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Abstract.— Synthesis of the literature suggests that physical, chemical, and biological elements 
of a watershed interact with long-term climate to influence fire regime, and that these factors, in 
concordance with the postfire vegetation mosaic, combine with local-scale weather to govern the 
trajectory and magnitude of change following a fire event. Perturbation associated with hydrological 
processes is probably the primary factor influencing postfire persistence of fishes, benthic macroin
vertebrates, and diatoms in fluvial systems. It is apparent that salmonids have evolved strategies 
to survive perturbations occurring at the frequency of wildland fires (100–102 years), but local 
populations of a species may be more ephemeral. Habitat alteration probably has the greatest 
impact on individual organisms and local populations that are the least mobile, and reinvasion 
will be most rapid by aquatic organisms with high mobility. It is becoming increasingly apparent 
that during the past century fire suppression has altered fire regimes in some vegetation types, and 
consequently, the probability of large stand-replacing fires has increased in those areas. Current 
evidence suggests, however, that even in the case of extensive high-severity fires, local extirpation 
of fishes is patchy, and recolonization is rapid. Lasting detrimental effects on fish populations 
have been limited to areas where native populations have declined and become increasingly isolated 
because of anthropogenic activities. A strategy of protecting robust aquatic communities and 
restoring aquatic habitat structure and life history complexity in degraded areas may be the most 
effective means for insuring the persistence of native biota where the probability of large-scale 
fires has increased. 

Fire is widely recognized as an agent of distur- gations before the mid-1980s have been the subject 
bance and ecological change (Wright 1974; Pickett of several review papers (e.g., Ahlgren and Ahl
and White 1985; Knight 1987), and numerous gren 1960; Kozlowski and Ahlgren 1974; Mooney 
studies have described the effects of fire on veg- et al. 1981). Fire research during this period often 
etation, soils, nutrients, water yield, and erosion examined the effects of prescribed fires (including 
(e.g., Fredriksen 1971; Beschta et al. 1987; Troen- slash burns following clear-cut logging) on site 
dle and Bevenger 1996). The results of investi- productivity, vegetation regeneration, and succes

sion (e.g., Tiedemann et al. 1979; Wright and Bai
ley 1982). In general, early studies were site spe
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Received September 24, 1997 Accepted August 10, 1998 of fire at landscape or regional scales or the role 

193 

mailto:gresswer@ccmail.orst.edu


194 GRESSWELL 

of fire in ecosystem function. Studies that ad
dressed effects of fire on aquatic ecosystems fo
cused on the loss of soil through erosion and 
changes in water yield and quality (Anderson 
1976; DeBano et al. 1977; Tiedemann et al. 1979). 
Before the late 1980s, only a few studies had con
sidered the effects of fire on the biotic communities 
of aquatic systems (Heinselman 1973; Wright and 
Heinselman 1973; Wright 1976). 

The size and severity (severity is related heat 
transferred to soils and the general effect on bio
logical systems; Brown 1990) of fires in the Great
er Yellowstone Ecosystem in 1988 (Christensen et 
al. 1989) and in central Idaho in 1992 and 1994 
(Rieman et al. 1997a) and growing concern about 
the health and management of low-elevation co
nifer forests of the western United States, where 
fires have been suppressed (Covington et al. 1994; 
Quigley et al. 1996), have stimulated renewed in
terest in the effects of fire (e.g., Young 1994; Rinne 
1996; Minshall et al. 1997). Natural variability of 
disturbance (Reice et al. 1990; Swanson et al. 
1994), changes in land use and fire suppression 
associated with Euro-American settlement (Gruell 
1985), impacts of global warming on fire frequen
cy (Balling et al. 1992; Price and Rind 1994), and 
the influence of ecosystem management on fire re
gimes and forest health (Quigley et al. 1996; Rie
man and Clayton 1997) are important current is
sues for resource managers. The role of fire in 
aquatic ecosystems is directly related to many of 
these concerns, and there has been a substantial 
increase in research evaluating the biological con
sequences of fire in streams during the past decade. 

The purpose of this paper is to review the recent 
literature regarding the effects of fire on aquatic 
ecosystems. In the first section, the specific effects 
(i.e., physical, chemical, and biological) of fire on 
aquatic systems are reviewed with emphasis on 
research occurring since the mid-1980s. The sec
ond section attempts to synthesize the results of 
specific studies and discuss the role of fire in aquat
ic ecosystems in general. 

Effects of Fire on Aquatic Ecosystems 

Effects of fire on aquatic systems may be direct 
and immediate (i.e., pulsed disturbance; Yount and 
Niemi 1990) or indirect and sustained over an ex
tended period (i.e., press disturbance; Yount and 
Niemi 1990). Beyond the actual fire event, Min-
shall et al. (1990) suggested that effects of fire can 
be separated into midterm and long-term conse
quences. Midterm effects peak within the first de
cade following the fire when changes are most dra

matic, but long-term effects coincide with the re
vegetation of burned areas. Ultimately, however, 
the effects are constrained by fire size and intensity 
(intensity refers to upward heat transfer and mor
tality of aboveground vegetation; Brown 1990), 
postfire weather (primarily precipitation and 
wind), and physical, chemical, and biological char
acteristics of individual sites (Figure 1). 

Direct Effects 

One direct effect of fire is biomass reduction. 
The area affected by fire is related to fire size and 
intensity, and physical and climatic variables that 
influence the spread and intensity of fire. Follow
ing the 1988 fires in the Greater Yellowstone Eco
system, Turner et al. (1994) found that the pro
portion of the total area in different burn severity 
classes varied with daily fire size. The pattern was 
least predictable and most heterogeneous when 
fires were small, and at this scale, the controlling 
variables included fuel moisture, fuel type, at
mospheric humidity, wind, temperature, and to
pography. On days when more than 1,250 ha 
burned, heterogeneity was lower because the main 
controlling variables were wind velocity and di
rection, and during those periods, the pattern of 
burn severity was highly predictable (Turner et al. 
1994). 

Although the size of individual fires varies 
among forested regions of North America, the area 
burned is often relatively small (Hunter 1993; 
Brown et al. 1994). Most forest fires burn less than 
1 ha (Pyne 1984), and 1% of the total number of 
fires accounts for 80–96% of the total area burned 
(Strauss et al. 1989). During a 17-year period 
(1971–1987) under a management policy that al
lowed lightning-ignited fires to burn in Yellow
stone National Park (Sellers and Despain 1976), 
503 fire starts burned a total area of 14,566 ha; 
the annual area burned exceeded 2 ha/fire start only 
four times during that period (Turner and Romme 
1994). In contrast, Turner and Romme (1994) re
ported that 24 natural ignitions burned 292,000 ha 
in the region during the extreme fire conditions of 
1988 (Schullery 1989). 

Mortality of fish and aquatic invertebrates is an
other direct effect of fire that has been reported 
(Table 1). Minshall and Brock (1991) reported 
dead salmonids in three small streams in Yellow
stone National Park following the fires of 1988. 
The simultaneous occurrence of live fish in these 
streams (G. W. Minshall, Idaho State University, 
personal communication) suggests that mortality 
was not uniform or that surviving individuals mi
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FIGURE 1.—Factors influencing fire and the effects of fire on terrestrial and aquatic ecosystems. 

grated into these streams soon after the fire. Bull 
trout Salvelinus confluentus and rainbow trout (or 
more specifically, Columbia River redband trout 
Oncorhynchus mykiss gairdneri1) were apparently 
extirpated from sections of the Boise River basin 
during fires in 1992, but by 1995, fish densities 
were greater in the burned sections than in similar 
sections that did not burn (Rieman et al. 1997a). 

The cause of fire-related fish mortalities has not 
often been established, but fatalities are generally 
associated with more intense and severe fires (Min
shall et al. 1989; McMahon and deCalesta 1990; 
Rieman et al. 1997a). In some cases, water tem

1 The common and scientific names are those of Behn
ke (1992). 

perature apparently reached lethal levels (Table 2). 
Nevertheless, Minshall and Brock (1991) doubted 
that temperatures in third-order streams reached 
levels that were lethal to fish. 

Minshall et al. (1989) speculated that chemical 
toxicity from smoke or ash would cause fish mor
tality in second- and third-order streams (Table 3). 
During an experimental burn bordering a small 
stream in Washington, ‘‘distress’’ among yearling 
rainbow trout O. mykiss and several species of na
tive fishes and mortality of native chinook salmon 
O. tshawytscha were attributed to fire-induced 
changes in stream pH (Cushing and Olson 1963). 
Although laboratory experiments with ash leach
ates failed to yield acute toxic effects after the 
Yellowstone fires in 1988, levels of trace elements 
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TABLE 1.—Selected references where a biological response to fire in forested watersheds was investigated in fluvial 
systems; NA means not available. 

Fire size 
Source (type)a Spatial scale Time scale Locationb Comments 

Lotspeich et al. 
(1970) 

Stefan (1977) 

Albin (1979) 

Albin (1979) 

La Point et al. 
(1983) 

Roby (1989) 

Minshall et al. 
(1990) 

Jones et al. (1993) 

Lawrence and 
Minshall (1994) 

101,000 hac 

(wf) 

1,100 ha 
(wf) 

200 ha 
(wf) 

481–506 ha 
(3 wf) 

26,000 ha 
(wf) 

800 ha 
(wf) 

26,000 ha 
(wf) 

322,000 ha 
(wf) 

�200,000 ha 
(wf) 

Response by macroinvertebrates 

4 streams 1 year Dennison River, AK 
(9 sites) 

1 stream 1 year White Cap Wilderness, 
(order 3; 22 sites) ID 

2 streams 3 months Yellowstone NP 
(order 1–2) 

2 streams 35 years Yellowstone NP

(2,120–3,930 ha)


(7 sites)


11 streams 3 years Middle Fork Salmon 
(290–29,880 ha) River, ID 

(order 1–5) 

2 streams 9 years Plumas National Forest,

(825 ha) CA

(6 sites)


1 stream 10 years Middle Fork Salmon 
(10,900 ha) River, ID 

(order 4–5; 2 sites) 
6 streams 3 years Yellowstone NP 

(25,000–116,000 ha) 
(order 4–6) 

22 streams 2 years Yellowstone NP 
(order 1–4; 22 sites) 

No statistically significant 
change detected in benthic 
aquatic fauna attributed to 
effects of fire 

Numbers of Plecoptera varied 
on artificial substrates 
among above-burn, burn, 
and below-burn sites; above-
burn site adjacent to the 
burn had higher amounts of 
chlorophyll on periphyton 
samplers 

Benthic insects abundant 
during and after fire, and no 
dead insects observed 

Greater abundance and 
diversity in burned 
watershed 35 years 
following fire 

Episodic storm events 
influenced composition of 
resident macroinvertebrate 
fauna; taxonomic richness, 
evenness, and diversity 
declined in burned 
watersheds; dominate 
functional feeding group 
was different in the burned 
watersheds 

Increase in density and 
decrease in diversity 1 year 
postfire; differences with 
unburned control stream 
remained after 9 years; four 
other watersheds showed 
similar patterns up to 23 
years following fire 

Increase in abundance 1 year 
postfire 

Macroinvertebrate abundance, 
species richness, and 
diversity increased except in 
the Gibbon and Madison 
rivers where abundance, 
biomass, and richness 
declined somewhat; shift 
toward groups that utilize 
autochthonous food sources 

Fire severity and distance of 
burn from channel were 
correlated with 
macroinvertebrate species 
diversity; streams with 
greatest disturbance had 
lowered diversity, but after 2 
years these streams had 
higher macroinvertebrate 
diversity 
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TABLE 1.—Continued. 

Source 
Fire size 
(type)a Spatial scale Time scale Locationb Comments 

Mihuc et al. (1996) 292,000 had 

(wf) 

Minshall et al. 292,000 had 

(1997) (wf) 

Cushing and 165 m section 
Olson (1963) (eb) 

Hall and Lantz 71 ha 
(1969) (sb) 

Albin (1979) 200 ha 
(wf) 

Albin (1979) 481–506 ha 
(2 wf) 

Jones et al. (1989) 292,000 had 

(wf) 

Norris and Webb (eb) 
(1989) 

Woodward (1989) 526,000 hac 

(wf) 

5 streams 4 years Yellowstone NP Physical changes in stream 
(140–26,800 ha) habitat and alteration of 

(order 1–4; 10 sites) resource availability were 
the primary factors affecting 
the postfire response of 
individual taxa 

20 streams 5 years Yellowstone NP Species appeared to respond 
(140–18,000 ha) individualistically; species 

(order 1–4; 20 sites) with relatively short 
generation times and that 
disperse through drift 
appeared to be favored 
following fire 

Response by fishes 

1 stream 30 min Hanford Reservation, Mortality of native chinook 
(1 site) WA salmon Oncorhynchus 

tshawytscha in stream and 
distress of yearling rainbow 
trout Oncorhynchus mykiss 
(formerly Salmo gairdneri) 
held in live-boxes attributed 
to pH change 

1 stream Immediate Coast Range, OR Mortality of juvenile coho 
(71 ha) salmon Oncorhynchus 

kisutch, coastal cutthroat 
trout Oncorhynchus clarki 
clarki, and sculpins Cottus 
spp. in a confined area of 
intense burn 

2 streams 3 months Yellowstone NP Eggs of Yellowstone cutthroat 
(order 1–2) trout Oncorhynchus clarki 

bouvieri (formerly Salmo 
clarki lewisi) appeared 
normal during fire; fry 
emerged in both streams and 
appeared normal 2 months 
following fire 

2 streams 35 years Yellowstone NP Yellowstone cutthroat trout fry 
(2,120–3,930 ha) appeared to emerge from 

(7 sites) gravel earlier in burned 
watershed; egg incubation 
time estimated to be 4 d 
shorter than in unburned 
watershed 

1 stream 2 weeks Yellowstone NP Observed 45 dead fish (39 
(3 sites) Yellowstone cutthroat trout 

and 6 unidentified) 
following accidental 
application of fire retardant 
directly to a section of 
stream 

5 streams 1 year OR, ID, and CA No mortality was observed in 
(5 sites) experiments where low 

concentrations fire retardant 
were directly applied to 
study sites 

4 streams 3 weeks Yellowstone NP No mortality of Yellowstone 
(laboratory cutthroat trout held in ash 

experiments) extracts; growth of juveniles 
retarded in 100% ash 
extracts 
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TABLE 1.—Continued. 

Fire size 
Source (type)a Spatial scale Time scale Locationb Comments 

Gould (circa 1990) 292,000 had 

(wf) 

Novak and White 4,800 ha 
(1990) (wf) 

Jones et al. (1993) 322,000 ha 
(wf) 

Bozek and Young 562,000 ha 
(1994) (wf) 

Rinne (1996) 12,000 ha 
(wf) 

Minshall et al. 292,000 had 

(1997) (wf) 

Rieman et al. 105,000 ha 
(1997) (wf) 

1 stream NA Yellowstone NP Interannual fluctuations of 
(order 4; 1 site) Yellowstone cutthroat trout 

abundance within normal 
range of variation 

1 stream 2 years Missouri River Basin, Biomass of brown trout Salmo 
(18,716 ha) MT trutta and rainbow trout 

decreased 98% in the year 
following a fire-related 
debris torrent; within 2 years 
numbers and biomass of 
rainbow trout exceeded 
prefire estimates; brown 
trout numbers remained low 
because of poor access for 
recolonization 

6 streams 3 years Yellowstone NP No fire-related changes 
(25,200–116,500 ha) observed in growth or 

(order 4–6) abundance of fish in study 
rivers; some dead fish found 
in smaller streams 
immediately following fire, 
but populations were 
reestablished within 1 year 
postfire 

2 streams 2 years North Fork Shoshone Fish mortalities (1 rainbow 
(4,946–6,423 ha) River, WY trout, 4 Yellowstone 

cutthroat trout, 11 brook 
trout Salvelinus fontinalis, 
and 2 Yellowstone cutthroat 
trout � rainbow trout 
hybrids) associated with 
debris torrent 2 years after 
fire burned the watershed 

3 streams 3 years Tonto National Forest, Two populations of brook trout 
(order 1) AZ and one population of 

rainbow trout effectively 
extirpated following fire-
related debris torrents 

20 streams 5 years Yellowstone NP Up to 10 dead Yellowstone 
(140–18,000 ha) cutthroat trout/250 m of 

(order 1–4; 20 sites) stream immediately 
following fires in two third-
order streams 

3 streams 4 years Boise River Basin, ID Extirpation of redband trout 
(5,800–11,500 ha) Oncorhynchus mykiss and 

(9 sites) bull trout Salvelinus 
confluentus from some 
reaches; densities exceed 
prefire estimates in 2 years 

a Fire types: eb � experimental burn; sb � slash burn; wf � wildfire.

b Location abbreviations: AK � Alaska; AZ � Arizona; CA � California; ID � Idaho; MT � Montana; NP � National Park; OR �


Oregon; WA � Washington; WY � Wyoming. 
c Areal estimates changed from acres to hectares. 
d Areal estimate from Turner and Romme (1994). 

(e.g., aluminum, iron, lead, and zinc) in the ash Spencer and Hauer (1991) reported that ammo-
extracts were above levels considered safe for nium concentrations increased more than 40-fold 
aquatic organisms (Woodward 1989). over background levels, and although concentra-

Analysis of data collected during an intense fire tions fluctuated widely, they did not decline to 
in northwestern Montana in 1988 revealed poten- background levels until the fire was extinguished 
tial mechanisms for the increase of chemical con- by rain (approximately 6 weeks later). Dissolved 
centrations in streams to lethal levels (Table 3). phosphorus also increased dramatically within 24 
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h of the fire, but within 2 weeks, phosphorus con
centrations returned to background levels. Labo
ratory studies suggested that adsorption of smoke 
gases into surface waters explained the increase in 
ammonium; phosphorus increases were attributed 
to leaching of aerially deposited ash (Spencer and 
Hauer 1991). 

Another source of fish mortality is associated 
with the use of fire retardant (Van Meter and Hardy 
1975). Dead fish have been reported following fire 
retardant application (Jones et al. 1989), but doc
umentation is poor (Norris and Webb 1989). In 
cases where mortality was alleged (i.e., cause of 
death was unsubstantiated), toxic effects were ap
parently temporary (Hakala et al. 1971; Jones et 
al. 1989; Norris and Webb 1989). 

Indirect Physical Effects 

Hydrologic processes.—Most temporally inter
mediate effects of fire on aquatic systems are re
lated to hydrologic change from increased water 
yield and sediment routing (Table 2). Soil prop
erties (e.g., water repellency, porosity, structure, 
texture, and temperature) and erosion processes 
(e.g., surface erosion, mass wasting, and channel 
erosion) are altered by fire (Klock and Helvey 
1976; McNabb et al. 1989; White 1996). Hydro
logic processes control channel morphology 
(Swanson 1981; Trush 1990; Meyer et al. 1995), 
sediment composition and concentration (Beaty 
1994; White 1996; Minshall et al. 1997), and re
cruitment and distribution of large woody debris 
(Van Sickle and Gregory 1990; Young 1994; 
McIntyre and Minshall 1996). Therefore, the mag
nitude and scale of effects are related to the size 
and severity of fire; geology, topography, and size 
of the stream system; and amount, magnitude, and 
timing of postfire precipitation events (Swanson 
1981; Meyer et al. 1992; Meyer et al. 1995). Ero
sional effects are most extreme where the majority 
of vegetation and duff has been consumed by fire, 
soils are highly erosive, and large precipitation 
events occur soon after the fire. Areas where a 
large proportion of the drainage is burned in a 
single event are most susceptible to erosional pro
cesses. Mass wasting and channel alteration are 
generally greatest in the first 10 years after a fire 
(Swanson 1981; McNabb and Swanson 1990; 
Swanston 1991). 

Some postfire erosion events may appear cata
strophic, but these events are important in main
taining long-term habitat complexity and suitable 
spawning and rearing areas in some systems (Ev
erest et al. 1987; Reeves et al. 1995). Furthermore, 

native fishes have developed a complex variety of 
life history strategies that increase the probability 
of persistence during periods of environmental 
fluctuation (Warren and Liss 1980; Sedell et al. 
1990; Rieman et al. 1997a). Even in cases where 
fish are extirpated (see Biological Effects, below), 
reinvasion is rapid (i.e., �2 years) if habitat con
nectivity is maintained (Novak and White 1990; 
Rieman and Clayton 1997; Rieman et al. 1997a). 

Swanson (1981) developed a fire index, based 
on fire intensity, frequency, and areal extent, and 
a geomorphic index, based on hillslope gradient 
and the effectiveness of vegetation in regulating 
sediment movement, to estimate the fire-induced 
proportion of total sediment yield for five land
scape–ecosystem types (Figure 2). Results sug
gested that in highly erosive landscapes with fre
quent fires of high intensity (e.g., steepland chap
arral), more than 70% of the long-term sediment 
yield occurred during and immediately following 
fires. Fire-induced sediment yields for most eco
system types were much lower, however, and in 
highly unstable portions of the Cascade Range, 
only about 30% of the total sediment yield was 
attributable to fires. Similarly, there is evidence 
that forest fires have influenced sedimentation in 
some portions of Yellowstone National Park 
throughout the Holocene (Meyer et al. 1992, 
1995), and Meyer (1993) reported that approxi
mately one-third of the total thickness of 29 strati
graphic sections from alluvial fans in erosive wa
tersheds were the result of fire-related debris flows 
and deposits. In less erosive regions (Laurentian 
upland forests), areas with a low fire index (steep 
Appalachian Mountain hardwood forest), and ar
eas with both low geomorphic sensitivity and a 
low fire index (alluvial flat forests), the proportion 
of fire-induced sediment yields dropped to ap
proximately 5% (Swanson 1981). 

Although physical changes to stream channels 
are common in the first 1–4 years following a fire 
(Minshall et al. 1990; Swanston 1991; Minshall et 
al. 1997), effects on woody debris recruitment can 
last for decades in forested drainages (Table 2). 
Presence of large wood in streams is important 
because it controls channel morphology, and sed
iment and water routing (Harmon et al. 1986; Ev
erest et al. 1987; Trotter 1990). After wildfires, 
large wood may persist in stream channels through 
the period of forest reestablishment (Swanson and 
Lienkaemper 1978). As a consequence, the rate of 
pool formation usually increases, and habitat 
structure may be altered to the benefit of fishes 
(Swanson and Lienkaemper 1978; Sedell and 
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TABLE 2.—Selected references where physical response to fire in forested watersheds was investigated in fluvial 
systems; NA means not available. 

Fire size Spatial Time 
Response and source (type)a scale scale Locationb Comments 

Hydrologic responses 

Channel morphology 
La Point et al. 26,000 ha 11 streams 3 years Middle Fork Salmon Episodic storm events 

(1983) (wf) (290–29,880 ha) River, ID influence stream 
(order 1–5) substrate 

Roby (1989) 800 ha 1 stream 6 years Plumas National Channel cross sections 
(wf) (825 ha) Forest, CA revealed slight 

widening 1 year 
postfire; substantial 
widening and 
deepening 3 years 
postfire; channel profile 
was similar to prefire 
after 6 years 

Minshall et al. 26,000 ha 1 stream 10 years Middle Fork Salmon Channel alterations 
(1990) (wf) (10,900 ha) River, ID continuing after 10 

(order 4–5; 2 sites) years 
Jones et al. 322,000 ha 6 streams 3 years Yellowstone NP Little change in channel 

(1993) (wf) (25,200–116,500 ha) morphology; stream 
(order 4–6) banks remained stable 

Bozeck and Young 562,000 ha 2 streams 2 years North Fork Shoshone Channel alterations 
(1994) (wf) (4,946–6,423 ha) River, WY caused by debris and 

mud jams 
Meyer et al. 292,000 hac 3 streams Long-term Yellowstone NP Relatively minor climate 

(1995) (wf) (25,600–75,200 ha) changes during the late 
(order 4–5) Holocene have had 

significant affects on 
fire regime and alluvial 
processes in the study 
streams 

Minshall et al. 292,000 hac 20 streams 5 years Yellowstone NP Cutting and filling related 
(1997) (wf) (140–18,000) to postfire runoff 

(order 1–4; 20 sites) events greatest in 
higher gradient streams 

Erosion 
Lotspeich et al. 101,000 had 4 streams 1 year Dennison River, AK Only evidence of 

(1970) (wf) (9 sites) increased erosion was 
in fire trails 

DeByle and Packer 65 plots, 4–23 had 2 streams 7 years Western Montana Increased erosion related 
(1972) (sb) (24 plots) to localized intense 

summer precipitation 
events; greatest for 2 
years following 
logging and burning; 
roads and firebreaks 
had much greater 
potential of producing 
overland flow 

Helvey (1980) 48,600 had 3 streams 9 years Entiat Experimental Postfire increases in 
(wf) (473–564 hac) Forest, WA erosion; results affected 

by salvage logging 
White (1996) Unknown 7 basins 15 years Bandelier National Increased erosion 3 years 

(wf) (0.1–0.41 ha) Monument, NM postfire; sediment 
delivery ceased in most 
basins 15 years postfire 

Organic matter 
McIntyre and 400,000 ha 5 streams 2 years Yellowstone NP Short-term reduction in 

Minshall (1996) (wf) (200–1,090 ha) coarse particulate 
(order 1; 5 sites) organic matter in 

streams of burned 
watersheds 
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TABLE 2.—Continued. 

Fire size Spatial Time 
Response and source (type)a scale scale Locationb Comments 

Sedimentation 
Helvey (1980) 48,600 had 3 streams 9 years Entiat Experimental Postfire increases in sedi

(wf) (473–564 hac) Forest, WA mentation; results af
fected by salvage log
ging; debris torrents 
occurred in association 
with intense rainstorms 

Swanson (1981) NA NA NA North America Fire-related sediment 
yield determined by 
fire regime and geo
morphic sensitivity 

Meyer et al. 292,000 hac 2 streams Long-term Yellowstone NP Fire-related sedimentation 
(1992) (wf) (25,600–57,000 ha) was most active during 

(order 4–5) centennial-scale 
drought-dominated pe
riods 

Beaty (1994) NA 1 stream 8 years Experimental Lakes Bedload increased 20-fold 
(wf) (170 ha; order 2) Area, ON initially; recovery in 

5–6 years; particle size 
increased with time; 
effects following a sec
ond fire (6 years after 
the first) were not as 
great and were short-
lived 

Meyer et al. 292,000 hac 3 streams Long-term Yellowstone NP In one watershed, 30% of 
(1995) (wf) (25,600–75,200 ha) late Holocene fan allu

(order 4–5) vium was fire related 
Troendle and 48,000 ha 2 streams 3 years North Fork Shosone Sediment concentration 

Bevenger (1996) (wf) (4,950–6,680 ha) River, WY and total suspended 
load increased in 
burned watershed 

Minshall et al. 292,000 hac 20 streams 5 years Yellowstone NP Increased substrate em
(1997) (wf) (140–18,000 ha) beddedness 

(order 1–4; 20 sites) 
Water yield 

Helvey (1972) 48,600 had 3 streams 1 year Entiat Experimental Yield increase due to loss 
(wf) (473–564 hac) Forest, WA of riparian vegetation 

Albin (1979) 481–506 ha 2 streams 35 years Yellowstone NP Increased yield and great
(2 wf) (2,120–3,930 ha) er seasonal fluctuation 

(7 sites) in burned watershed 
Helvey (1980) 48,600 had 1 stream 9 years Entiat Experimental Increased yields for 7 

(wf) (564 hac) Forest, WA years 
Schindler et al. 1,457 ha 2 streams 6 years Experimental Lakes Increased yields for 3 

(1980) (wf) (63–170 ha) Area, ON years 
Tarapchak and 5,900 ha 2 years Boundary Waters Ca- Increase in discharge of 

Wright (1986) (wf) (29–40 ha) noe Area, MN tributary streams 
Stottlemyer (1987) 4,200 ha 1 stream 3 years Heart Lake, Yellow- Pronounced increase in 

(wf) (3,535 ha) stone NP discharge of streams 
(order 2–3; 4 sites) 

Troendle and 48,000 ha 2 streams 3 years North Fork Shosone Yield increased in burned 
Bevenger (1996) (wf) (4,950–6,680 ha) River, WY watershed 

Woody debris 
Swanson and NA 4 streams Long-term Cascade Range, OR Dominance of prefire and 

Lienkaemper postfire woody debris 
(1978) in streams gradually 

changed through time 
Minshall et al. 26,000 ha 1 stream 10 years Middle Fork Salmon Initial decrease in woody 

(1990) (wf) (10,900 ha) River, ID debris; down trees ap
(order 4–5; 2 sites) pearing by year 4; de

bris jams by year 10 
Young (1994) 48,000 ha 2 streams 2 years North Fork Shoshone Woody debris transport 

(wf) (4,950–6,680 ha) River, WY increased in burned 
watershed after fire 



202 GRESSWELL 

TABLE 2.—Continued. 

Fire size Spatial Time 
Response and source (type)a scale scale Locationb Comments 

Reeves et al. NA 3 streams Long-term Coast Range, OR Woody debris increased 
(1995) (wf) (1,400–1,800 ha) with time since distur

bance (90 to �350 
years) 

Minshall et al. 292,000 hac 20 streams 5 years Yellowstone NP More woody debris at 
(1997) (wf) (140–18,000 ha) burned sites than refer

(order 1–4; 20 sites) ence sites; retention 
dynamics were altered 
at burned sites 

Hydrophobicity 
McNabb et al. NA 8 plots 5 months Siskiyou Range, OR Water repellency in

(1989) (sb) (0.25 ha each) creased, and infiltration 
rate decreased; changes 
were neither large or 
long lasting 

Nonhydrologic physical responses 

Water temperature 
Cushing and 165 m section 1 stream 30 min Hanford Reservation, Rapid temperature in-

Olson (1963) (eb) (1 site) WA crease; observed fish 
mortalities attributed 
pH change 

Hall and Lantz 71 ha 1 stream During fire Coast Range, OR Rapid increase from 13– 
(1969) (sb) (71 ha) 28�C; fish mortalities 

where fire was most 
intense 

Helvey (1972) 48,600 had 3 streams 1 year Entiat Experimental Water temperature in
(wf) (473–564 hac) Forest, WA creased (up to 5.5�C) 

during summer; no de
tectable change during 
winter 

Helvey et al. 48,600 had 3 streams 3 years Entiat Experimental Water temperature in
(1976) (wf) (473–564 hac) Forest, WA creased (up to 5.5�C) 

with increased insola
tion but never exceed
ed 16.7�C 

Albin (1979) 200 ha 2 streams 3 months Yellowstone NP Highest temperature re
(wf) (order 1–2) corded in streams dur

ing or after the fire 
was 12�C 

Albin (1979) 481–506 ha 2 streams 35 years Yellowstone NP Summer water tempera
(2 wf) (2,120–3,930 ha) tures averaged approxi

(7 sites) mately 1.5�C higher in 
burned watershed 

Feller (1981) NA 1 stream 13 hours British Columbia Water temperature in
(sb) creased from 3.3�C 

within 6 h of a slash 
burn; after 13 h, water 
temperatures had re
turned to near prefire 
levels 

Amaranthus et al. 40,000 ha 3 streams 1 year Grants Pass, OR Increased direct insolation 
(1989) (wf) (order 1) and water temperature; 

change negligible 
downstream 

Minshall et al. 292,000 hac 20 streams 5 years Yellowstone NP Maximum water tempera
(1997) (wf) (140–18,000 ha) tures were higher at 

(order 1–4; 20 sites) burned sites (often 
�20�C) than reference 
sites 

a Fire types: eb � experimental burn; sb � slash burn; wf � wildfire.

b Location abbreviations: AK � Alaska; CA � California; ID � Idaho; MN � Minnesota; NM � New Mexico; NP � National Park;


ON � Ontario; OR � Oregon; WA � Washington; WY � Wyoming. 
c Areal estimate from Turner and Romme (1994). 
d Areal estimates changed from acres to hectares. 
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Dahm 1984; Minshall et al. 1997). Accumulation 
of coarse wood is important to decomposers and 
detritus feeders, but excessive abundance can 
block fish passage, cover important spawning sites, 
and damage habitat during postfire flood events 
(Swanston 1991). Over longer periods of time, 
however, benefits of fire-related debris recruitment 
probably outweigh the negative effects (Swanson 
et al. 1982; Reeves et al. 1995). 

Anthropogenic activities can exacerbate the ef
fects of natural events such as fire. In many cases, 
erosion at a watershed scale is more closely linked 
to timber harvest and road construction than fire 
(Brown and Krygier 1971; Swanston 1971; Swan
ston and Swanson 1976). For instance, less than 
1% of an estimated total annual sediment yield for 
the South Fork Salmon River (Idaho) was due to 
fire; roads were responsible for 85% of the total 
annual sediment budget (Nobel and Lundeen 
1971). Marston and Haire (1990) reported that fol
lowing the fires in the Greater Yellowstone Eco
system in 1988, surface erosion was greatest at 
sites outside the national park that were logged 
before burning. Erosional effects generally peak 
within 10 years following a fire event (McNabb 
and Swanson 1990; White 1996), but road build
ing, log yarding, tree clearing, and slash burning 
may produce a press disturbance with erosion that 
can persist for decades (Swanston 1971; Yount and 
Niemi 1990; Frissell et al. 1997). 

Water temperature.—Another important physi
cal effect of fire is elevated water temperature re
sulting from the reduction in streamside vegetation 
and associated increases in insolation (Table 2). In 
the year following a wildfire in north-central 
Washington, maximum daily water temperatures 
were 5.6�C above temperatures predicted for un
burned conditions (Helvey 1972). Amaranthus et 
al. (1989) reported that maximum water temper
ature increased 3.3–10.0�C at intensively burned 
sites 1 year after a fire in portions of three head
water drainages in southwestern Oregon. Albin 
(1979) found that elevated water temperatures may 
persist for decades; however, increased discharge 
associated with reduced evapotranspiration can 
have a secondary, but compensatory, influence on 
water temperature (Helvey et al. 1976). There is 
some evidence that even when water temperature 
increases are great at sites in headwater streams, 
changes may be negligible downstream. For in
stance, Amaranthus et al. (1989) reported that wa
ter temperature did not increase appreciably at the 
mouth of tributaries draining an area where 5% of 
the headwater watershed burned. 

Although water temperature of streams may in
crease after streamside vegetation is removed 
(Gray and Edington 1969), predicting the biolog
ical consequences is difficult (Beschta et al. 1987). 
Effects depend on the burn intensity, spatial pat
tern of the burn, stream size, stream network com
plexity, watershed topography, normal tempera
ture ranges of affected stream reaches, and life 
history stage of the organisms present at the time 
of the fire. For instance, elevated temperatures may 
alter abundance, species diversity, egg incubation, 
and offspring survival (Beschta et al. 1987; Reeves 
et al. 1993). In areas where low water temperatures 
limit primary production, elevated water temper
atures (nonlethal) following canopy burning may 
actually increase productivity (Albin 1979; Min-
shall et al. 1989). 

Indirect Chemical Effects 

Fluvial systems.—The level of nutrient input to 
aquatic systems following fire is contingent upon 
factors such as fire intensity and size, short- and 
long-term weather patterns, and the physical, 
chemical, and biological characteristics of the wa
tershed (Table 3). As a result, effects of fire on 
water chemistry vary substantially among study 
areas (Tiedemann et al. 1979; Beschta 1990). Nev
ertheless, some generalizations are possible. 

The presence of chemical constituents in smoke 
and ash can have a substantial influence on stream 
water chemistry until the fire is extinguished. 
Clayton (1976) reported that concentrations of cal
cium, magnesium, potassium, sodium, and total 
nitrogen in precipitation that fell during periods of 
high smoke in Idaho were 20–70 times greater than 
concentrations in precipitation collected during 
nonfire periods. As noted previously, experimental 
work of Spencer and Hauer (1991) linked influxes 
of ammonium to diffusion of nitrogen volatilized 
in smoke gases and peaks of phosphorus to leach
ate from ash deposited directly into streams. Al
though Johnson and Needham (1966) did not ob
serve a measurable change in ion concentrations 
for 2 years after a fire in Sagehen Creek, Califor
nia, their data suggest a distinct pulse of ions (ex
cept sodium) while the fire was still smoldering 
and before postfire precipitation. 

Immediately after a fire, streams adjacent to 
burned areas often exhibit peak concentrations of 
nitrogen and phosphorus that generally last no 
more than a few weeks (Fredriksen 1971; Brown 
et al. 1973). Such pulses are commonly associated 
with initial postfire precipitation (e.g., Albin 
1979), but Beschta (1990) suggested that infre
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TABLE 3.—Selected studies where chemical response to fire in forested watersheds was investigated in fluvial systems; 
NA means not available. 

Fire size 
Source (type)a Spatial sizea Time scale Locationb Comments 

Cushing and Olson 
(1963) 

Johnson and Needham 
(1966) 

Lotspeich et al. (1970) 

Fredriksen (1971) 

DeByle and Packer 
(1972) 

Brown et al. (1973) 

Clayton (1976) 

Helvey et al. (1976) 

Albin (1979) 

Albin (1979) 

Schindler et al. (1980) 

La Point et al. (1983) 

165 m section 
(eb) 

NA 
(wf) 

101,000 hac 

(wf) 

NA 
(sb) 

65 plots 
4–23 had 

(sb) 

70–300 ha 
(sb) 

900 ha 
(wf) 

48,600 had 

(wf) 

200 ha 
(wf) 

481–506 ha 
(2 wf) 

1,457 ha 
(wf) 

26,000 ha 
(wf) 

1 stream 30 min Hanford Reservation, 
(1 site) WA 

1 stream 2 years Tahoe National Forest, 
(4,921 ha) CA 

4 streams 1 year Dennison River, AK 
(9 sites) 

3 streams 3 years H. J. Andrews 
(3 sites) Experimental Forest, 

OR 

2 watersheds 7 years Western Montana

(24 plots)


3 streams 6 years Oregon Coast Range 
(71–300 ha) 

1 stream 3 months South-Central Idaho 
(5 gages) 

1 stream 3 years Entiat Experimental 
(473 had) Forest, WA 

2 streams 3 months Yellowstone NP

(order 1–2)


2 streams 35 years Yellowstone NP 
(2,120–3,930 ha) 

(7 sites) 

2 streams 6 years Experimental Lakes 
(63–170 ha) Area, ON 

11 streams 3 years Middle Fork Salmon 
(290–29,880 ha) River, ID 

(order 1–5) 

Increase in ions attributed 
to ash deposit; rapid 
increase in pH 

No observed effect of fire 
on ionic composition of 
stream water 

Increased K and chemical 
oxygen demand in 
streams draining burned 
areas 

Following slash burning, 
NH4 and Mn 
concentrations exceeded 
Federal Water Pollution 
Control Standards for 12 
d; cations increased 1.6– 
3.0 times in burned 
drainage; pH increased 

Increase of N, P, K, Ca, 
Mg, and Na in surface 
runoff following fire; 
return to preburn levels 
in 2–4 years; high 
among-site variability 

Potassium increased in 
watershed that was 
clearcut and burned; 
returned to prelogging 
levels within 2 months; 
NO3 increased and 
returned to prelogging 
levels 6 years postfire 

Concentrations of Na, K, 
Ca, and N in 
precipitation falling 
through smoke were 20– 
70 times greater than in 
normal precipitation 

Nitrate concentrations 
increased during spring 
runoff for 2 years postfire 
in an unfertilized 
watershed; cation losses 
(from concentration and 
discharge data) doubled 
during the same period 

Significant increase in ions 
associated with ash 
leaching during initial 
postfire rain event 

Water quality similar 
between burned and 
unburned watersheds, but 
higher water yield and 
mineral export in burned 
watershed 

Increased concentrations 
and yields of N, P, and K 
during 3 postfire years 

Concentration of F and PO4 
and yield of Ca, 
alkalinity, Cl, and PO4 
significantly greater in 
burned watershed 
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TABLE 3.—Continued. 

Fire size 
Source (type)a Spatial sizea Time scale Locationb Comments 

Woodward (1989) 526,000 hac 

(wf, lab) 

Spencer and Hauer 15,500 ha 
(1991) (wf, lab) 

Bayley et al. (1992) NA 
(sb, wf) 

Jones et al. (1993) 322,000 ha 
(wf) 

Brass et al. (1996) 292,000 hac 

(wf) 

Robinson and Minshall 292,000 hac 

(1996) (wf) 

4 streams 7 months Yellowstone NP High levels of trace ele
(lab) ments in many samples, 

but no acute toxic effects 
to fish in laboratory tests 

2 streams 6 weeks Northwest Montana Total N and P increased 40
(order 3) fold over reference val

ues; diffusion of smoke 
gases in stream water 
was source of N; P 
source was from leaching 
of ash deposited in 
streams 

3 streams 18 years Experimental Lakes Watershed type and fire in
(12–170 ha) Area, ON tensity directly related to 

N and P inputs to aquatic 
systems 

6 streams 3 years Yellowstone NP Postfire samples within 
(25,200–116,500 ha) range of prefire water 

(order 4–6) chemistry data (except Si 
in Madison River) 

6 streams 5 years Yellowstone NP Nitrates increased 2.6–33 
(6 sites) times for 5 years postfire; 

PO4 2.0–29 times greater 
for 5 years postfire 

20 streams 5 years Yellowstone NP Nitrates concentrations 3–4 
(140–18,000 ha) times greater at burn sties 

(order 1–4; 21 sites) with moderate and high 
amounts of physical 
change; NO3 concentra
tion directly related to 
the proportion of catch
ment burned 

a Fire types: sb � slash burn; wf � wildfire; lab is laboratory experiments.

b Location abbreviations: AK � Alaska; CA � California; ID � Idaho; NP � National Park; ON � Ontario; OR � Oregon; WA �


Washington. 
c Areal estimates changed from acres to hectares. 
d Areal estimate from Turner and Romme (1994). 

quent sampling, rapid uptake by stream biota, and 
sediment adsorption may sometimes inhibit detec
tion of these nutrient peaks. Although logging 
(without slash burning) may lead to increased 
chemical concentrations in aquatic systems for ex
tended periods, rapid nutrient peaks coinciding 
with timber removal have not been documented 
(Fredriksen 1971; Bayley et al. 1992). 

Chemical constituents in streams may remain 
elevated for years because the loss of vegetation 
following fire can interrupt the cycling of nutrients 
in a forest ecosystem, and subsequently, exports 
to aquatic systems are increased (Wright 1976; 
Bayley et al. 1992). Elevated concentrations of 
chemical constituents in streams have been de
scribed after wildfires (Lotspeich et al. 1970; La 
Point et al. 1983; Brass et al. 1996; Robinson and 
Minshall 1996) and after slash burning of logging 
debris (Fredriksen 1971; DeByle and Packer 1972; 
Brown et al. 1973). Similarly, wind damage in 

forests may yield nutrient losses analogous to 
those observed after forest fires (Schindler et al. 
1980). 

Fredriksen (1971) reported that elevated tem
perature and water content in soils stimulate mi
croorganisms, increasing postfire litter decompo
sition. As respiration rises, bicarbonate anion lev
els increase concomitantly with leaching of cations 
from the system (Fredriksen 1971). Mineralized 
forms of plant nutrients converted to ash during 
burning become more soluble. When water con
tacts the ash, solutes are leached into the soil or 
carried away with runoff (DeByle and Packer 
1972). Stottlemyer (1987) suggested that above 
certain precipitation thresholds, ion conservation 
mechanisms fail, resulting in disproportionately 
high ion discharges in some tributary basins; how
ever, at the watershed scale, chemical constituents 
are often conserved. In some cases soil retention 
of nutrients leached from ash may be high (Grier 



206 GRESSWELL 

FIGURE 2.—Hypothetical distribution of selected landscape ecosystem types in relation to geomorphic sensitivity 
(erosion and sedimentation), fire frequency and intensity, and proportion of total sediment yield that can be attributed 
to fire (adapted from Swanson 1981). Abbreviations are MTN (mountain) and NP (National Park). 

1975), but variation among sample sites and 
among years is often substantial (Lotspeich et al. 
1970; DeByle and Packer 1972). As vegetation 
becomes reestablished, fewer nutrients are avail
able for leaching, soil erosion diminishes (McColl 
and Grigal 1975; Uhl and Jordan 1984), and chem
ical constituents in streams generally decrease to 
levels observed before the fire. 

Nitrate-nitrogen is one of the most mobile chem
ical components of soil–water systems, and in 
streams, postfire increases of nitrates exceed other 
chemical changes (Tiedemann et al. 1979; Min-
shall et al. 1997). If mineral nitrogen released by 
decomposition of organic nitrogen is not seques
tered by plants or microorganisms, nitrogen loss 
as nitrate may occur (Fredriksen 1971). Nitrate 
loss is especially noticeable following an intense 
fire when the amount of burned biomass is high 
and density of microorganisms is reduced sub
stantially (Stottlemyer 1987; Brass et al. 1996; 
Minshall et al. 1997). Following the 1988 fires in 
Yellowstone National Park, for example, nitrate 
concentration was the only variable that increased 
substantially in burned catchments, and in streams 
with moderate to high amounts of physical change, 
nitrate values increased to 3–4 times initial levels 
(Robinson and Minshall 1996). Elevated levels of 

nitrate-nitrogen in streams have been reported 5 
years or more after a fire (Brown et al. 1973; Bay-
ley et al. 1992; Brass et al. 1996). 

Although nutrient influxes to aquatic systems 
are sometimes high, many of the nutrients in a 
forested ecosystem may be retained on-site even 
after a major fire (DeByle and Packer 1972; Wright 
1976; Bayley et al. 1992). Following a 125,000
ha stand-replacement fire in Alaska (1966), Lot
speich et al. (1970) found increases in soluble total 
organic carbon, calcium, magnesium, and potas
sium in the organic soil layer; however, only chem
ical oxygen demand and potassium increased in 
stream samples collected for the first 2 years after 
the fire. In five drainages (fifth and sixth order) in 
Yellowstone National Park, Jones et al. (1993) 
found that the only change in water chemistry at
tributable to the 1988 fires was increased silica 
concentration in the Gibbon and Madison rivers. 

Lacustrine systems.—Effects of fire on nutrient 
levels in lacustrine systems are less well docu
mented (Table 4). An exception is a group of stud
ies following a fire in the Boundary Waters Canoe 
Area in northeastern Minnesota that burned over 
half of the overstory vegetation in the watersheds 
of two lakes (Wright 1976; McColl and Grigal 
1977; Tarapchak and Wright 1986). Despite ob
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TABLE 4.—Selected studies where physical, chemical, and biological responses to fire in forested watersheds were 
investigated in lacustrine systems; NA means not available. 

Fire size Number of lakes 
Response and source (type)a (surface area) Time scale Locationb Comments 

Sedimentation 
Lathrop et al. 292,000 hac 4 lakes 6 years Greater Yellowstone Postfire increase (2 years) in 

(1994) (wf) (11,000–34,000 ha) Ecosystem suspended sediment in the 
Snake River flowing into 
Jackson Lake (WY), but no 
detectable effect on water 
quality in Yellowstone 
Lake 

Chemical 
McColl and Grigal 6,000 ha 2 lakes 3 years Boundary Waters Canoe Increase in overland flow and 

(1975) (wf) (29–36 ha) Area, MN soil water concentrations of 
P for 2 years; no 
significant effect on lakes 
and tributaries 

McColl and Grigal 6,000 ha 3 lakes 3 years Boundary Waters Canoe Burning had little effect on 
(1977) (wf) (29–40 ha) Area, MN chemical characteristics of 

the aquatic systems when 
compared to effects on 
watershed soils 

Wright (1976) 5,900 ha 3 lakes 2 years Boundary Waters Canoe Increases in K and P in 
(wf) (29–40 ha) Area, MN tributaries, but no evidence 

of increased loading in 
lakes 

Jones et al. 1,236 ha 1 lake 3 years Yellowstone Lake, Increased levels of total 
(1979) (wf) (34,000 ha) Yellowstone NP dissolved solids and Si in 

the portion of the lake 
nearest the burn 

Tarapchak and 5,900 ha 3 lakes 2 years Boundary Waters Canoe Major ions, Si, and TN and 
Wright (1986) (wf) (29–40 ha) Area, MN TP did not differ 

significantly among two 
burned drainages and 
control 

Stottlemyer (1987) 4,200 ha 1 lake 3 years Heart Lake, Yellowstone Inputs of Ca, Mg, K, and 
(wf) (870 had) NP NO3 into the lake did not 

increase significantly 
following the fire 

Lathrop (1994) 292,000 hac 2 lakes 15 years Yellowstone NP Atmospheric deposition had 
(wf) (1,100–34,000 ha) greater influence on water 

chemistry than fire-
mediated inputs from 
upland watersheds 

Bayley et al. NA NA 18 years Experimental Lakes Area, Minimal change in lake water 
(1992) (sb, wf) ON quality because renewal 

time minimized effects of 
fire-related nutrient inputs 
from streams 

Theriot et al. 292,000 hac 1 lake 11 years Yellowstone Lake, No trends associated with 
(1997) (wf) (34,000 ha) Yellowstone NP fire; increases in Si due to 

reduced biological demand; 
NO3 varied with winter 
precipitation 

Biological 
Gresswell 292,000 hac 1 lake 10 years Yellowstone Lake, No significant change in 

(unpublished) (wf) (34,000 ha) Yellowstone NP growth of Yellowstone 
cutthroat trout associated 
with fire 

Bradbury (1986) 5,900 ha 2 lakes 80 years Boundary Waters Canoe Paleolimnological study 
(wf) (29–36 ha) Area, MN suggested no significant 

change in phytoplankton 
community attributable to 
fire 

Tarapchak and 5,900 ha 3 lakes 2 years Boundary Waters Canoe No significant change in 
Wright (1986) (wf) (29–40 ha) Area, MN phytoplankton community 

attributable to fire 

a Fire types: sb � slash burn; wf � wildfire.

b Location abbreviations: MN � Minnesota; NP � National Park; ON � Ontario.

c Areal estimate from Turner and Romme (1994).

d Areal estimate from Theriot et al. (1997).




208 GRESSWELL 

served increases in nutrient export in tributary 
streams, Wright (1976) reported that precipitation 
falling directly on the lakes was the principal 
source for ions and phosphorus in the study lakes. 
In a separate study of this fire, McColl and Grigal 
(1975) concluded that very little of the phosphorus 
mobilized by the fire reached the lakes. Differ
ences in soil type were apparently more important 
than fire in determining chemical characteristics 
of streams or lakes in these burned watersheds 
because most water enters these aquatic systems 
through subsurface flow (McColl and Grigal 
1977). 

Stottlemyer (1987) studied the nutrient levels in 
a large lake in Yellowstone National Park follow
ing a fire that burned 93% of a tributary drainage 
in 1979. Increases in chemical concentrations in 
the lake as a consequence of the fire were small, 
and variations in precipitation inputs was believed 
to be the source of the observed changes. Follow
ing wildfires that burned approximately 28% of 
the Yellowstone Lake watershed in 1988, dis
solved silica was the only chemical constituent that 
exhibited changes that were not associated with 
annual fluctuations in precipitation (Lathrop 1994; 
Lathrop et al. 1994; Theriot et al. 1997). Increases 
in silica were also documented after a small fire 
burned several tributary drainages of the Southeast 
Arm of Yellowstone Lake in 1976 (Jones et al. 
1979). Theriot et al. (1997) and Kilham et al. 
(1996) argued that increases in silica were due to 
a reduced biological demand because drought had 
reduced inputs of nitrogen and caused productivity 
to decline. Atmospheric inputs also appeared to 
dominate annual trends in water quality in Lewis 
Lake before and after the 1988 fires (Lathrop 1994; 
Theriot et al. 1997). Bayley et al. (1992) concluded 
that forest fires have little effect on the water qual
ity of lakes because renewal times minimize the 
consequences of a few years of somewhat in
creased inputs of some nutrients. 

Indirect Biological Effects 

Fluvial systems: macroinvertebrates and periph
yton.—Few studies before 1980 focused specifi
cally on the fate of aquatic organisms following 
fire, but in the past two decades a substantial 
amount of new information has been reported on 
the biological effects of fire in aquatic systems, 
especially concerning macroinvertebrate commu
nities (Table 1). Three years following a 26,000
ha fire in the Middle Fork of the Salmon River in 
Idaho, macroinvertebrate distribution in burned 
and unburned sites did not vary in conjunction 

with observed shifts in water chemistry, but some 
changes in functional feeding groups (Cummins 
1978) were noted (La Point et al. 1983). Appar
ently the macroinvertebrate stream community 
was strongly influenced by substrate instability as
sociated with channel erosion resulting from the 
interaction of postfire storm events and unstable 
slopes. Richards and Minshall (1992) reported that 
in the first 5 years following the fire, streams in 
the burned area exhibited more annual variation 
in macroinvertebrate diversity than reference 
streams, and although variation declined some
what through time, species richness remained 
greater in reference streams than in streams from 
burned drainages. Minshall et al. (1990) suggested 
that as substrate stabilizes, productivity expands 
in response to increased light and temperature as
sociated with the initial removal of riparian veg
etation and subsequent successional change (Fig
ure 3). 

In the year following the 1988 fires in Yellow
stone National Park, minor declines in periphyton 
biomass (Robinson et al. 1994a) and macroinver
tebrate abundance, species richness, and diversity 
were noted (Lawrence and Minshall 1994; Min-
shall et al. 1995; Mihuc et al. 1996). By 1990, 
periphyton biomass and macroinvertebrate indices 
had increased, but erosional events associated with 
spring runoff and summer spates in 1991 and 1992 
substantially altered the physical habitat of smaller 
study streams. Declines in periphyton biomass 
were greater in first- and second-order streams than 
in larger (third- and fourth-order) streams, and di
atom diversity was directly related to the level of 
disturbance (Robinson et al. 1994a, 1994b). Mac
roinvertebrate abundance, species richness, and di
versity also declined in smaller study streams dur
ing this period (Minshall et al. 1997). 

In experiments to evaluate the relative value of 
alternate food sources following fires, Mihuc and 
Minshall (1995) found that unburned coarse par
ticulate material (CPM) and periphyton were im
portant food resources for macroinvertebrate con
sumers. Burned material, however, was not a sig
nificant resource for primary consumers. Trophic 
generalists (macroinvertebrates capable of using 
two or more resources for growth) were able to 
switch food resources as availability shifted, and 
Mihuc and Minshall (1995) suggested that this 
adaptability may be especially important to sur
vival in postdisturbance environments. 

In some studies, effects of fire on stream benthic 
communities have been minimal or so brief that 
they were undetectable (Lotspeich et al. 1970; Ste
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FIGURE 3.—Hypothetical changes in physical, chemical, and biological characteristics of fluvial systems following 
fire. The letters F, W, S, and S, indicate fall, winter, spring and summer, respectively. (Adapted from G. W. Minshall 
et al. 1989.) 

fan 1977). Following the 1988 fires in Yellowstone 
National Park, macroinvertebrate abundance fluc
tuated in four of the larger streams (fifth- and sixth-
order); however, species richness and diversity did 
not decline (Jones et al. 1993). The most ecologi
cally significant change in the these large streams 
was an apparent shift in functional feeding groups 
from shredder- and collector-dominated communi
ties (usually associated with allochthonous produc
tion in the riparian zone) to scraper- and filter-

feeder-dominated communities (Jones et al. 1993). 
Scrapers and filter feeders are associated with au
tochthonous systems (Vannote et al. 1980), and the 
observed changes were attributed to lowered al
lochthonous input and greater autochthonous pro
duction following the fires. 

There is some evidence that changes in stream 
macroinvertebrate communities can persist for 
many years. Nine years after 95% of an 825-ha 
watershed burned in the western Sierra Nevada of 
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California, Roby (1989) found that macroinver
tebrate diversity was lower than estimates from 
nearby reference streams. Macroinvertebrate den
sity was highest in the burned watershed; however, 
Chironomidae (a group adapted to disturbed areas 
dominated by fine sediments; Mihuc et al. 1996), 
were the most abundant organisms in those areas. 
Macroinvertebrate diversities were also lower 
(compared with unburned watersheds) in four oth
er watersheds that had burned from 7 to 23 years 
prior to the study (Roby 1989). These differences 
in macroinvertebrates were evident despite the fact 
that channel profiles in the burned watersheds were 
similar to prefire conditions. 

Minshall et al. (1989) hypothesized that suc
cessional development of riparian and terrestrial 
vegetation would reduce water yield and erosion, 
allowing macroinvertebrate and periphyton pro
duction to increase above prefire levels (Figure 3). 
In the absence of disturbance, however, increased 
shading associated with conifer growth eventually 
reduces riparian production and allochthonous in
puts (Minshall et al. 1989). In Yellowstone Na
tional Park, Albin (1979) compared a stream in a 
watershed that had been burned twice (45 and 36 
years prior to his study) with a stream from the 
adjacent watershed that had not burned. Water tem
perature, water yield, transport of dissolved solids, 
and seasonal variations in discharge were greater 
in the stream in the burned watershed. No differ
ences were noted in periphyton accumulation on 
artificial substrates; however, the stream in the 
burned watershed had a higher abundance of ben
thic macroinvertebrates. 

Recently, Mihuc et al. (1996) argued that eco
logical studies of macroinvertebrates in streams 
should be conducted at the population level be
cause community-level descriptions often disre
gard trends of individual species. Comparisons of 
six sites in burned watersheds and four sites in 
unburned reference watersheds suggested that 
changes in physical habitat and the availability of 
food resources were the primary factors affecting 
postfire response of individual populations. Taxa 
best adapted to postfire conditions displayed a 
broad range of preferences for physical habitat, but 
taxa that required stable riffles or slower stream 
velocities were less abundant in postfire years. 

Fluvial systems: fishes.—Fire-related hydrologic 
events may result in localized fish deaths (Table 
1). At Beaver Creek, Montana (Missouri River ba
sin), an intense rainstorm occurred just 1 d after 
wildfire burned 26% of the lower drainage, and 
the associated stream discharge exceeded that of 

a 100-year flood event (Novak and White 1990). 
Estimates revealed a drastic decrease in abundance 
(�99%) and biomass (�98%) of brown trout Sal
mo trutta and rainbow trout (Novak and White 
1990). Bozek and Young (1994) reported the death 
of brook trout Salvelinus fontinalis, Yellowstone 
cutthroat trout Oncorhynchus clarki bouvieri, rain
bow trout, and Yellowstone cutthroat trout � rain
bow trout hybrids following an intense rainstorm 
2 years after fire burned most of the watershed 
(Jones Creek, North Fork Shoshone River, Wyo
ming). Rinne (1996) reported that two populations 
of brook trout and one population of rainbow trout 
in central Arizona and one of the few remaining 
populations of the endangered Gila trout O. gilae 
in southern New Mexico (Propst et al. 1992) were 
essentially extirpated following postfire flood 
events in 1989 and 1990. Similarly, several reaches 
of two tributaries to the Boise River (southwestern 
Idaho) appeared to be completely ‘‘defaunated’’ 
following fires in 1992 (Rieman et al. 1997a). 

Ultimately, recolonization of fishes into areas 
where they have been extirpated is influenced by 
proximity and relative location of refugia, unim
peded routes of access, and the occurrence of com
plex life history patterns and overlapping gener
ations (Warren and Liss 1980; Rieman and Clayton 
1997; Rieman et al. 1997a). Recolonization by 
fishes is generally rapid if access is adequate. Rie
man et al. (1997a) reported that fish were present 
in defaunated reaches of the Boise River in 1 year 
and approached densities of unaffected reaches in 
1–3 years following fire. Novak and White (1990) 
noted that rainbow trout density and biomass ex
ceeded prefire estimates in the year following a 
fire and subsequent flood event. Apparently, 
spring-spawning adfluvial rainbow trout from the 
Missouri River contributed to the substantial in
creases in Beaver Creek. Recolonization of brown 
trout was not observed, however, perhaps because 
beaver dams and low discharge limited access to 
fall-spawning adfluvial brown trout (Novak and 
White 1990). In some watersheds, abundance of 
native fish populations has declined, and they have 
become increasingly isolated in headwater streams 
because of land-use practices (e.g., logging, graz
ing, and water diversion) and nonnative fish in
troductions. In such cases, reduced habitat con
nectivity has increased the vulnerability of fish 
populations to disturbance and limited potential 
recolonization (Medina and Martin 1988; Propst 
et al. 1992; Rinne 1996). For example, fire has 
resulted in the extirpation of several isolated fish 
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populations in streams of the American Southwest 
(Rinne 1996). 

In larger streams, effects of fire on fish popu
lations may be less severe (Lotspeich et al. 1970). 
In Cache Creek, a fourth-order tributary to the 
Lamar River in Yellowstone National Park, Gould 
(1990) found that population abundance of Yel
lowstone cutthroat trout declined the year follow
ing the fires of 1988; however, differences were 
within the normal range of variation for streams 
of similar size in the area. After monitoring hy
drological regime, stream habitat, water chemistry, 
and fish populations in fifth- and sixth-order 
streams for 5 years following these fires, Jones et 
al. (1993) could not find evidence of negative ef
fects on fish. 

Lacustrine systems.—The influence of fire on bi
ological communities of lacustrine environments 
has not been studied extensively. Despite in
creased nutrient loading in tributary streams fol
lowing wildfire in northern Minnesota, neither nu
trient concentrations nor phytoplankton abundance 
in the lakes appeared to change (Wright 1976; 
Bradbury 1986; Tarapchak and Wright 1986). Al
though approximately 28% of the Yellowstone 
Lake watershed burned in 1988, Gresswell (un
published data) did not find a significant change 
in annual growth increments of Yellowstone cut
throat trout that could be attributed to increased 
zooplankton productivity following the fires. 

Discussion 

Factors Influencing the Effects of Fire in Aquatic 
Systems 

Because initial conditions are critical in deter
mining the outcome of disturbance in complex sys
tems, fire-mediated changes in aquatic systems are 
contingent on the attributes of the system and fire 
characteristics, including intensity, severity, and 
size. Over the long term, physical, chemical, and 
biological elements of a watershed interact with 
climate conditions to influence the fire regime, and 
in the short term, postfire vegetation mosaic in
teracts with local weather to govern the trajectory 
and magnitude of change following a fire event. 
Disentangling the influence of long- and short-
term variables is often not possible; however, in
dividual components such as soil, vegetation, ge
ology, topography, geomorphology, and climate 
may be examined within the context of the more 
complex whole (Figure 1). 

Burn severity and pattern are directly linked to 
aquatic systems by postfire changes in soil chem

istry and soil erosion. Nutrient chemistry is af
fected by the postfire character of remaining or
ganic soil layers, soil organisms, and vegetation. 
Physical properties of soil that control water re
tention are altered by heating, and in some cases, 
soils become water repellent after severe burns. 
The amount of vegetation remaining in the water
shed directly influences runoff and erosion by 
physically mediating the force of precipitation on 
soil surfaces, altering the evapotranspiration cycle, 
and providing soil stability through root systems. 
Runoff rate and pattern and subsequent erosion 
potential are directly affected by the amount of 
organic debris left on the watershed. Burn char
acteristics also modify patterns of revegetation be
cause the amount and type of new vegetation are 
related to seed availability, opportunities for re-
sprouting, and changes in water yield and nutrient 
retention in the watershed. 

Geology is an important variable in the hydro
logical cycle of individual watersheds. Litholog
ical influence on soil and water chemistry is sub
stantial; therefore, under postfire conditions, soil 
type contributes directly to nutrient loading of sub
sequent runoff. Nutrient availability for vegetation 
development also varies with soil type. Water re
pellency of soils is related to soil texture, fire in
tensity, and vegetation type. Although hydropho
bicity can often occur in the absence of fire, coarse-
textured soils appear to be especially susceptible 
to this condition during fires because of their low 
heat capacity, high porosity, and the small surface 
area that is vulnerable to coating with organic com
pounds produced by burning. 

Soil distribution, microclimate, and other fac
tors that determine the distribution of vegetation 
across the landscape are ultimately controlled by 
landform and geological processes that form them. 
Alterations of vegetation, soils, and hydrology are 
short-term geomorphic responses to a single fire; 
however, on a longer time scale, topography often 
modifies fire behavior and the effects of fire on 
aquatic systems. In watersheds that are prone to 
erosion, the primary effect of a single fire may be 
a short-term alteration of hydrological and ero
sional processes. Because the proportion of a wa
tershed that is burned influences the magnitude and 
extent of the postfire changes, smaller drainages 
in headwater areas often exhibit the greatest fire-
related alterations. 

Modification of channel morphology and in
creased sedimentation may substantially influence 
components of biological systems, both negatively 
and positively. In highly erosive landscapes, fre
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quent fire may influence sedimentation, but across 
broad geographical areas, fire is subordinate to 
other factors (e.g., anthropogenic land-use activ
ities) that contribute to sedimentation and stream 
channel modification. Although increased sedi
ment loads may ultimately lead to increased pro
duction and eutrophication in lakes (Bradbury 
1986; Spencer 1991), research thus far does not 
indicate significant changes in nutrient enrich
ment, plankton production, or fish growth in la
custrine systems as a result of fire. 

Periodic variations in the influx of sediment and 
coarse woody debris contribute to aquatic habitat 
heterogeneity reflected in diverse fish communi
ties. Woody debris is critical for stream habitat 
heterogeneity and stability for fishes, and in some 
cases, fires result in a substantial increase in the 
amount of woody debris entering the system. The 
scale of postfire effects on the accumulation of 
woody debris depends on the prefire vegetation 
and the severity of the fire. In extreme cases where 
fire consumes a large proportion of the vegetation 
(including instream debris jams) or water yield is 
substantially increased, woody debris loading may 
decline until vegetational development is suffi
cient to provide new sources of wood. 

Vegetation also influences the severity and pat
tern of fires, and at least two systems for describing 
fire regimes are based on dominant or potential 
vegetation (Agee 1993; Morgan et al. 1995). Veg
etation integrates physical components of the ter
restrial ecosystem with weather over the short-
term, and climate at a greater temporal scale. The 
reduction or removal of the overhead canopy in 
riparian areas is frequently associated with a de
crease in stream shading and a concomitant in
crease in water temperature. Temperature changes 
are generally not lethal to aquatic organisms, how
ever, and water temperatures decline as vegetation 
becomes reestablished. 

Climate exerts substantial control on fire and its 
effect on aquatic ecosystems. Ultimately, the phys
ical, chemical, and biological components of the 
terrestrial portions of an aquatic system interact 
with climatological controls (both pre- and post-
fire) to modify the aquatic environment (Figure 1). 
Depending on the specific outcome of this inter
action, the biological community may experience 
change on several levels. 

Effects on Native Species 

In many cases, the effects of fire on the biotic 
community in aquatic systems are subtle. Terres
trial habitat patches directly influence aquatic hab

itats (White and Pickett 1985; Frissell et al. 1986), 
and it is increasingly apparent that fire plays an 
important role in maintaining heterogeneity in 
both terrestrial and aquatic systems. Perturbations 
associated with hydrologic processes affect post-
fire persistence of fishes, benthic macroinverte
brates, and diatoms in fluvial systems, and there 
is some evidence of mortality directly associated 
with the fire event. In extreme cases, fish popu
lations may be extirpated from some stream reach
es or segments, but where streams are sufficiently 
connected with appropriate species refugia, fish 
recolonization is generally rapid. In fact, species 
persistence in aquatic systems is probably linked 
to adaptation to periodic perturbations, such as 
those resulting from fire (Hanski 1991; Rieman 
and McIntyre 1995; Schlosser and Angermeier 
1995). 

In individual watersheds, the influence of fire 
events appears to be greatest at spatial scales of 
102–103 m and temporal scales of 101–102 years; 
for second- or third-order streams these scales re
late to stream segments, geomorphic reaches, in
dividual habitat units, and microhabitats (Frissell 
et al. 1986). Repeated fires within a watershed over 
periods of 103 years may influence larger areas, 
and even entire second- or third-order stream sys
tems (103–104 m) because repeated fires can alter 
the vegetation community; soil conditions; and 
frequency, occurrence, and distribution of floods, 
debris flows, and landslides that control channel 
and floodplain geomorphology (Poff and Ward 
1990). At greater spatial scales (�103 m), how
ever, watershed components (i.e., general valley 
configuration, juxtaposition of stream segment 
types, and stream gradient) are probably not af
fected greatly by fire (Figure 4). 

Paleoecologists have suggested that species lin
eages persist on the order of 106–108 years (Ben
nett 1990), and to survive as a species implies the 
ability to adapt to a range of environmental vari
ations occurring on different temporal and spatial 
scales (Barnosky 1987; Bartlein and Prentice 
1989). Bennett (1990) proposed a four-tiered hi
erarchy of time scales that describe the range of 
these variations including ecological time (103 

years), cycles of earth orbital eccentricity (Mil
ankovitch cycles; 104–105 years), geological time 
(106 years), and mass extinctions (26 � 106 years). 
For example, salmonids have evolved in North 
America since the late Miocene (approximately 6 
� 106 years; Stearley and Smith 1993), and, there 
is little doubt that their evolution included the de
velopment of strategies to survive perturbations 
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FIGURE 4.—Hierarchical model showing biological levels of organization for stream salmonids and how they 
vary on different spatial and temporal scales (adapted from Currens 1997). 

occurring at the frequency of Holocene wildland 
fires (100–102 years). 

In contrast, local fish populations are relatively 
ephemeral, especially in highly heterogeneous and 
frequently fluctuating environments (Larson et al. 
1995; Rieman and McIntyre 1995; Schlosser and 
Angermeier 1995). Ultimately, persistence of a bi
ological system (e.g., life history type, population, 
metapopulation, subspecies, species, and com
munity) is dependent on the interplay of environ
mental and biological components, and life history 
diversity is a means of spreading risk of extirpation 
in dynamic environments (sensu den Boer 1968). 
Effects of perturbation at various levels in the 
stream–system hierarchy, however, influence or
ganisms differentially. Effects of physical or 
chemical alteration of a habitat patch are greatest 
on those individuals and local populations that are 
least mobile, and reinvasion is most rapid by or
ganisms with high mobility. Stream reach, and 
possibly stream segments, are most affected by fire 
events, and therefore, responses may extend to the 
macroinvertebrate community level and last for 
decades (Molles 1982; Wallace 1990). Effects of 
fire on fluvial fishes are probably greatest at the 
population or individual level (Figure 4). In most 
aquatic ecosystems, fire is a natural process that 
has been occurring for thousands of years or more, 
and in systems with adequate connectivity and suf
ficient species pool, there is no evidence that fire-

mediated perturbations would result in reduced 
persistence in most groups of organisms. 

Relationship to Anthropogenic Disturbance 

The effects of fire are related to, and are mod
ified by, anthropogenic disturbance. For example, 
during the past century fire suppression has altered 
the fire regime in some vegetation types (especial
ly those areas with naturally high fire frequency, 
i.e., �5/century); subsequently, the probability of 
large stand-replacing fires has increased (Kilgore 
1973; Agee 1993; Huff et al. 1995). Where fire 
suppression has been especially effective, stand 
structure has become more uniform, and fine fuels 
have accumulated (Heinselman 1973; Kilgore 
1981; Agee 1993). Fire suppression, clear-cut log
ging, and livestock grazing have interacted to en
courage increased landscape homogeneity. Re
gional diversity of plants and animals associated 
with habitat complexity may be substantially al
tered (Agee 1993). 

Although fire suppression may have increased 
the probability of stand-replacing fire in some for
est types, influence of climate change and local 
climate anomalies must also be considered. For 
instance, paleoecological data suggest that inter
vals between fires are not static; fire frequency and 
predictability vary continuously through time in 
response to climate change (Cwynar 1987; John
son and Larsen 1991; Swetnam 1993; Millspaugh 
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and Whitlock 1995; Long et al. 1998). Fire is 
strongly affected by landscape-scale features such 
as topography and vegetation pattern, but these 
parameters are most important when burning con
ditions, such as wind and fuel moisture, are not 
excessive. In Yellowstone National Park, the fires 
of 1988 appeared to have been influenced more by 
drought conditions and strong winds during the 
summer than by accumulated fuels; virtually all 
forest age and fuel categories burned (Christensen 
et al. 1989). Fire suppression had little effect dur
ing this event. Interestingly, Brown et al. (1994) 
found that when compared with a recent period 
(1979–1990), stand-replacement fires were 1.9 
times greater in the presettlement period (pre
1935). Additionally, Turner and Romme (1994) 
have suggested that climate is the primary factor 
in the behavior and spread of crown fires. 

Because fire and anthropogenic management ac
tivities are not mutually exclusive, their interaction 
may cause more substantial change in aquatic sys
tems than either would alone. Negative effects of 
logging are also associated with fire suppression 
and postfire salvage logging. Erosion from con
struction of fire lines and roads may be the most 
significant negative effect, but soil exposure and 
compaction effects of machine or tractor piling 
operations substantially increase erosion. Removal 
of woody debris increases the probability of ero
sion and eliminates an important structural com
ponent that leads to recovery of terrestrial and 
aquatic systems. Postfire seeding of annual grasses 
may actually increase runoff and retard natural 
vegetation. In the broadest sense, salvage logging 
can increase habitat homogeneity of the postfire 
landscape and, thereby, significantly alters postfire 
ecological processes. 

In addition, there is substantial evidence that 
anthropogenic activities have led directly to broad-
scale aquatic habitat destruction and the extirpa
tion and extinction of aquatic taxa (Nehlsen et al. 
1991; Rieman et al. 1997b; Thurow et al. 1997). 
Near extinction of beaver Castor canadensis on a 
continental scale over the last two centuries caused 
unidirectional changes in stream hydrology and 
ecology (Naiman et al. 1988). Timber harvest and 
grazing have also had spatially extensive effects 
on aquatic ecosystems in North America (Frissell 
1993; McIntosh et al. 1994; Wissmar et al. 1994). 
Whereas fire is an integral part of terrestrial and 
aquatic ecosystems that promotes landscape and 
habitat heterogeneity (Pickett and White 1985), 
anthropogenic reduction and removal of beaver, 
timber harvest, fire suppression, and livestock 

grazing are not. These human disturbances are 
manifest over broad spatial scales in a short period 
of time (�150 years), and as a result, they have 
promoted homogeneity of terrestrial and aquatic 
ecosystems at all spatial scales (Ebersole et al. 
1997). 

It is apparent, however, that in areas where pop
ulation isolation is low and life history organi
zation is complex, aquatic organisms are adapted 
to even the most destructive effects of fire. Current 
evidence suggests that even in the case of exten
sive, high-severity fires, local extirpation of fishes 
is patchy, and recolonization is rapid. Long-term 
detrimental effects on fish populations have been 
limited to areas where native populations have de
clined and become increasingly isolated as a result 
of anthropogenic activities. These observations 
strongly support a strategy of protecting aquatic 
communities in areas where they have remained 
robust and restoring habitat structure and life his
tory complexity where possible. Because it is un
likely that humans will be able to fireproof forested 
ecosystems, perhaps the most effective means of 
ameliorating the negative consequences of fires on 
aquatic systems is to protect the evolutionary ca
pacity of these systems to respond to disturbance. 

Implication for Future Research 

There are three general implications for future 
research resulting from this review. First, the ef
fects of fire can rarely be isolated from anthro
pogenic activities. Evaluations have frequently 
been conducted on study sites that were also in
fluenced by logging (preburn or postburn), re
seeding, chemical fire retardants, fire lines and oth
er soil disturbance during fire suppression, road 
construction, or other management actions that 
confound interpretation of causal connections. Al
though it may not be possible to control for an
thropogenic influences, it is important to recognize 
their potential influence on study results, and these 
factors should be addressed explicitly in research 
design. Furthermore, these factors should be de
tailed in published accounts so that potential con
founding factors can be identified. This is es
pecially critical in cases where there is evidence 
that current vegetation and fire behavior have been 
altered by past fire suppression activities. 

Second, the spatial scale of studies assessing 
effects of fire has generally been restricted to point 
observations and stream transects, and attempts to 
generalize effects to aquatic habitats at the land
scape or regional scale have been rare. Even recent 
studies that purport to view the effects of fire on 
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a landscape scale have not been statistically or 
conceptually designed to expand interpretation of 
results beyond the sample site. Studies based on 
representative stream reaches have substantial 
shortcomings, and it is important to use more sta
tistically robust methods for expanding results to 
larger spatial scales (e.g., Hankin and Reeves 
1988; Overton et al. 1993). Recent improvements 
in Geographical Information Systems provide ad
ditional tools that are essential to broadening the 
scale of future fire effects research and providing 
needed geographic context for the interpretation 
of results. 

Finally, the temporal scale of aquatic ecosystem 
response to fire has been largely ignored. Although 
vegetation reconstruction from dendrochronolog
ical and paleoecological records provides an ex
tended view of successional trajectories and dom
inant vegetation types, studies that follow long-
term system response of aquatic systems to fire are 
rare. There are a growing number of studies that 
have extended postfire monitoring beyond 5 years, 
but to truly understand the effects of fire across a 
broad geographic area, it will be necessary to ex
pand the temporal extent of future studies. The 
restricted temporal scale of postfire research may 
be especially important in cases where fires are 
extensive and the effects are not uniform, either 
spatially or temporally, across the landscape. 
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