutrient loadings
to lakes and other surface waters threatened by
eutrophication.

It might be argued that increased fire activity in the
future may represent a return to more natural condi-
tions. Prior to European settlement, wildfires were part
of the natural ecosystem of the northern Rocky Moun-
tains and may well have increased nutrient loadings to
surface waters. However, we expect that the frequen-
cies would have been quite different. Evidence from
paleolimnology and dendrochronology indicates a
typical pre-European, fire frequency in the northern
Rocky Mountains ranging from decades to several
hundred years, depending upon the area (Barrett et al.,
1991; Millspaugh et al., 2000). However, the fre-
quency of more recent fire activity could well repre-
sent an almost chronic annual loading of smoke and
ash in some cases resulting from seasonal burning of
logging slash and agricultural fields, together with the
possibility of increased prescribed forest burning as
well as increased wildfire activity following years of
fire suppression.

Although there are an increasing number of studies
evaluating impacts of fires on aquatic ecosystems,

there remains a scarcity of data collected in the midst
of large forest fires. We encourage more such studies,
especially those attempting to quantify aerial transport
and deposition of nutrients during fire activity and
subsequent impacts on aquatic ecosystems. To this
end, it would be interesting to consider fire safety
training for interested research scientists in order that
they might be suitably equipped to conduct their
fieldwork in concert with other fire personnel.
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