
For permission to copy, contact editing@geosociety.org
© 2006 Geological Society of America

GSA Bulletin; July/August 2006; v. 118; no. 7/8; p. 938–958; doi: 10.1130/B25914.1; 9 fi gures; 4 tables; Data Repository item 2006123.

ABSTRACT

Years of discharge measurements that 
precede and follow the cataclysmic 1980 
eruption of Mount St. Helens, Washington, 
provide an exceptional opportunity to exam-
ine the responses of peak fl ows to abrupt, 
widespread, devastating landscape distur-
bance. Multiple basins surrounding Mount 
St. Helens (300–1300 km2 drainage areas) 
were variously disturbed by: (1) a debris ava-
lanche that buried 60 km2 of valley; (2) a lat-
eral volcanic blast and associated pyroclastic 
fl ow that destroyed 550 km2 of mature forest 
and blanketed the landscape with silt-capped 
lithic tephra; (3) debris fl ows that reamed 
riparian corridors and deposited tens to hun-
dreds of centimeters of gravelly sand on val-
ley fl oors; and (4) a Plinian tephra fall that 
blanketed areas proximal to the volcano with 
up to tens of centimeters of pumiceous silt, 
sand, and gravel. The spatially complex dis-
turbances produced a variety of potentially 
compensating effects that interacted with and 
infl uenced hydrological responses. Changes 
to water transfer on hillslopes and to fl ow 
storage and routing along channels both 
enhanced and retarded runoff. Rapid post-
eruption modifi cations of hillslope surface 
textures, adjustments of channel networks, 
and vegetation recovery, in conjunction with 
the complex nature of the eruptive impacts 
and strong seasonal variability in regional 
climate hindered a consistent or persistent 
shift in peak discharges. Overall, we detected 
a short-lived (5–10 yr) increase in the mag-
nitudes of autumn and winter peak fl ows. In 
general, peak fl ows were larger, and mod-
erate to large fl ows (>Q2 yr) were more sub-
stantively affected than predicted by early 

modeling efforts. Proportional increases in 
the magnitudes of both small and large fl ows 
in basins subject to severe channel distur-
bances, but not in basins subject solely to 
hillslope disturbances, suggest that eruption-
induced modifi cations to fl ow effi ciency along 
alluvial channels that have very mobile beds 
differentially affected fl ows of various mag-
nitudes and likely played a prominent, and 
additional, role affecting the nature of the 
hydrological response.

Keywords: Mount St. Helens, volcano, erup-
tion, streamfl ow, hydrology, landscape distur-
bance, hydrologic response, tephra, landslide, 
debris fl ow, watershed.

INTRODUCTION

Explosive volcanism directly impacts land-
scape hydrology by damaging or destroying 
vegetation and by depositing sediment on hill-
slopes and in river channels. Like other forms 
of landscape disturbances (e.g., forest practices, 
wildfi re, urbanization, mining, agriculture), 
ecological and geomorphic impacts of explo-
sive volcanism can alter key components of 
the hydrological cycle and affect the charac-
ter, magnitude, timing, and duration of runoff. 
Streamfl ow responses to volcanic disturbances, 
however, are not well documented.

The nature and longevity of hydrological 
impacts caused by landscape disturbances, and 
methods for assessing those impacts, are sub-
jects of debate. Scale is a chief infl uence on 
the hydrological response of any basin (Kirkby, 
1988). In small basins, hillslope processes, 
such as infi ltration, percolation, and through-
fl ow (interfl ow), strongly infl uence hydrologi-
cal response because water spends most of its 
time on and within a hillslope. In contrast, 
channel hydraulics and processes greatly affect 
responses of large basins as channel residence 
times become predominant. In small (<1 km2) 
headwater basins subject to forest practices, post-

disturbance discharge peaks can be double pre-
disturbance peaks, and disturbance effects can 
persist for decades (e.g., Jones and Grant, 1996; 
Thomas and Megahan, 1998; Jones, 2000). In 
urbanized basins, fl ood magnitudes can increase 
hundreds of percent (Konrad et al., 2005). There 
is considerable debate, however, whether land-
scape disturbances infl uence the magnitude and 
timing of peak fl ows in large (>100 km2) river 
basins in any consistent manner, or whether 
hydrological perturbations are buffered at that 
scale (e.g., Lyons and Beschta, 1983; Jones 
and Grant, 1996; Thomas and Megahan, 1998; 
Beschta et al., 2000). Principal diffi culties with 
analyses of hydrological responses to landscape 
changes in large basins typically center on two 
themes: (1) land cover and land use commonly 
change more or less continuously over periods 
of decades, so that distinct predisturbance and 
postdisturbance periods cannot be well defi ned, 
and (2) there are seldom true control basins of 
appropriate size against which to compare dis-
turbance effects.

In contrast to the progressive landscape 
changes caused by some disturbances, large, 
explosive volcanic eruptions can cause abrupt 
and widespread landscape modifi cations. For 
example, eruptions of Ilopango caldera (El Sal-
vador) (e.g., Sheets, 2004), Katmai (Novarupta) 
(Alaska, USA) (Martin, 1913; Griggs, 1922), 
Lamington (Papua New Guinea) (Taylor, 1958), 
Bezymianny (Kamchatka, Russia) (Gorshkov, 
1959), Mount St. Helens (Washington, USA) 
(Lipman and Mullineaux, 1981), and Mount 
Pinatubo (Philippines) (Newhall and Punong-
bayan, 1996) all caused instantaneous, wide-
spread (102–103 km2) devastation that radically 
altered landscape geomorphology and ecology. 
These eruptions varied in magnitude and inten-
sity, but each destroyed broad swaths of vegeta-
tion and deposited from 4 to 40 km3 of volcani-
clastic sediment.

The impacts from the cataclysmic 1980 erup-
tion of Mount St. Helens, Washington, provide 
an exceptional opportunity to evaluate the nature 
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and longevity of streamfl ow change caused by 
drastic landscape changes in large (>300 km2) 
basins. First, the eruption reconfi gured hundreds 
of square kilometers of heavily forested land-
scape, deposited great quantities of sediment 
on hillslopes and in channels (Table 1; Lipman 
and Mullineaux, 1981), and radically altered 
hydrological processes in several watersheds 
(e.g., Janda et al., 1984; Collins and Dunne, 
1986; Leavesley et al., 1989). Second, stations 
gauging discharges of water and sediment were 
established along several rivers soon after the 
eruption, and continuous posteruption data were 
gathered at principal stations for at least 14 yr. 
Third, relatively long-term pre-eruption records 
of discharge exist for several of the rivers where 
stations were reestablished. Fourth, the discharge 
from a comparably sized basin near the volcano, 
which was unaffected by the eruption, has been 
gauged continuously since 1930, and that record 
can be used as a control in paired-basin com-
parisons. Fifth, the variety of eruptive impacts 
allows comparisons of responses among basins 
affected by different volcanic processes.

Modeling studies conducted shortly after the 
eruption (Lettenmaier and Burges, 1981; Orwig 
and Mathison, 1982; Datta et al., 1983) concluded 
that runoff peaks and volumes would increase. 
Predicted peak discharges of posteruption unit 
hydrographs were 50% greater and had rise times 
that were ~25% faster than pre-eruption unit 
hydrographs (Orwig and Mathison, 1982), and 
predicted magnitudes of fl oods of given frequen-
cies increased by 20%–60% (Lettenmaier and 
Burges, 1981), with changes greatest for small- 
to moderate-magnitude events. To date, these 
predictions have not been tested rigorously.

Here, we evaluate the nature, seasonality, and 
longevity of the hydrologic responses of large-
basin (300–1300 km2 drainage area) peak fl ows 
to the cataclysmic 1980 eruption of Mount St. 
Helens. We compare discharge responses to ini-
tial modeling predictions, link the responses to 
geomorphic, hydrologic, and ecologic changes 
in the affected basins, and provide new insights 
regarding controls of hydrologic responses 
related to landscape disturbances.

LANDSCAPE DISTURBANCES CAUSED 
BY THE 1980 ERUPTION

The eruption of Mount St. Helens on 18 May 
1980 consisted of an ensemble of volcanic pro-
cesses that reconfi gured the landscapes of sev-
eral watersheds (Lipman and Mullineaux, 1981; 
Table 1). Within minutes to hours of its onset, the 
eruption reconfi gured hundreds of square kilo-
meters through a voluminous debris avalanche, 
a directed volcanic blast, debris fl ows, pyro-
clastic fl ows, and extensive proximal tephra fall 

(Figs. 1–4). The nature and severity of impact in 
a particular basin depended upon the disturbance 
process and proximity to the volcano. Multiple 
processes impacted both hillslopes and channels 
in basins broadly north, east, and within 10 km 
of the volcano, whereas single processes chiefl y 
impacted either hillslopes or channels in basins 
to the west, south, and those beyond 10 km from 
the volcano (Fig. 1; Tables 2 and 3).

The eruption began with a colossal failure of 
the volcano’s north fl ank (Voight, 1981). The 
resulting debris avalanche deposited 2.5 km3 
of poorly sorted rock, soil, ice, and organic 
debris in the upper North Fork Toutle River val-

ley (Figs. 1, 3, and 4A; Glicken, 1998), buried 
60 km2 of the valley to a mean depth of 45 m, 
truncated tributary channels, impounded lakes, 
and disrupted the drainage network (Lehre et al., 
1983; Janda et al., 1984).

A synchronous laterally directed blast and its 
consequent high-mobility pyroclastic fl ow and 
associated fall followed the debris avalanche 
off the volcano, devastated 550 km2 of rug-
ged terrain in a 180° arc north of the volcano 
(Fig. 1), and blanketed the landscape with up to 
1 m of normally graded silt-capped lithic tephra 
(Figs. 2, 4B, and 4C; Hoblitt et al., 1981; Waitt, 
1981). Close to the volcano, the blast fl ow (and 

TABLE 1. CHARACTERISTICS OF DEPOSITS FROM 
THE 18 MAY 1980 MOUNT ST. HELENS ERUPTION

Event Volume of uncompacted deposit
(km3)

Area affected
(km2)

Deposit thickness
(m)

Debris avalanche 2.5 60 10–195
Blast 0.20 550 0.01–1
Debris fl ows 0.05 50 0.1–3
Pyroclastic fl ows 0.3 15 0.25–40
Proximal tephra fall 0.1 1100 >0.01

Note: Data are from Lipman and Mullineaux (1981).
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Figure 1. Distribution of major volcaniclastic deposits of the 1980 Mount St. Helens erup-
tion and location of gauging stations (e.g., Toutle River, TOW). SRS identifi es a sediment 
retention structure. Gauges for Tilton River (TIL), Cispus River (CIS), and East Fork Lewis 
River (EFK) are located 60 km northwest, 40 km northeast, and 45 km southwest of Mount 
St. Helens, respectively (see notes in Table 2).



Major and Mark

940 Geological Society of America Bulletin, July/August 2006

122o30'W 121o20'
46o40'N

46o10'

10 km

Randle

Packwood

Morton

Mount St. Helens

Mount 
Adams

0

0

1

1

510

0

1

1

5

10

20

Green River

  S. Fork Toutle R.

  N. Fork Toutle R.

Cisp
u

s 
R.

Cowlit
z R

.

Figure 2. Isopach maps of 18 May 1980 blast deposit, including fall facies (solid lines), and proximal Plinian tephra fall (dashed lines); val-
ues are in centimeters. Map was modifi ed from Waitt and Dzurisin (1981).
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Figure 3. High-altitude vertical aerial photographs of Mount St. Helens. Note Spirit Lake in the upper-right quadrant of each photograph 
for reference. (A) 1975. (B) 19 June 1980.
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debris avalanche) stripped vegetation and soil 
from the landscape. Locally, blast deposits on 
slopes remobilized spontaneously and gener-
ated secondary pyroclastic fl ows that deposited 
channel fi ll as thick as 10 m (Hoblitt et al., 1981; 
Brantley and Waitt, 1988). With increasing dis-
tance from the volcano, the blast fl ow toppled 
but did not remove trees (Fig. 4C; cf. Plate 1 
in Lipman and Mullineaux, 1981). In basins of 
the Green River and upper Clearwater Creek 
(Fig. 1), the blast fl ow devastated hillslopes, but 

had relatively little impact on stream channels 
aside from locally toppling mature trees into 
channels (e.g., Lisle, 1995).

Extensive debris fl ows swept all major chan-
nels draining the volcano and deposited tens to 
hundreds of centimeters of gravelly sand on val-
ley fl oors and fl oodplains. The destructive (108 
m3) North Fork Toutle River debris fl ow (Janda 
et al., 1981; Fairchild, 1987) traveled at least 
100 km along the North Fork Toutle, Toutle, 
and Cowlitz Rivers (Fig. 1). On the volcano’s 

 western, southern, and eastern fl anks, large but 
less voluminous (to 107 m3) debris fl ows traveled 
up to tens of kilometers (Janda et al., 1981; Fink 
et al., 1981; Pierson, 1985; Major and Voight, 
1986; Fairchild, 1987; Scott, 1988; Waitt, 1989). 
Notably large fl ows swept the channels of the 
South Fork Toutle and Muddy Rivers (Fig. 1). 
Overall, the debris fl ows reamed riparian corri-
dors, straightened and smoothed river channels 
(Fig. 4F), and transformed them from sinuous, 
gravel-bedded, pool-riffl e systems to stream-
lined, sand-bedded systems (e.g., Janda et al., 
1981, 1984; Pierson, 1985; Scott, 1988; Major 
et al., 2005; Swanson et al., 2005).

Fall from a billowing (Plinian) eruption col-
umn, which developed shortly after the onset 
of the eruption, blanketed proximal areas east-
northeast of the volcano with gravelly to silty 
pumice fall as thick as tens of centimeters (Waitt 
and Dzurisin, 1981; Fig. 2); it also generated 
pumiceous pyroclastic fl ows that accumulated 
locally on the surface of the debris-avalanche 
deposit (Figs. 1 and 4E). Close to the volcano, 
tephra fall and pyroclastic fl ows augmented 
deposition on an already devastated landscape, 
but beyond 15 km east of the volcano, accu-
mulations of tephra fall caused the primary 
disturbances in many watersheds (e.g., Cispus 
River basin; Tables 2 and 3; Figs. 2 and 4D; 
Sarna-Wojcicki et al., 1981; Waitt and Dzuri-
sin, 1981). Tephra fall greater than ~5 cm thick 
signifi cantly damaged forest understory (Antos 
and Zobel, 2005).

Deposits from several smaller eruptions in 
1980 augmented the disturbances caused by the 
18 May 1980 eruption. Eruptions from May to 
October 1980 deposited thick pyroclastic fi ll 
on the surface of the debris-avalanche deposit 
and veneers of tephra in neighboring water-
sheds (Rowley et al., 1981; Sarna-Wojcicki et 
al., 1981). However, these eruptions deposited 
sediment prior to the onset of the wet season. 
Thus, from a hydrological perspective, we con-
sider the multiple 1980 eruptions as a single 
event. Minor eruptions from 1980 through 1986 
caused a few snowmelt-induced debris fl ows 
and sediment-laden fl oods (Waitt et al., 1983; 
Pierson and Waitt, 1999; Pringle and Cameron, 
1999), but those events had little signifi cant 
landscape impact.

HYDROLOGICAL IMPACTS OF THE 
VOLCANIC DISTURBANCES

Explosive volcanism at Mount St. Helens 
caused ecological and geophysical perturbations 
that radically altered the landscape hydrology. 
The 1980 eruption destroyed mature forest over 
hundreds of square kilometers, broadly depos-
ited tephra having a nearly impervious surface 

C D

A B

E F
Figure 4. Landscape disturbances caused by the 1980 Mount St. Helens eruption. (A) Hum-
mocky debris-avalanche deposit in upper North Fork Toutle River valley, June 1980. Field 
of view is ~4 km across. Photograph by H. Glicken. (B) Tephra-mantled hillslope within 
blow-down zone of lateral blast (cf. Fig. 1). Stumps are ~0.5 m wide. Photograph by U.S. 
Geological Survey (USGS), 1980. (C) Tephra-mantled hillslope within blow-down zone of 
lateral blast and thick valley fi ll in upper Smith Creek (cf. Fig. 1). Note person in circle for 
scale. Photograph by Lyn Topinka, USGS, 24 September 1980. (D) Tephra-mantled land-
scape east of volcano beyond zone of lateral blast, summer 1980. The tree trunks are ~0.5 m 
across. Photograph courtesy of Joe Antos, University of Victoria. (E) Pyroclastic fl ow depos-
its mantling debris-avalanche deposit in upper North Fork Toutle River valley. Individual 
fl ow lobes are ~30–50 m across. Photograph by Lyn Topinka, USGS, 30 September 1980. 
(F) Lower Toutle River valley, transformed from cobble-bedded channel to smooth, sand-
bedded channel by large debris fl ow. Field of view is ~80 m across. Photograph by Lyn 
Topinka, USGS, 6 July 1980.
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TABLE 3. HYDROLOGICAL EFFECTS OF VOLCANIC DISTURBANCE PROCESSES

Disturbance process Primary 
disturbance zone†

Basin Basin
area disturbed

(%)

Deposit
Thickness

(m)

Hydrological effect

Debris avalanche C NF Toutle 15§ 10–195 Channel blockage; temporary impoundment of surface/
subsurface fl ow

Blast pyroclastic fl ow
(vegetation damage; local 

removal of soil; tephra 
deposition by blast cloud)

H (C) NF Toutle
SF Toutle

Green
Muddy

59§

6
53
28

0.5–1
0.01–0.2
0.01–0.5
0.01–1

Increased throughfall; reduced infi ltration; reduced 
evapotranspiration; transient expansion of drainage 
density due to greater precipitation throughfall and 
increased runoff; rapid stabilization of drainage density 
within 2 yr of eruption; local channel aggradation

Debris fl ows C NF Toutle
SF Toutle

Muddy
Toutle

2§

5
5
3

0.1–3 Channel aggradation; hydraulic smoothing; simplifi cation 
of channel form and structure

Pumiceous pyroclastic fl ows C NF Toutle 2§ 0.25–40 Little additional impact beyond that of debris avalanche

Plinian tephra fall
(>1 cm thick)

H Muddy
Cispus

Speelyai

62
87#

100‡

0.2
≤0.1

0.005

Reduced infi ltration; transient expansion of drainage 
density due to greater precipitation throughfall and 
increased runoff; rapid stabilization of drainage density 
within 2 yr of eruption

Note: See Table 2 for basin characteristics.
†C—main channel; H—hillslope and headwater areas.
§Percentages are normalized to the area of only the North Fork Toutle River valley (~400 km2). The basin area shown in Table 2 is the drainage area above the 

gauging station, which includes the North Fork Toutle valley and the Green River valley.
#Includes deposit of 18 May 1980 blast fall found beyond the boundary of the 1 cm Plinian fall isopach.
‡Affected by fall from eruptions on 25 May 1980 (0.003 m) and 12 June 1980 (0.002 m).

TABLE 2. DRAINAGE BASIN CHARACTERISTICS FOR GAUGING STATIONS AT MOUNT ST. HELENS

Station Station
number

Record period
(Water year)†

Basin area
(km2)‡

Primary 
disturbance zone§

Disturbance# Basin
area disturbed

(%)

Disturbed basins

Toutle River (TOW)†† 14242580 1930–present 1285 C DA, B, DF, T, PF 37
North Fork Toutle (KID) 14240500 1931–1933 320

14241100 1981–1994 735 H,C DA, B, DF, T, PF 60
South Fork Toutle (SFT)‡‡ 14241500 1940–1957 310

1981–present 300/310 C,(H) B, DF 11
Green River (GRE) 14241000 1947–1950 340

1981–1994 335 H B, T 53
Muddy River (MUD)§§ 14216500 1950–1973 340

1982–present 350 H,C B, DF, T 67
Speelyai Creek (SPE) 14219800 1960–present 33 H T 100
Cispus River (CIS) 14232500 1930–1996 830 H T 87

14231900 1997–present 650

Undisturbed basins

Coweman River (COW)## 14245000 1951–1984 308 Undisturbed 0
Tilton River (TIL)††† 14236200 1942–present 365 Undisturbed 0

Control basin

East Fork Lewis (EFK) 14222500 1930–present 325 Undisturbed 0

†Of the gauges currently in operation, only the record through water year 2000 was examined.
‡Upstream of gauge location.
§C—channel; H—hillslope.
#DA—debris avalanche; B—directed blast; DF—debris fl ow; T—tephra fall; PF—pyroclastic fl ow. 
††Prior to 1980, the station was located near Silver Lake and had a drainage area of 1230 km2. Data collection at TOW began 

in March 1981. In this analysis, we combine data collected in water years 1980 and 1981 at Highway 99 bridge, a temporary 
station (THW) located 9 km farther downstream, which has a drainage area of 1325 km2, with that of TOW. There are no 
signifi cant tributary inputs to the Toutle River between TOW and THW; thus, discharges measured at these two stations are 
considered to be equivalent. Posteruption drainage areas changed with time, however, as various lakes in the North Fork Toutle 
River valley eventually discharged water. Until July 1981, 103 km2 of the upstream drainage area was noncontributing; from July 
1981 to November 1982, 54 km2 was noncontributing. After November 1982, the drainage area shown contributed to discharge.

‡‡The posteruption gauge for SFT was moved 4 km downstream following fl ood damage in 1996. The 1981–1996 gauge had 
a contributing area of 300 km2; the new gauge has a contributing area of 310 km2.

§§The posteruption gauge station was moved from above Clear Creek to below Clear Creek in 1984, which added an 
additional 134 km2 of drainage area. The basin area shown is for the gauge below Clear Creek.

##This basin, west of Mount St. Helens, was unaffected by the eruption, but its short posteruption period of record precluded 
using it as the control basin. We used its record as a check on the veracity of an eruption-induced signal detected in the 
disturbed basins.

†††This basin was also unaffected by the 1980 eruption. The gauge is located 60 km northwest of Mount St. Helens, and we 
used its record as another check on the veracity of an eruption-induced signal detected in the disturbed basins.
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over more than 1000 km2, and greatly altered the 
character of major channels that drained the vol-
cano (Tables 1 and 3; Figs. 1 and 4). Infi ltration 
capacities of slopes ravaged by the lateral blast 
were reduced from ~75–100 mm h–1, typical of 
forested soils in the Cascade Range (Johnson 
and Beschta, 1980; Leavesley et al., 1989), to as 
little as 2 mm h–1 (Fiksdal, 1981; Leavesley et 
al., 1989). One year after the eruption, spatially 
averaged and plot-specifi c infi ltration capacities 
within this disturbance zone remained <10 mm 
h–1 (Fiksdal, 1981; Swanson et al., 1983; 
Leavesley et al., 1989). After nearly 20 yr, plot-
specifi c infi ltration capacities remain 3–5 times 
lower than predisturbance capacities (Major 
and Yamakoshi, 2005). Infi ltration capacities of 
proximal tephra-covered forest lands beyond the 
blast-affected area were not measured, but likely 
were signifi cantly reduced. Antos and Zobel 
(1997, 2005) noted that even though tephra that 
fell through live canopy mixed with tree needles 
and became coated with litter, it had an impervi-
ous surface crust. Infi ltration rates of 5–15 mm 
h–1 characterized fi ne distal tephra fall on agri-

cultural land in eastern Washington for months 
after the eruption (e.g., Cook et al., 1981).

The volcanic impacts modifi ed the typical 
modes of landscape water transfer (Fig. 5) and 
altered hillslope hydrology in the most heavily 
affected basins. Normally, hillslope storage and 
subsurface fl ow are the dominant components 
of forest hydrology in the Pacifi c Northwest. 
Vegetation loss and greatly reduced infi ltration 
radically modifi ed the amount of precipitation 
reaching the surface, the evaporative and infi l-
tration losses, hillslope storage, subsurface fl ow, 
and the dynamics of snow accumulation and 
melt, which directed substantially more rain-
fall and snow melt to overland fl ow (cf. Fig. 5). 
However, enhanced depression storage owing to 
accumulations of downed trees and tephra-sur-
face irregularities partly counteracted landscape 
changes that enhanced runoff.

Channel changes had variable hydrological 
impacts. Straightening and smoothing of chan-
nels by debris fl ows enhanced fl ow effi ciency by 
reducing hydraulic roughness. In contrast, dis-
ruption of the upper North Fork Toutle River val-

ley by the debris-avalanche deposit temporarily 
diminished channel fl ow. The debris-avalanche 
deposit blocked several channels tributary to the 
North Fork Toutle River (Janda et al., 1984), and 
because of its irregular surface of hummocks and 
closed depressions (Glicken, 1998), it disrupted 
through-going fl ow. Drainage development on 
the debris-avalanche deposit began shortly after 
emplacement when ponds that formed in depres-
sions on the deposit breached (Janda et al., 1984). 
Channel development was augmented in several 
ways: by breakouts of lakes impounded adjacent 
to the avalanche deposit, by controlled releases 
from the largest lakes impounded along the 
deposit margin, by pumping water from Spirit 
Lake (cf. Fig. 1) across the deposit surface, by 
meltwater fl oods and debris fl ows issuing from 
the crater, and by runoff erosion (Dunne and 
Leopold, 1981; Rosenfeld and Beach, 1983; 
Janda et al., 1984; Paine et al., 1987; Simon, 
1999). Lakes and ponds that formed adjacent 
to and on the surface of the deposit trapped and 
slowly released local runoff. It took nearly 3 yr 
to fully integrate a new drainage network across 
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magnitude of water transfer. In the posteruption diagram, note the loss of canopy interception, the greater amount of precipitation reach-
ing the ground surface, reduced evapotranspiration, the reduction of surface infi ltration, and more prominent overland fl ow. Also note the 
hypothesized changes in subsurface water transfer (adapted from Solomon and Cordery, 1984).
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the deposit (Meyer, 1995; Simon, 1999), and 
much of that integration was accomplished by 
artifi cial means (Janda et al., 1984). Obliteration 
of the drainage network in the upper North Fork 
Toutle River valley partly counteracted other 
landscape changes that enhanced surface runoff. 
As of 2006, some lakes and ponds continue to 
trap runoff.

CLIMATE SETTING

The Mount St. Helens area is characterized 
by cool, wet winters and warm, dry summers 
(Fig. 6). Mean annual precipitation at Spirit 
Lake (elevation 977 m) (Fig. 2) was 2092 mm 
from 1933 through 1944 (U.S. Weather Bureau, 
1932–1946), most of which fell from Septem-
ber through May (Fig. 6A). At a lower elevation 
(200 m) south of the volcano, mean annual pre-
cipitation at Peterson’s Ranch near Cougar from 
1953 through 2004 was 2923 mm (Washington 
Climate Summaries, 2004). Below ~600 m 
elevation, precipitation falls mainly as rain. Sea-
sonal snowpack accumulates above 1000 m ele-
vation, and above 1200 m elevation, snowpack 
of more than 3 m is common and can persist into 
July (Fig. 6B; Swanson et al., 2005). Elevations 
between 200 m and 1000 m are within the tran-
sient snow zone and are subject to rain-on-snow 
events that can trigger major fl ooding (Harr, 
1981; Marks et al., 1998). Much of the proxi-
mally disturbed landscape, exclusive of channels, 
lies above 750 m elevation. Mean temperature 
at Spirit Lake in January is about −1.5 °C and 
in July is ~15 °C; at Peterson’s Ranch, respec-
tive mean temperatures are 3.2 °C and 18.8 °C 
(U.S. Weather Bureau, 1932–1946; Washington 
Climate Summaries, 2004; Fig. 6A). Soils are 
wettest from December through May and dri-
est in August and September (Fig. 6C). The sea-
sonal hydrograph (Fig. 6D–E) is driven largely 
by prolonged, low-intensity autumn and winter 
rainfall augmented by spring melt of high-ele-
vation snowpack; the greatest discharges occur 
when rains fall on thick snowpacks.

Climate patterns in the Pacifi c Northwest 
produced cyclic decadal-scale periods of wet-
ter- and drier-than-average conditions for much 
of the twentieth century (Mantua et al., 1997; 
Biondi et al., 2001; Fig. 7A). Higher-frequency 
fl uctuations, driven chiefl y by El Niño–South-
ern Oscillation, punctuated each multidecadal 
period (e.g., McCabe and Dettinger, 1999). 
Relatively dry conditions characteristic of the 
1980s were followed in the mid to late 1990s by 
wetter-than-average conditions (Fig. 7A). From 
1995 to 2000, mean annual streamfl ow from 
basins near Mount St. Helens was ~40% to 50% 
greater than that during the period 1980–1994 
(Fig. 7B). The long-term cyclic hydrologic 

 patterns and shorter-term, higher-frequency 
fl uctuations affected fl ows from the disturbed 
basins as well as the control basin. The paired-
basin analysis used in this study minimized the 
infl uences of these climate patterns on our com-
parative fl ow analyses.

HYPOTHESIZED HYDROLOGICAL 
RESPONSES TO THE 1980 ERUPTION

We hypothesize that ecological and geophysi-
cal impacts of the 1980 eruption caused distinct 
seasonal responses of peak fl ows at Mount St. 
Helens. In autumn (October–December)1, soil 
moisture and air temperature are optimal for 
transpiration by conifers (Jones, 2000), vegeta-
tion water use is moderate (but declining), pre-
cipitation is plentiful, and snow accumulation 
generally is modest (Fig. 6A–C). Vegetation loss 

1We defi ne seasons by dividing the water year, 
which runs from 1 October through 30 September, 
into equal quarters. All of our temporal data refer to 
water years.

Figure 6. Regional climate and hydrology near Mount St. Helens. (A) Average monthly pre-
cipitation and temperature at Spirit Lake (elev. 977 m; 1932–1946; dashed lines) and Peter-
son’s Ranch (elev. 200 m; 1953–2004; solid lines). (B) Average monthly snowfall and snow 
depth at Spirit Lake (1932–1946). (C) Average daily soil moisture in upper 0.3 m of soil pro-
fi le in old-growth forest in Mount St. Helens region (2003–2005) (Wind River Canopy Crane 
Research Facility, 2005), and total water use from upper 2 m of soil profi le, which serves as 
a proxy for evapotranspiration (from Warren et al., 2005). (D) Seasonal distribution of pre-
eruption mean daily discharge along the lower Toutle River (1910–1979). (E) Seasonal dis-
tribution of posteruption mean daily discharge along the lower Toutle River (1981–2000).
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caused by the 1980 eruption increased precipi-
tation throughfall, modifi ed snow accumulation, 
distribution, and melt, and reduced seasonal 
transpiration. These factors alone can result in 
increased autumn runoff magnitudes and vol-
umes (e.g., Jones, 2000; cf. Fig. 5). In addition, 
the meager infi ltration capacity of the mantle of 
tephra fall led to atypically abundant overland 
fl ow from hillslopes that had predisturbance 
substrates characterized by heavily forested, 
highly permeable gravelly and sandy loams 
(e.g., Collins and Dunne, 1986). Enhanced 
overland fl ow would augment the infl uences of 
reduced transpiration and increased throughfall, 
and direct greater quantities of water to channels 
more rapidly than usual. Enhanced depression 
storage owing to accumulations of downed trees 
and tephra-surface irregularities could have 
modulated surface runoff, however. Neverthe-
less, we expect autumn storm fl ows to exhibit 
fl ashier hydrographs and have enhanced peaks 
that rise more rapidly.

Winter (January–March) is characterized by 
abundant precipitation, substantial snow accu-
mulation at high elevations, and limited tran-
spiration by vegetation (Fig. 6A–C). During 
winter, soils are at their wettest and typically 
have little capacity to store water. Thus, loss of 
 transpiration should have a small effect on win-
ter runoff, but enhanced throughfall and over-
land fl ow (within the transient snow zone) would 
augment seasonally high runoff. Modifi ed snow 
accumulation, distribution, and melt resulting 
from vegetation loss would likely affect snow-
pack moisture storage and infl uence runoff. 
Such modifi cations would especially affect the 
dynamics of water release during rain-on-snow 
events. We expect winter storm fl ows to exhibit 
enhanced and more rapidly rising peaks, but to a 
lesser extent than expected for autumn fl ows.

In spring (April–June), air temperature is con-
ducive to transpiration by conifers, precipitation 
is modest and declining, and accumulated snow 
is melting (Fig. 6A–C). However, because soils 
typically are wet (Fig. 6C), the amount of mois-
ture transpired is small relative to the amount in 
storage (Jones, 2000). Thus, reduced transpira-
tion owing to vegetation loss has less effect on 
spring runoff than autumn runoff. Reduced infi l-
tration and accelerated snow melt would enhance 
overland fl ow, which would enhance the magni-
tude and rise of spring fl ows. We expect spring 
fl ows to exhibit peaks that are enhanced, but to a 
lesser extent than autumn fl ows.

Summer (July–September) peak fl ows are 
associated primarily with localized storm cells 
or transient large storms. Although transpira-
tion is normally at its seasonal peak in sum-
mer (Fig. 6C), reduced transpiration owing to 
vegetation loss likely has little effect on run-

off, owing to the normally low soil moisture 
(Fig. 6C). Lack of recharge during winter and 
spring owing to more abundant overland fl ow 
would further depress soil moisture and reduce 
the subsurface fl ow contribution to summer 
runoff. Enhanced overland fl ow across tephra 
deposits may enhance small fl ows, but in gen-
eral, summer peak fl ows probably would be the 
least affected by the ecological and geophysical 
changes caused by the eruption.

Eruption-induced channel perturbations as 
well as modifi cations to hillslope hydrology 
likely affected peak fl ows. Denlinger et al. (2001) 
showed that channel form and structure are pri-
mary factors that affect fl ood stage, velocity, 
and power. Modifi cations of channel form and 
resistance at Mount St. Helens at least temporar-
ily altered peak fl ow movement along disturbed 
channels. In several channels, diminished sinu-
osity, removal of large woody debris, and aggra-
dation modifi ed channel form and structure (loss 
of channel bars, pools, riffl es; Fig. 4F), which 
reduced channel form, bed form, and grain (skin 
friction) roughness. Drastically reduced rough-
ness, combined with abnormally high sediment 
concentrations (Dinehart et al., 1981; Dinehart, 
1985; Major, 2004), likely permitted peak fl ows 
to travel rapidly with little attenuation.

METHODOLOGY

We used linear regression analyses of paired-
basin responses to evaluate the styles, magni-
tudes, and durations of peak fl ow responses to 
the 1980 eruption. Paired-basin comparisons, in 
which one basin serves as a control, are used to 
evaluate hydrological responses to disturbance 
because they eliminate infl uences of climate 
trend on hydrological signals (cf. Fig. 7A–B). 
Paired basins in proximity are assumed to 
receive consistently distributed seasonal precip-
itation and to be affected equally by long-term 
increases or decreases in precipitation. Unlike 
areally restricted convective storm cells that 
commonly affect more continental climates in 
the United States, broad frontal systems affect-
ing tens to hundreds of thousands of square kilo-
meters are typical of the maritime climate of the 
Pacifi c Northwest during the wet season, when 
most peak fl ows occur.

Paired-basin analyses require a control basin 
to which the responses of altered basins can be 
compared. An ideal control basin is unaffected 
by deliberate anthropogenic impacts or other 
disturbances that might disproportionately 
infl uence runoff; it is a basin in which runoff is 
governed solely by hydrological processes in 

Figure 7. (A) Time series of cumulative sums of annual deviations from long-term mean fl ow 
of the lower Toutle River near Silver Lake and East Fork Lewis River near Heisson, and from 
long-term precipitation at Longview (cf. Fig. 1; after Hurst, 1951). The vertical dashed line 
indicates 1980 eruption of Mount St. Helens. A downward trend denotes periods of drier-
than-average conditions; an upward trend denotes periods of wetter-than-average conditions. 
(B) Time series of normalized posteruption mean annual discharges for rivers at Mount St. 
Helens (from Major, 2004). See Figure 1 for gauging station locations (e.g., TOW).
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an  undisturbed state. Control basins in experi-
mental forests are preserved for this purpose, 
but they commonly have small drainage areas 
(~0.1–1 km2) (e.g., Swank and Crossley, 1988; 
Jones and Grant, 1996; Hornbeck et al., 1997; 
Jones and Swanson, 2001). Few large basins 
are undisturbed, which complicates their utility 
as controls.

An ideal control basin near Mount St. Helens 
does not exist, but a reasonable proxy is the East 
Fork Lewis River basin, south of Mount St. Hel-
ens. The basin centroid is ~45 km southwest of 
the volcano, and the river fl ows unregulated from 
its headwaters to its outlet. The basin has a drain-
age area of ~560 km2; ~325 km2 lie upstream of 
the gauging station (EFK) near Heisson, Wash-
ington, which has operated continuously since 
1930 (Table 2). The basin was unaffected by 
the 18 May 1980 eruption, but was dusted by 
trivial amounts of tephra fall (<0.002 m of fi ne 
to very fi ne sand) during subsequent eruptions 
in late May and June 1980 (Waitt et al., 1981). 
The basin below the gauging station is com-
posed of rural residential and agricultural areas. 
Upstream, however, it lies within the heavily 
forested foothills of the Cascade Range; <2% of 
that area has been developed, and large propor-
tions of the headwater basin lie within roadless 
areas. Development upstream of the gauging 
station centers chiefl y around the small rural 
town of Yacolt, Washington (as of 2000, the 
town had an area of 1.3 km2 and a population of 
1055; U.S. Census Bureau, 2000).

Although development above the gauging 
station has been minimal, the basin has been 
affected by natural and anthropogenic distur-
bances. A massive wildfi re in 1902, the Yacolt 
Burn, scorched ~1000 km2 in the Cascade Range 
foothills (e.g., Colee, 1942). About 70% of the 
East Fork Lewis River basin above Heisson was 
burned. Severe stand-replacing fi res also burned 
appreciable areas within the basin in 1927 (Rock 
Creek Fire), 1929 (Dole Fire), and 1952 (U.S. 
Forest Service, 1995). Hydrologic impacts of 
wildfi res, even severe wildfi res, are typically 
short-lived, however (e.g., Moody and Martin, 
2001; Pierson et al., 2001; Cannon and Gart-
ner, 2005), and by the time the gauging station 
started operating continuously in 1930, much of 
the hydrologic impact of the Yacolt, Rock Creek, 
and Dole burns had probably diminished.

Temporal changes in anthropogenic distur-
bance are more diffi cult to identify and quan-
tify. Although the upper watershed above Heis-
son is generally undeveloped, it contains large 
public and private holdings actively managed 
for timber production (U.S. Forest Service, 
1995). Recent analyses of Landsat imagery 
show, however, that there has been minimal 
stand replacement in the basin—either by log-

ging or fi re—from 1972 through 2000 (Sean 
Healy, 2005, personal commun.); aside from 
minor patches of stand-replacement harvests, 
land cover across the bulk of the basin above 
the gauge remained unchanged over that period. 
Runoff variations in the East Fork Lewis River 
basin owing to natural and anthropogenic dis-
turbances contribute to the scatter in our paired-
data comparisons and could have modulated 
response signals associated with the Mount St. 
Helens eruption, but overall the basin provided 
a robust control.

Hydrographs of substantive peak fl ows were 
extracted manually from original strip charts or 
digital records of river stage from 463 gauge-
years of record (Table 2). To qualify as a substan-
tive peak, the start of the hydrograph had to dis-
play a minimum rate of stage change of 1.5 cm 
h–1, and the stage had to rise by a minimum of 
10 cm. These criteria allowed us to pick distinct 
events and eliminate gradual fl uctuations in 
seasonal base fl ow. If a storm generated a com-
pound hydrograph, we extracted each peak if it 
met these criteria, otherwise we extracted only 
the maximum peak. Our descriptive parameters 
of a hydrograph included starting stage, peak 
stage, and the times of the start and peak of the 
hydrograph. Owing to complexities of defi ni-
tion, we did not defi ne an end to a hydrograph. 
Therefore, we did not determine volumes of 
storm runoff, nor could we separate the relative 
contributions of storm fl ow and base fl ow. Peak 
stages meeting the screening criteria were con-
verted to discharge using stage-discharge rating 
curves, with appropriate rating shifts, if noted.

Peak fl ows from the East Fork Lewis River 
were matched against those from nine gauges in 
regional basins near Mount St. Helens (Fig. 1; 
Tables 2 and 3), including fi ve gauges from 
basins severely disturbed by the eruption (lower 
Toutle River, North and South Forks of the 
Toutle River, Green River, Muddy River), two 
basins affected by minor to moderate tephra 
fall (0.005–0.10 m) (Speelyai Creek, Cispus 
River) (Waitt and Dzurisin, 1981; Waitt et al., 
1981), and two basins essentially unaffected by 
the eruption (Coweman River, Tilton River). 
The Coweman and Tilton River basins locally 
received trivial dustings of tephra fall from 
eruptions in the summer of 1980 (Coweman: 
<0.002–0.005 m, 25 May; Tilton: <0.002 m, 
7 August) (Sarna-Wojcicki et al., 1981; Waitt 
et al., 1981). We matched discharges from the 
Coweman and Tilton Rivers with those of the 
East Fork Lewis River (i.e., matches between 
undisturbed basins) as a way to check the verac-
ity of any eruption-induced signals detected 
in the disturbed basins. Matched peaks were 
assumed to register the same storm, and we con-
sidered discharges matched if they peaked within 

12 h of each other. Overall, 68% (±8%) of the 
matched discharges peaked within 4 h, and 82% 
(±4%) peaked within 6 h, of each other.

We performed simple linear regression analy-
ses of logarithms of unit-area peak discharges 
derived from matched seasonal discharges 
divided into pre- and posteruption periods. 
Most gauges used in this study had relatively 
long pre-eruption records (18–50 yr); how-
ever, two gauges (North Fork Toutle River and 
Green River) had only short (4 yr) pre-eruption 
records (Table 2). Posteruption data were subdi-
vided into ~5 yr intervals to examine potential 
temporal evolution of peak fl ows. This interval 
was long enough to include a suffi cient popula-
tion of events to provide a meaningful analysis, 
yet short enough to examine fi ne-scale temporal 
variations. Unit-area discharges were used to 
remove the effects of variations in station loca-
tions over time (Table 2). Natural logarithms of 
unit-area discharges more closely met regres-
sion assumptions about normality and variance 
than did untransformed values (e.g., Helsel and 
Hirsch, 1992). We tested our data for normality 
and constant variance and found most temporal 
groupings met those criteria. For those that did 
not, we tried other transformations. We found, 
however, that logarithmic transformation pro-
vided the most uniformly distributed residuals. 
For a few groupings, we had to accept that dis-
charges were not distributed normally, or that 
variances were not constant.

We compared pre- and posteruption regres-
sion models and tested the null hypothesis 
that they were coincident versus an alternative 
hypothesis that they were not coincident. We 
used a nested F-test to compare the regression 
models (Weisberg, 1985; Helsel and Hirsch, 
1992), and applied Bonferroni’s multiple com-
parison procedure (e.g., Thomas and Megahan, 
1998) to maintain an overall signifi cance level 
of α = 0.05. Bonferroni’s adjustment is a very 
conservative way of maintaining an overall 
signifi cance level when conducting multiple 
comparisons. It is guaranteed to yield an overall 
level of type I error (rejecting the null hypoth-
esis when it is true) that is less than or equal 
to α. However, it may yield an error level that 
is much less than α (D. Helsel, 2004, personal 
commun.), which increases the possibility of 
making a type II error—failing to reject the null 
hypothesis when it is not true. Our analyses are 
therefore very conservative and may not have 
detected all signifi cant differences between pre- 
and posteruption peak fl ows.

To evaluate relative differences between 
pre- and posteruption discharges in the dis-
turbed basins, we retransformed logarithms of 
unit-area discharges predicted by the regres-
sion models into original units and compared 
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 differences between discharges at benchmark 
fl ow magnitudes in the control basin. Duan’s 
smearing procedure (e.g., Helsel and Hirsch, 
1992) was used to correct for bias in the retrans-
formation process. Bias corrections ranged from 
4% to 26%; the median correction was 6.4%. 
Mean annual fl ow (Q

mean
) and 1-, 2-, 5-, and 

10-yr recurrence interval fl oods (Q
1 yr

, Q
2 yr

, Q
5 yr

, 
Q

10 yr
) in the control basin (Sumioka et al., 1998; 

D.L. Kresch, 2004, personal commun.) were 
selected as the benchmark discharges for which 
we determined relative changes in the disturbed 
basins. We selected these fl ow frequencies as 
evaluation benchmarks because they bracketed 
most of the posteruption peaks and they pro-
vided categorical discharges that usefully eluci-
dated the distribution of the magnitudes of the 
matched discharges. In the following analyses, 
we restrict our discussions to discharges within 
these bounds.

RESULTS

Discharge Peaks

Eruption-induced landscape changes gen-
erally amplifi ed peak fl ows from severely 
disturbed basins, whereas pre- and posterup-
tion peak fl ows from basins unaffected by the 
eruption were not signifi cantly different. How-
ever, peak fl ow responses to the eruption were 
complex, relatively short-lived, and they varied 
with respect to the nature of volcanic distur-
bance, season, discharge magnitude, and time 
since the eruption.

Response to Style of Volcanic Disturbance
Hydrological responses to the volcanically 

induced landscape disturbances were strongest 
from basins in which both hillslope hydrology 
and channel hydraulics were altered, and weak-
est from basins affected only by moderate to 
minor tephra fall. Comparisons of regression 
models show that posteruption peaks exceeded 
pre-eruption peaks for at least 5 yr in the follow-
ing areas: in the North Fork Toutle River basin 
(KID; Fig. 1), which was affected by the large 
debris avalanche, a voluminous debris fl ow, and 
the devastating volcanic blast; in the South Fork 
Toutle (SFT) and Muddy (MUD) River basins, 
the headwaters of which were affected by the vol-
canic blast and channels of which were affected 
by large debris fl ows; in the Green River (GRE) 
basin, where the volcanic blast razed hundreds 
of square kilometers of forest and deposited 
several centimeters of tephra fall; and along the 
lower Toutle River (TOW), which amalgamated 
the responses from several basins (Tables DR1, 
DR2 and Fig. DR12; Figs. 1 and 8). After ~5 yr, 
the response signals from those basins were 

largely attenuated. In basins affected only by 
minor to moderate Plinian tephra fall (Speelyai 
Creek [SPE] and Cispus River [CIS]), differ-
ences between pre- and posteruption regression 
models are not signifi cant (with an exception 
noted in the following discussion; Table DR2, 
Fig. DR2 [see footnote 2]; Fig. 8). Furthermore, 
pre- and posteruption regression models for 
basins unaffected by the 1980 eruption are not 
signifi cantly different, a fi nding that bolsters the 
signifi cance of the results from basins severely 
impacted by the eruption.

Seasonal Response and Temporal Variation
Amplifi ed peak fl ows from the heavily 

impacted basins occurred predominantly in 
autumn (Oct.–Dec.) (Table DR2; Fig. 8A–D), 
and they persisted chiefl y through 1984. In 
the Toutle River and North Fork Toutle River 
basins (Fig. 1), however, amplifi ed autumn 
peak fl ows persisted longer, through 1989 on 
the Toutle River and 1987 on the North Fork 
Toutle River (Table DR2; Fig. 8B). Winter 
peak fl ows were also amplifi ed on Toutle River 
and North Fork Toutle River through 1984 
(Table DR2; Fig. 8E), whereas they gener-
ally remained unchanged elsewhere. Locally 
peculiar amplifi cations of autumn and winter 
peaks, which may not be related to eruption-
induced landscape changes, were detected on 
South Fork Toutle River and Speelyai Creek 
in the 1990s (Table DR2; Figs. 1, 8C, 8D, 
8G, and 8H). In contrast to the wet-season 
responses, posteruption spring peaks on the 
Toutle River were generally depressed through 
1984 (Table DR2; Fig. DR2A–D), whereas 
they remained unchanged in other basins 
(Table DR2; Fig. DR2A–D). Within the con-
fi nes of our limited data, posteruption sum-
mer peaks remained unchanged in all basins 
(Table DR2; Fig. DR2E–I).

Response by Flow Magnitude
Small and large autumn peak fl ows from 

all heavily disturbed basins were amplifi ed by 
several percent to many tens of percent through 
1984 (Table 4; Fig. 8A–D); from 1985 through 
1989, autumn fl ows were amplifi ed to a lesser 
extent on the Toutle River (Table 4; Fig. 8B), 
and from 1985 through 1987, moderate to 
large autumn fl ows were depressed relative to 

smaller fl ows on the North Fork Toutle River 
(Table 4; Fig. 8B).

Although the peak fl ow responses to the 
eruption were distinctly seasonal, the nature 
of the responses varied with fl ow magnitude. 
In some basins (Toutle River, South Fork Tou-
tle River, Muddy River), both small and large 
autumn peaks (predicted by regression models) 
were amplifi ed nearly proportionately (Table 4; 
Fig. 8A), whereas in others (North Fork Toutle 
River, Green River), small to moderate peaks 
were amplifi ed disproportionately relative to 
large peaks (Table 4; Fig. 8A–B).

Winter peaks were amplifi ed less than 
autumn peaks. Small and large winter peaks on 
the Toutle River and North Fork Toutle River 
exceeded pre-eruption peaks by a few tens of 
percent through 1984 (Table 4; Fig. 8E). On 
the Toutle River, both small and large winter 
peaks (predicted by regression models) were 
amplifi ed nearly proportionately, whereas small 
winter peaks were amplifi ed more on the North 
Fork Toutle River (Table 4). Winter peaks were 
also amplifi ed by a few tens of percent in the 
1990s on the South Fork Toutle River (Table 4; 
Fig. 8G–H), but there was no consistent rela-
tionship between small and large fl ows.

Spring peaks were generally unchanged by 
the eruption. On the Toutle River, however, small 
(<Q

1 yr
) spring peaks were depressed through 

1984, whereas predicted large peaks (matched 
to control-basin discharges Q

2 yr
 to Q

10 yr
) were 

amplifi ed by a few to several tens of percent 
(Table 4; Fig. DR2A, see footnote 2). Overall, 
seasonal peak fl ows from basins affected by 
both severe channel and hillslope disturbances 
increased in magnitude more than did those 
from a basin (Green River) subjected solely 
to severe hillslope disturbance. Peaks on Tou-
tle River, North Fork Toutle River, South Fork 
Toutle River, and Muddy River (Fig. 1; Table 4) 
matched to control-basin fl ows ≥Q

1 yr
 increased 

7%–150%, whereas those on the Green River 
increased ~20%–30%.

The variations in discharges among differ-
ent basins, seasons, and fl ow magnitudes show 
that the hydrological response to the Mount St. 
Helens eruption was complex and inconsistent, 
and they also suggest that changes to channel 
hydraulics, and not just to hillslope hydrology, 
played a prominent role in the hydrological 
response.

Hydrograph Rise Times

In several disturbed basins, hydrographs 
over a range of peak fl ows, but chiefl y those 
matched with control-basin fl ows smaller than 
Q

2 yr
, displayed median values of rise times that 

were accelerated or retarded by tens of percent 

2GSA Data Repository item 2006123, Tables DR1–
DR4 providing summaries of statistical analyses, and 
Figures DR1 and DR2 showing plots comparing sea-
sonally undifferentiated and spring and summer peak 
fl ows, respectively, is available on the Web at http://
www.geosociety.org/pubs/ft2006.htm. Requests may 
also be sent to editing@geosociety.org. 
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relative to pre-eruption hydrographs. In the 
1980s, seasonally undifferentiated posteruption 
hydrographs on Toutle River, North Fork Toutle 
River, Muddy River, and Green River (Fig. 1; 
Table DR3, see footnote 2) generally rose more 
rapidly than did pre-eruption hydrographs. After 
1990, discharges on Toutle River, North Fork 
Toutle River, and Muddy River typically rose 
more slowly than did pre-eruption discharges. 
Such trends, however, were not universal among 
the disturbed basins (Table DR3). On the South 
Fork Toutle River (Fig. 1), for example, post-
eruption hydrographs ubiquitously rose more 
slowly than did pre-eruption hydrographs, 
whereas on the Green River (Fig. 1) discharges 
typically rose more rapidly. Rise times of post-
1980 hydrographs from less severely disturbed 
basins (Speelyai Creek, Cispus River; Fig. 1) 
remained unchanged or rose more slowly than 
did pre-eruption hydrographs (Table DR3).

Undifferentiated hydrographs for basins 
unaffected by the 1980 eruption also displayed 
median values of rise times that were acceler-
ated or retarded by tens of percent relative to 
pre-1980 hydrographs. In the East Fork Lewis 
River basin (the control basin) (Fig. 1; Table 2), 
post-1980 hydrographs of small- and moderate-
sized peak fl ows (<Q

2 yr
) rose more slowly than 

did pre-1980 hydrographs. In contrast, 1980s 
hydrographs of similarly sized fl ows on Cowe-
man River and Tilton River (Fig. 1; Table 2) rose 
more rapidly than did pre-1980 hydrographs, 
similar to behavior documented in several basins 
disturbed by the eruption (Table DR3). Relative 
changes in post-1980 hydrograph rise times in 
basins unaffected by the eruption were, how-
ever, generally less than those in the disturbed 
basins (Table DR3).

Seasonal posteruption hydrographs also 
exhibited accelerated and retarded rise times. 
In several basins (Toutle River, North Fork 
Toutle River, Green River, Muddy River, 
but not South Fork Toutle River; cf. Fig. 1), 
chiefl y moderate-magnitude (Q

mean
< Q < Q

2 yr
) 

autumn and winter peaks rose more rapidly in 
the 1980s than did corresponding pre-eruption 
peaks (Table DR4, see footnote 2; Fig. 9). After 
1990, seasonal peak fl ows rose more slowly 
than did pre-eruption peaks or they remained 
unchanged (Table DR4; Fig. 9). Posteruption 
rise times of seasonal fl ows in less-disturbed 
basins (Speelyai Creek, Cispus River) remained 
mostly unchanged or rose more slowly than 
pre-eruption fl ows (Table DR4; Fig. 9).

Seasonal fl ows in basins unaffected by the 
eruption likewise displayed accelerated or 
retarded rise times. Rise times of posteruption 
seasonal hydrographs on the East Fork Lewis 
River were typically retarded, whereas those 
on Coweman River and Tilton River remained 

unchanged or were somewhat accelerated 
(Table DR4; Fig. 9). Again, relative changes in 
rise times of posteruption seasonal hydrographs 
in these basins were generally less than those in 
basins heavily disturbed (Table DR4).

In general, differences among rise times 
between pre- and posteruption hydrographs 
are most prominent for autumn and winter 
peaks smaller than the 2 yr fl ood. Some signal 
is apparent in winter fl ows larger than the 2 yr 
fl ood on the Toutle River between 1980 and 
1984 (Table DR4). Overall, however, posterup-
tion rise times of fl ows larger than the 2 yr fl ood 
remained unchanged regardless of the nature of 
the disturbance (Tables DR3 and DR4).

DISCUSSION

Comparison of Predicted versus Measured 
Discharge Response

Hydrological models predicted that posterup-
tion peak fl ows would be larger, rise faster, and 
occur more frequently than pre-eruption peak 
fl ows. Predicted peaks of posteruption unit 
hydrographs were 50% greater and rose ~25% 
faster than those of pre-eruption unit hydro-
graphs (Orwig and Mathison, 1982). Predicted 
responses also varied with discharge magni-
tude, with changes greatest for small- to mod-

erate-magnitude fl ows; the predicted 2 yr fl ood 
on the Toutle River increased as much as 60%, 
whereas the 50 yr fl ood increased as much as 
25% (Lettenmaier and Burges, 1981). In con-
trast, Datta et al. (1983) predicted little response 
of daily discharges during periods of high fl ow 
(Oct.–Mar.) and depressed daily discharges dur-
ing summer.

The predicted responses refl ect various con-
ceptual reasonings of the effects of volcanic 
disturbances on hillslope hydrology. In general, 
the various models assume an increase in areal 
distribution of impervious landscape (a proxy 
for reduced infi ltration loss) resulting from 
tephra deposition. This assumption steered 
more precipitation to overland fl ow rather than 
to soil-moisture storage and more modulated 
throughfl ow, and the redirected runoff chiefl y 
affected responses of small and moderate 
fl ows. Lettenmaier and Burges (1981) reasoned 
that prolonged or intense storms that generated 
large fl ows typically occurred during the wet 
season when pre-eruption soils were wet, had 
little storage capacity, and were rapidly respon-
sive. At those times, even before the eruption, 
more precipitation was also directed to satura-
tion overland fl ow or very shallow through-
fl ow than to soil-moisture storage. Thus, an 
increased impervious area had only modest 
effect on the modeled response to large storms, 

TABLE 4. RELATIVE CHANGES BETWEEN SEASONAL PRE- AND 
POSTERUPTION UNIT-AREA DISCHARGES AT MOUNT ST. HELENS THAT 

CORRESPOND TO VARIOUS FREQUENCY FLOWS IN THE EAST FORK LEWIS 
RIVER CONTROL BASIN

Basin Period Qmean Q1 yr Q2 yr Q5 yr Q10 yr

(%)

Toutle River (TOW)

Oct–Dec 1980–1984 68 66 65 64 64
1985–1989 26 19 15 13 12

Jan–Mar 1980–1984 30 31 32 32 32
Apr–Jun 1980–1984 –26 20 67 87 98

North Fork Toutle (KID)

Oct–Dec 1980–1984 230 90 30 15 7
1985–1987 142 37 –7 –18 –24

Jan–Mar 1980–1984 68 62 59 58 57

South Fork Toutle (SFT)

Oct–Dec 1981–1984 62 58 56 55 54
1995–2000 3 24 40 46 50

Jan–Mar 1990–1994 10 42 68 78 84
1995–2000 35 21 12 9 7

Muddy River (MUD)

Oct–Dec 1981–1984 151 149 148 147 146

Green River (GRE)

Oct–Dec 1980–1984 38 28 21 19 18

Speelyai Creek (SPE)

Oct–Dec 1990–1994 –15 25 64 79 87

Note: Percentages have been rounded to the nearest whole number.
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and hence a modest effect on large peak fl ows. 
In contrast, less-intense storms that generated 
small to moderate fl ows were assumed to be 
more typical of times when evapotranspiration 
was active and pre-eruption soils had greater 
storage capacity. At those times, precipitation 
and snow melt contributed chiefl y to soil-mois-
ture recharge and more modulated throughfl ow. 
Under those conditions an increased impervi-
ous area had a greater effect on the modeled 
response of small to moderate peak fl ows. In 
another model (Datta et al., 1983), enhanced 
depression storage caused by downed trees and 
tephra-surface irregularities offset the effects 
of reduced infi ltration. In that model, the com-
petition between enhanced runoff and greater 
surface storage modulated the modeled wet-
season response. Furthermore, surface storage 
inhibited soil-moisture recharge, reduced base 
fl ow, and consequently depressed modeled 
dry-season discharge. Implicitly, these mod-
els predicted substantially increased small to 
moderate peak fl ows in autumn, moderately 
increased peak fl ows in winter and spring, and 
depressed fl ow in summer.

Actual peak fl ow responses to the 1980 
eruption were transient, strongly seasonal, and 
inconsistent with respect to fl ow magnitude. In 
heavily disturbed basins closest to the volcano, 
mean values of autumn peak fl ows increased by 
a few to several tens of percent for ~5 yr, and 
for nearly a decade on North Fork Toutle River 
and Toutle River. Mean values of winter peak 
fl ow at these locations also increased by tens of 
percent for ~5 yr. In some basins (Toutle River, 
Muddy River, South Fork Toutle River; Fig. 1; 
Table 4), mean values of seasonal peak fl ows 
over a range of magnitudes increased roughly 
proportionately through 1984. Elsewhere, or 
at other times, seasonal small fl ows increased 
disproportionately compared to large fl ows 
(North Fork Toutle River, Green River; Fig. 1; 
Table 4), and some even decreased relative to 
large fl ows (Toutle River; Table 4). After 1984, 
changes in peak fl ows were more subdued and 
less consistent.

The documented longer-term hydrological 
patterns generally refl ect responses to evolving, 
posteruptive landscape adjustments. Discharges 
measured on the North Fork Toutle River after 

1988 (Figs. 8C and 8G), however, followed con-
struction upstream of a large sediment-reten-
tion structure (Fig. 1). Although that structure 
was designed to trap sediment but pass water, 
it clipped peak fl ows and affected large fl ows 
more than small fl ows. In the 1990s, mean val-
ues of autumn and winter peaks on the South 
Fork Toutle River and Speelyai Creek increased 
some tens of percent (Figs. 8C, 8D, 8G, and 8H), 
but they did not exhibit a consistent response 
between small and large fl ows. Those apparent 
changes may have refl ected the infl uences of 
renewed logging and other land uses rather than 
responses to eruptive disturbance.

The transiently enhanced mean values of 
peak fl ows documented here (Table 4) are 
consistent with the predicted increases of unit-
hydrograph peaks, although the extraordinarily 
enhanced small autumn fl ows on the North 
Fork Toutle River through 1987 and the more 
broadly enhanced autumn fl ows on the Muddy 
River through 1984 greatly exceeded predicted 
changes. However, the proportionately increased 
mean values of both small and large autumn 
fl ows on Toutle River, Muddy River, and South 

Figure 9. Bar plots showing 
seasons and time periods when 
posteruption hydrograph rise 
times were faster or slower than 
corresponding pre-eruption 
hydrograph rise times. Only 
periods exhibiting signifi cant 
differences are shown. Nega-
tive bars (below central line) 
indicate faster posteruption 
rise times; positive bars (above 
central line) indicate slower 
posteruption rise times. Qmean 
represents mean annual fl ow; 
Q2 yr represents the 2 yr fl ood 
discharge (cf. Table DR4, see 
text footnote 2). See Figure 1 
for gauging station locations 
(e.g., TOW).



Major and Mark

954 Geological Society of America Bulletin, July/August 2006

Fork Toutle River, and of winter fl ows on Toutle 
River and North Fork Toutle River contrast with 
predicted disproportionate increases of small 
to moderate fl ows. In general, only the dispro-
portionately increased small autumn fl ows on 
the Green River, where disturbances chiefl y 
affected hillslope hydrology, on the North Fork 
Toutle River, below a zone of complex hillslope 
and channel disturbances, and on the Toutle 
River from 1985 through 1989 were consistent 
with predicted responses by fl ow sizes.

Another way of evaluating the posteruption 
hydrological response is to estimate the change 
in magnitude of a fl ow of a given frequency. 
Flood-frequency estimates made on the basis of 
analyses of annual maximum discharges through 
1979 (pre-eruption) (Williams and Pearson, 
1985) and updated through 1996 (posteruption) 
(Sumioka et al., 1998; D.L. Kresch, 2004, per-
sonal commun.) indicate substantial changes in 
fl ood-frequency relations in basins disturbed by 
the eruption, but the changes are contrary to pre-
dictions. Updated fl ood-frequency analyses sug-
gest that large fl ows have experienced the great-
est change. In the Toutle, South Fork Toutle, and 
Muddy River basins, the 2 yr fl ood increased 
<6%, the 50 yr fl ood increased 15%–40%, and 
the 100 yr fl ood increased 20%–45% (data are 
insuffi cient to estimate pre-1980 fl ood-fre-
quency relations for the North Fork Toutle River 
and Green River). In basins less affected by the 
eruption (Speelyai Creek and Cispus River), 
only those discharges on the Cispus River larger 
than or equal to the 25 yr fl ood changed by more 
than 10%. In basins unaffected by the eruption 
(Coweman River, Tilton River, East Fork Lewis 
River), magnitudes of fl oods as large as the 
100 yr event remained unchanged or changed 
by less than 10%. Some changes in the updated 
fl ood-frequency relations simply refl ect analy-
ses of longer time series and not disturbances 
caused by the 1980 eruption. However, the esti-
mated magnitudes of change of the large fl ows 
in the disturbed basins cannot be explained 
simply as time-series artifacts. Those magni-
tudes of change, when compared to changes in 
basins little affected or unaffected by the erup-
tion, clearly refl ect hydrological responses to 
the eruption. Our analyses of an extensive set of 
discharges rather than annual maximum fl ows, 
however, show that the hydrological responses 
were more complex than suggested by a simple 
comparison of pre- and posteruption fl ood-fre-
quency relations.

In several disturbed basins, hydrographs dur-
ing the 1980s rose more rapidly than predicted. 
Posteruption unit hydrographs were predicted 
to rise ~25% more rapidly than pre-eruption 
unit hydrographs (Orwig and Mathison, 1982). 
Instead, on all but the South Fork Toutle River, 

median values of rise times of peak fl ows 
smaller than Q

2 yr
 were as much as 60% faster 

than pre-eruption peaks, and those of discharges 
larger than Q

2 yr
 were locally as much as 80% 

faster (Tables DR3, DR4, see footnote 2). The 
geomorphic signifi cance of these changes in rise 
times is clouded, however, by similar changes 
in some basins unaffected by the eruption (e.g., 
Tilton River; Tables DR3, DR4). It is probable 
that the faster rise times of posteruption hydro-
graphs at Mount St. Helens are related to hydro-
logic and geomorphic changes caused by erup-
tive disturbance, as a strong signal shows up in 
multiple basins. However, the data are insuffi -
ciently compelling to draw a fi rm conclusion.

Transient but Inconsistent Responses of 
Peak Flows

The 1980 eruption of Mount St. Helens 
caused a widespread, transformative landscape 
disturbance, yet the peak fl ow responses from 
affected basins were transient and inconsistent. 
Part of the response transience can be attrib-
uted to the sizes of upstream drainage areas (all 
but one in excess of 300 km2) relative to the 
nature and percentage of basin disturbance (cf. 
Tables 2 and 3). To some degree, the spatial dis-
tributions of the disturbances, the generally high 
elevations of the most intensely disturbed zones 
(typically within or near the snow accumulation 
zones in basin headwaters), and the capacity of 
large watersheds to modulate peak fl ows had an 
effect on hydrological responses.

The nature and pace of secondary landscape 
modifi cations (e.g., Swanson and Major, 2005), 
however, exerted the greatest infl uence on the 
evolution of peak fl ow responses. Tephra-sur-
face modifi cations by erosional, biogenic, and 
cryogenic processes rapidly modulated post-
1980 infi ltration characteristics, even in the 
absence of deliberate, mechanical land-man-
agement practices or extensive regrowth (e.g., 
Collins and Dunne, 1988; Major and Yama-
koshi, 2005); hence, surface runoff was swiftly 
reduced (e.g., Swanson et al., 1983; Collins and 
Dunne, 1988; Leavesley et al., 1989; Major 
and Yamakoshi, 2005). Leavesley et al. (1989) 
noted signifi cant surface coarsening within one 
year of the eruption. By 1981, surfaces on the 
blast deposit had coarsened from sandy silt 
to sandy loam, and infi ltration capacities had 
increased roughly twofold. Dramatic surface 
coarsening also occurred east of the volcano in 
areas where a thin mantle of fi ne tephra draped 
pumice gravel (Swanson et al., 1983). In both 
areas, surface textures coarsened in the absence 
of signifi cant revegetation. By 1982, introduced 
and native vegetation broadly covered slopes 
in the Green River basin (Collins and Dunne, 

1988), although vegetation recovery was slower 
elsewhere (e.g., Lawrence, 2005). Vegetation 
development, especially grasses, rapidly modi-
fi ed soil structure and increased infi ltration (e.g., 
Hino et al., 1987). Within 2 yr after the eruption, 
hillslope water transfer was signifi cantly modi-
fi ed, and overland fl ow had been substantially 
reduced (e.g., Collins and Dunne, 1986; Swan-
son and Major, 2005).

Rates of stabilization varied greatly among 
channels affected by the debris avalanche and 
debris fl ows, but dramatic adjustments, and 
consequent extraordinary sediment transport, 
declined sharply within a few years of the erup-
tion (Martinson et al., 1984; Meyer et al., 1986; 
Meyer and Martinson, 1989; Simon, 1999; 
Major et al., 2000; Hardison, 2000). Channel 
locations and geometries changed most rap-
idly through 1981 as channels incised and wid-
ened. Within 5 yr, dramatic channel changes 
were largely complete, although some reaches 
exhibited progressive longer-term change 
(D.R. Saunders, 2005, personal commun.). In 
general, channels across the debris-avalanche 
deposit widened hundreds of meters and incised 
tens of meters, and those affected by debris 
fl ows rapidly widened by tens of meters and 
incised up to ten meters (Meyer and Martinson, 
1989). Since the 1980 eruption, channel beds 
have coarsened considerably. Immediately after 
the eruption, median (d

50
) bed-material sizes in 

the Toutle River basin were largely coarse sand 
(0.5–1 mm diameter) (Simon, 1999). Within 
2 yr of the eruption, median bed-material sizes 
in most basins had coarsened by a factor of two 
or more to very coarse sand, and within a decade 
had coarsened by two orders of magnitude to 
fi ne gravel (Simon, 1999). As channels widened 
and beds coarsened, fl ow resistance increased 
substantially. Discharge peaks diminished rap-
idly owing to increased fl ow resistance, relative 
channel stabilization, and reduced runoff.

The inconsistent nature of responses of sea-
sonal peak fl ows among basins and different 
time periods refl ects data limitations as well as 
physical modifi cations to the landscape. The 
nature of the responses detected using paired-
basin regression analysis was infl uenced by the 
predominance of small to moderate peaks that 
populate the data set. In nearly all of the basins 
analyzed, regression models through 1994 were 
driven chiefl y by fl ows paired with control-basin 
discharges smaller than Q

2 yr
, and predominantly 

by those paired with discharges smaller than Q
1 yr

 
(Fig. 8). From 1995 through 2000, a period of 
wetter-than-average conditions in the Pacifi c 
Northwest, during which regional fl oods of 
record occurred, peaks that paired with control-
basin fl ows larger than Q

1 yr
 exerted a stronger 

infl uence on the regression models.  Furthermore, 
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in the North Fork Toutle and Green River basins, 
pre-eruption data span a limited period (cf. 
Table 2), and consequent regression models may 
not be truly representative of mean pre-eruption 
conditions. Likewise, matched pairs of spring 
and summer peaks were relatively rare compared 
to those of autumn and winter peaks, making it 
diffi cult to detect signifi cant peak fl ow responses 
in spring and summer.

The inconsistent seasonal responses among 
basins and various time periods suggest that 
peak fl ows responded to more than just per-
turbed hillslope hydrology. Conceptual and 
numerical models discussed previously indicate 
that increased throughfall, reduced infi ltration, 
reduced evapotranspiration, altered depression 
storage, and modifi ed accumulation and melt of 
snowpack (cf. Fig. 5) are most likely to enhance 
small to moderate autumn peak fl ows, and less 
likely to substantially affect large winter peaks. 
The predominance of responses by small to 
moderate autumn and some winter peak fl ows 
is consistent with geophysical and ecological 
disturbances that modifi ed precipitation losses 
on hillslopes and directed greater quantities 
of runoff more rapidly to channels (cf. Fig. 5). 
However, the relatively large increases in 
autumn and winter peak fl ows that paired with 
control-basin discharges larger than Q

2 yr
 are not 

as readily explained by simple perturbations to 
hillslope hydrology. Larger peak fl ows of those 
magnitudes require mechanisms that dispropor-
tionately enhance large fl ows, or, alternatively, 
mechanisms that exert a proportionately greater 
resistance on small fl ows relative to large fl ows. 
Although it is diffi cult, or perhaps impossible, to 
completely disentangle the effects of perturba-
tions to hillslope hydrology from altered chan-
nel hydraulics on the hydrological responses, 
we propose that the spatial extent of the erup-
tion-induced channel disturbances, the nature 
and pace of secondary channel modifi cations, 
and associated changes in channel hydraulics 
can partly explain the inconsistencies among 
discharge responses and the proportionate 
increases of both small and large peak fl ows 
observed on Toutle River, South Fork Toutle 
River, and Muddy River.

Infl uence of Channel Changes and 
Sediment Transport on Peak Discharges

There are two basic ways to increase fl ow 
magnitude: direct greater quantities of runoff 
more rapidly from hillslopes into channels, or 
increase channel effi ciency. If channel effi ciency 
and sediment transport did not affect peak dis-
charges, then posteruption peak fl ows would 
have been routed along channels in a manner 
similar to pre-eruption fl ows regardless of mag-

nitude. Hence, changes only to hillslope runoff 
would have caused differences between pre- and 
posteruption discharges, which we and others 
argue would have disproportionately affected 
small to moderate fl ows. We propose that pro-
portionately increased mean values of both 
large and small peak fl ows resulted chiefl y from 
changes in channel effi ciency and enhanced 
sediment transport, which differentially affected 
fl ows of various magnitudes.

Peak fl ow can be spatially enhanced by reduc-
ing valley storage or increasing channel effi -
ciency in addition to modifying runoff. Valley 
storage occurs when a fl ood spills over bank. If 
a fl ow remains confi ned, valley storage is mini-
mized and peak discharge is enhanced. Reduc-
ing valley storage disproportionately affects 
large fl ows, because small fl ows are normally 
confi ned.

Changes in valley storage likely had little 
effect on posteruption peak fl ows. Across 
the debris-avalanche deposit and along chan-
nels affected by large debris fl ows, channel 
responses followed complex cycles of incision, 
widening, and aggradation (Meyer and Mar-
tinson, 1989). Initially, the North Fork Toutle 
River incised the debris-avalanche deposit and 
maintained a constant width-to-depth ratio 
during the fi rst year after the 18 May erup-
tion. This incision was followed by substantial 
channel widening and bed aggradation, then 
further widening with little net change in bed 
elevation. Along channels affected by debris 
fl ows, steep upstream reaches were incised 
and widened during the fi rst year after the 
eruption, then principally aggraded, whereas 
gentle downstream reaches were aggraded and 
widened, and later became incised. Changes in 
posteruption channel geometries thus varied 
considerably with the nature of disturbance 
and position along a valley. In general, any dis-
charge enhancements that resulted from chan-
nel incision and minimization of valley storage 
were short-lived.

Discharge also can be enhanced by increasing 
channel effi ciency, accomplished by reducing 
fl ow resistance. Flow resistance can be reduced 
by smoothing the channel bed, thereby reducing 
the skin friction of stationary particles. Along 
the Toutle, South Fork Toutle, lower North Fork 
Toutle, and Muddy Rivers, the passage of large 
debris fl ows straightened and smoothed chan-
nels, and changed them from sinuous, cobble-
bedded, pool-riffl e systems to streamlined, 
sand-bedded systems (Janda et al., 1984). But 
radically reducing skin friction affects transit 
of both large and small fl ows; other forms of 
enhancing channel effi ciency must affect chiefl y 
large fl ows if our hypothesis has merit. Flow 
resistance also can be reduced by minimizing 

channel sinuosity and form drag, and greatly 
increasing sediment transport.

Channel straightening affects large fl ows 
more than small fl ows. Even with reduced chan-
nel sinuosity, small peak fl ows typically follow 
sinuous paths infl uenced by the presence of bed 
forms that they cannot mobilize. This is espe-
cially true under the braid-like conditions that 
commonly develop in channels severely dis-
turbed by eruptions (cf. Fig. 4F; e.g., Hayes et 
al., 2002; Gran and Montgomery, 2005). Hence, 
skin friction, form drag, and in-channel sinuos-
ity offer resistance to small fl ows even in highly 
disturbed systems. In contrast, larger discharges 
moving along alluvial channels that have 
extremely mobile beds have the ability to mobi-
lize bed forms and to follow more streamlined 
fl ow paths, especially in heavily sediment-laden, 
volcanically disturbed systems (e.g., Montgom-
ery et al., 1999; Hayes et al., 2002; Gran and 
Montgomery, 2005).

Large sediment loads can affect fl ow resis-
tance in multiple ways. Elevated loads of sus-
pended sediment can partly damp turbulence 
and decrease fl ow resistance (e.g., Vanoni, 1946; 
Dinehart, 1987). Hydraulic roughness, however, 
exerts more infl uence on fl ow resistance than 
does suspended-sediment transport (Pitlick, 
1992). Bed-material grain size (skin friction), 
bed forms (form drag), and channel form, all of 
which are greatly infl uenced by the quantity and 
caliber of bedload transport, affect hydraulic 
roughness. Under lower- and upper-stage plane-
bed conditions (e.g., Middleton and Southard, 
1984), the bulk of fl ow resistance is provided by 
grain roughness and channel form (e.g., Simons 
et al., 1965; Denlinger et al., 2001), and under 
intense bedload transport, the grain-size distri-
butions of bedload and bed material are simi-
lar (e.g., Pitlick, 1992). Because smaller dis-
charges have shallower fl ow depths than larger 
discharges, the length scale of grain rough-
ness affects a greater proportion of the depth 
of smaller discharges than larger discharges. 
Therefore, under plane-bed conditions, larger 
fl ows “feel” disproportionately less frictional 
resistance than smaller fl ows. If bed sediment 
is mobilized into plane-bed conditions, com-
mon in sediment-laden volcanically disturbed 
systems (e.g., Montgomery et al., 1999; Gran 
and Montgomery, 2005), larger discharges are 
disproportionately less affected by skin friction 
and form drag than smaller discharges. In con-
trast, if high rates of bedload transport develop 
signifi cant bed forms rather than plane-bed con-
ditions, resistance can greatly increase as fl ows 
become depth-limited with respect to bed-form 
amplitude (Pitlick, 1992).

A combination of greater discharges, 
smoother and straighter channels, and effi cient 
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sediment transport commonly produced upper-
stage and plane-bed conditions in channels dur-
ing the fi rst several years after the 1980 erup-
tion (e.g., Dinehart, 1992). Repetitive formation 
and dissipation of breaking waves (antidunes to 
plane bed) and extraordinary sediment transport 
during large-magnitude (Q > Q

2 yr
) fl oods (Ham-

mond, 1989; Dinehart, 1998; Childers, 1999; 
Major, 2004) in severely disturbed channels 
attest to extraordinary bed mobility and the pre-
dominance of grain roughness over form drag 
under such discharges (e.g., Simons et al., 1965). 
In contrast, a disproportionate increase in mag-
nitudes of small to moderate fl ows in the Green 
River basin is consistent with a lack of signifi -
cant channel disturbance. Complex disturbance, 
transient surface-water storage, gradual network 
reintegration, and a short pre-eruption discharge 
record make it diffi cult to interpret the signifi -
cance of the peak fl ow response pattern on the 
North Fork Toutle River.

Comparison of Discharge Responses at 
Mount St. Helens with Other Disturbances

Although the eruption of Mount St. Helens 
triggered a broad hydrological response, some 
explosive eruptions trigger little response. For 
example, Strombolian eruptions, especially at 
cinder cones in dry climates, can deposit tephra 
fall that is suffi ciently coarse grained such that 
no appreciable runoff occurs until enough eolian 
dust accumulates in the soil over hundreds to 
thousands of years and reduces infi ltration (J.D. 
Pelletier, 2006, personal commun.). Explosive 
Plinian eruptions, such as at Mount St. Helens, 
however, commonly damage or destroy vegeta-
tion and deposit a few to several millimeters of 
fi ne, silty tephra, either of which can drasti-
cally alter surface hydrology. Thus, ecological 
impact, tephra-surface texture, and climate are 
important factors that infl uence posteruption 
hydrological responses.

Streamfl ow responses to the 1980 Mount St. 
Helens eruption are broadly similar to responses 
to other forms of landscape disturbances. Peak 
fl ows affected by forest and agricultural prac-
tices, wildfi res, mining, and urbanization typi-
cally are fl ashier and have larger peaks than 
pre-disturbance peak fl ows, and the increased 
discharges are most pronounced for small, fre-
quent fl ows (e.g., Guebert and Gardner, 1992; 
Jones and Grant, 1996; Jones, 2000; Bowling 
et al., 2000; Moody and Martin, 2001; Knox, 
2001; Konrad et al., 2005; Iroumé et al., 2006). 
Streamfl ow responses to forest practices in small 
(up to a few km2) watersheds can persist for 
decades, whereas responses to wildfi re typically 
are transient (a few years) (e.g., Cannon and 
Gartner, 2005). At Mount St. Helens, peak fl ow 

responses in the Green River basin, which was 
subject chiefl y to hillslope disturbance, closely 
match responses characteristic of many other 
forms of landscape disturbances. Such a result 
is not unexpected, because many of those other 
disturbances chiefl y affect hillslope hydrology.

Peak fl ow responses from watersheds sub-
jected to severe channel, as well as hillslope, 
disturbance at Mount St. Helens differ from 
responses to other forms of disturbances. The 
approximately proportionate increases of both 
small and large peak discharges on Toutle River, 
South Fork Toutle River, and Muddy River have 
no apparent analog, of which we are aware, in 
response to perturbations chiefl y to hillslope 
hydrology. For that reason, we have proposed 
that the responses of those basins likely refl ect 
the infl uences of channel modifi cations and 
extraordinary sediment transport. A chief dif-
ference between the volcanically induced dis-
turbances at Mount St. Helens and other distur-
bances elsewhere is the extent to which major 
channels were signifi cantly modifi ed. Distur-
bances caused by mining can add signifi cant 
amounts of sediment to channels, but the spatial 
extents of channel disturbances by mining typi-
cally are less than those at Mount St. Helens. 
Given the nature and spatial extents of the chan-
nel modifi cations at Mount St. Helens relative 
to the sizes of the basins, it seems highly prob-
able that primary and secondary modifi cations 
to channel hydraulics played a prominent role in 
the hydrological responses.

CONCLUSIONS

Landscape disturbances by the cataclysmic 
1980 eruption of Mount St. Helens induced 
a widespread, but transient, hydrological 
response. Posteruption peak fl ows from basins 
heavily impacted by the eruption typically had 
larger magnitudes and generally rose more rap-
idly than pre-eruption peak fl ows. However, 
peak fl ow responses were distinctly seasonal 
and short-lived; at the basin-scales examined 
(300–1300 km2 drainage areas), the landscape 
disturbances caused by the eruption principally 
affected autumn and winter peaks for a period 
of ~5 yr. In the most heavily disturbed basins, 
a distinct response lasted as long as a decade. 
In general, magnitudes of the affected seasonal 
fl ows were greater, rise times faster, and large 
fl ows more substantively affected than predicted 
by early modeling efforts.

The strongly seasonal and transient responses 
to the eruption were driven chiefl y by modi-
fi cations to hillslope hydrology. Vegetation 
loss allowed more precipitation to reach the 
land surface, reduced transpiration, and likely 
altered seasonal soil moisture; tephra  deposition 

greatly reduced surface infi ltration. These 
changes radically altered hillslope hydrology 
and changed it from a regime of meager surface 
runoff to one that was transiently dominated by 
overland fl ow.

In addition to the signal imparted by the 
perturbations to hillslope hydrology, we con-
clude that modifi cations to channel effi ciency 
imparted a clear imprint on discharge responses. 
Channel changes caused chiefl y by massive 
sediment deposition altered the manner in 
which runoff moved downstream. In particular, 
channel smoothing, straightening, and enhanced 
sediment transport allowed development of 
upper-regime fl ow conditions that signifi cantly 
reduced fl ow resistance. Variations in channel 
geometry and fl ow resistance, related to modi-
fi cations of alluvial channels with very mobile 
beds, differentially affected fl ows of various 
magnitudes and likely played a prominent, and 
additional, role that further affected the hydro-
logical response.

The Mount St. Helens landscape has proven 
to be extraordinarily hydrologically resilient. 
Rapid modifi cations of surface infi ltration, 
owing principally to physical rather than bio-
genic effects, widening and stabilization of 
channel geometries, and coarsening of channel 
beds reduced runoff, increased fl ow resistance 
along channels, and swiftly diminished the mag-
nitudes of posteruption peak fl ows, leading to an 
unexpectedly rapid hydrological recovery from 
the devastating landscape disturbances caused 
by the eruption.

ACKNOWLEDGMENTS

Several people provided critical assistance to this 
study. Kurt Spicer, Tom Hale, Dennis Saunders, 
Jo Miller, Luis Fusté, Rich Holloway, and Mark 
Weitz assisted with data acquisition and processing; 
Gretchen Moore, Cole Kingsbury, Ana Schroen, and 
Leanne Riley helped compile and reduce raw stage 
data; Dennis Helsel and Brent Troutman answered 
questions about statistical analyses; Sean Healy pro-
vided unpublished analyses of land-use change in the 
East Fork Lewis River basin; Jeff Warren provided his 
soil-moisture and water-use data; Rick Lawrence and 
Theresa Valentine provided digitized data of volcanic 
deposits, which Dave Ramsey helped us analyze; and 
Julia Jones, Gordon Grant, and John Pitlick provided 
stimulating discussions during development of the 
paper. Julia Jones, Waite Osterkamp, John Ritter, Jon 
Pelletier, and John Pitlick provided insightful, critical 
reviews that focused the scope and presentation of this 
work, although they may not necessarily agree with all 
of our interpretations.

REFERENCES CITED

Antos, D.B., and Zobel, J.A., 1997, A decade of recovery 
of understory vegetation buried by volcanic tephra 
from Mount St. Helens: Ecological Monographs, v. 67, 
p. 317–344.

Antos, D.B., and Zobel, J.A., 2005, Plant responses in forests 
of the tephra-fall zone, in Dale, V.H., Swanson, F.J., and 



Peak fl ow responses to 1980 Mount St. Helens eruption

 Geological Society of America Bulletin, July/August 2006 957

Crisafulli, C.M., eds., Ecological responses to the 1980 
eruption of Mount St. Helens: New York, Springer-Ver-
lag, p. 47–58.

Beschta, R.L., Pyles, M.R., Skaugset, A.E., and 
Surfl eet, C.G., 2000, Peakfl ow responses to forest prac-
tices in the western Cascades of Oregon, USA: Journal 
of Hydrology, v. 233, p. 102–120, doi: 10.1016/S0022-
1694(00)00231-6.

Biondi, F., Gershunov, A., and Cayan, D.R., 2001, North 
Pacifi c decadal climate variability since 1661: Journal 
of Climatology, v. 14, p. 5–10, doi: 10.1175/1520-
0442(2001)014<0005:NPDCVS>2.0.CO;2.

Bowling, L.C., Storck, P., and Lettenmaier, D.P., 2000, 
Hydrological effects of logging in western Washing-
ton, United States: Water Resources Research, v. 36, 
p. 3223–3240, doi: 10.1029/2000WR900138.

Brantley, S.R., and Waitt, R.B., 1988, Interrelations among 
pyroclastic surge, pyroclastic fl ow, and lahars in Smith 
Creek valley during fi rst minutes of 18 May 1980 erup-
tion of Mount St. Helens, USA: Bulletin of Volcanol-
ogy, v. 50, p. 304–326, doi: 10.1007/BF01073588.

Cannon, S.H., and Gartner, J.E., 2005, Wildfi re-related 
debris fl ow from a hazards perspective, in Jakob, M., 
and Hungr, O., eds., Debris fl ow hazards and related 
phenomena: Heidelberg, Springer-Praxis, p. 363–385.

Childers, D., 1999, Field comparisons of six pressure-differ-
ence bedload samplers in high-energy fl ow: U.S. Geo-
logical Survey Water Resources Investigation Report 
92-4068, 59 p.

Colee, E.B., 1942, The Yacolt Burn: A case study in forest 
rehabilitation: Corvallis, Oregon State College of For-
estry Collection of Forestry Papers, 38 p.

Collins, B.D., and Dunne, T., 1986, Erosion of tephra 
from the 1980 eruption of Mount St. Helens: 
Geological Society of America Bulletin, v. 97, 
p. 896–905, doi: 10.1130/0016-7606(1986)97<896:
EOTFTE>2.0.CO;2.

Collins, B.D., and Dunne, T., 1988, Effects of forest land 
management on erosion and revegetation after the 
eruption of Mount St. Helens: Earth Surface Processes 
and Landforms, v. 13, p. 193–205.

Cook, R.J., Barron, J.C., Papendick, R.I., and Williams, G.J., 
III, 1981, Impact on agriculture of the Mount St. Hel-
ens eruptions: Science, v. 211, p. 16–22.

Datta, B., Lettenmaier, D.P., and Burges, S.J., 1983, 
Assessment of changes in storm and seasonal runoff 
response of watersheds impacted by Mt. St. Helens ash 
deposition: Seattle, University of Washington Water 
Resources Series Technical Report 82, 96 p.

Denlinger, R.P., O’Connell, D.R.H., and House, P.K., 2001, 
Robust determination of stage and discharge: An 
example from the extreme fl ood on the Verde River, 
Arizona: American Geophysical Union Water and Sci-
ence Application, v. 5, p. 127–146.

Dinehart, R.L., 1985, Sediment data for streams near 
Mount St. Helens, Washington, Volume 2, Water Years 
1981–83: U.S. Geological Survey Open-File Report 
85-632, 438 p.

Dinehart, R.L., 1987, Vertical profi les of velocity and sus-
pended sediment in streams near Mount St. Helens, 
Washington: U.S. Geological Survey Open-File Report 
87-377, 140 p.

Dinehart, R.L., 1992, Evolution of coarse gravel bed forms: Field 
measurements at fl ood stage: Water Resources Research, 
v. 28, p. 2667–2689, doi: 10.1029/92WR01357.

Dinehart, R.L., 1998, Sediment transport at gaging stations 
near Mount St. Helens, Washington, 1980–1990: Data 
collection and analysis: U.S. Geological Survey Pro-
fessional Paper 1573, 105 p.

Dinehart, R.L., Ritter, J.R., and Knott, J.M., 1981, Sediment 
data for streams near Mount St. Helens, Washington, 
Volume 1, 1980 water-year data: U.S. Geological Sur-
vey Open-File Report 81-822, 82 p.

Dunne, T., and Leopold, L.B., 1981, Flood and sedimenta-
tion hazards in the Toutle and Cowlitz River system 
as a result of the Mount St. Helens eruption: Bothell, 
Washington, Report to Federal Emergency Manage-
ment Agency, Region X, 170 p.

Fairchild, L.H., 1987, The importance of lahar initiation pro-
cesses: Reviews of Engineering Geology, v. 7, p. 51–62.

Fiksdal, A.J., 1981, Infi ltration rates of undisturbed and dis-
turbed Mount St. Helens tephra deposits: Washington 
Geologic Newsletter, v. 9, p. 1–3.

Fink, J.H., Malin, M.C., D’Alli, R.E., and Greeley, R., 1981, 
Rheological properties of mudfl ows associated with 
the spring 1980 eruptions of Mount St. Helens vol-
cano, Washington: Geophysical Research Letters, v. 8, 
p. 43–46.

Glicken, H., 1998, Rockslide-debris avalanche of May 18, 
1980, Mount St. Helens volcano, Washington: Geolog-
ical Survey of Japan Bulletin, v. 49, p. 55–106.

Gorshkov, G.S., 1959, Gigantic eruption of the volcano 
Bezymianny: Bulletin Volcanologique, ser. 2, v. 20, 
p. 77–109.

Gran, K.B., and Montgomery, D.R., 2005, Spatial and tem-
poral patterns in fl uvial recovery following volcanic 
eruptions: Channel response to basin-wide sediment 
loading at Mount Pinatubo, Philippines: Geological 
Society of America Bulletin, v. 117, p. 195–211, doi: 
10.1130/B25528.1.

Griggs, R.F., 1922, The Valley of Ten Thousand Smokes: 
Washington, D.C., National Geographic Society, 340 p.

Guebert, M.D., and Gardner, T.W., 1992, Macropore fl ow 
effect on infi ltration, throughfl ow, and seasonal runoff 
on a reclaimed surface-mined watershed, in Younos, 
T., Diplas, P., and Mostaghimi, S., eds., Land reclama-
tion: Advances in research and technology: St. Joseph, 
Michigan, American Society of Agricultural Engineers 
Publication 14-92, p. 91–100.

Hammond, S.E., 1989, Comparison of sediment transport 
formulas and computation of sediment discharges for 
the North Fork Toutle and Toutle Rivers, near Mount 
St. Helens, Washington: U.S. Geological Survey Open-
File Report 88-463, 18 p.

Hardison, J.H., 2000, Post-lahar channel adjustment, Muddy 
River, Mount St. Helens, Washington [M.S. thesis]: Ft. 
Collins, Colorado State University, 119 p.

Harr, R.D., 1981, Some characteristics and consequences of 
snowmelt during rainfall in western Oregon: Journal 
of Hydrology, v. 53, p. 277–304, doi: 10.1016/0022-
1694(81)90006-8.

Hayes, S.K., Montgomery, D.R., and Newhall, C.G., 2002, 
Fluvial sediment transport and deposition following 
the 1991 eruption of Mount Pinatubo: Geomorphology, 
v. 45, p. 211–224, doi: 10.1016/S0169-555X(01)00155-6.

Helsel, D.R., and Hirsch, R.M., 1992, Statistical methods in 
water resources: Amsterdam, Elsevier, 529 p.

Hino, M., Fujita, K., and Shutto, H., 1987, A laboratory 
experiment on the role of grass for infi ltration and run-
off processes: Journal of Hydrology, v. 90, p. 303–325, 
doi: 10.1016/0022-1694(87)90073-4.

Hoblitt, R.P., Miller, C.D., and Vallance, J.W., 1981, Origin 
and stratigraphy of the deposit produced by the May 18 
directed blast, in Lipman, P.W., and Mullineaux, D.R., 
eds., The 1980 eruptions of Mount St. Helens, Wash-
ington: U.S. Geological Survey Professional Paper 
1250, p. 401–420.

Hornbeck, J.W., Martin, C.W., and Eagar, C., 1997, Sum-
mary of water yield experiments at Hubbard Brook 
Experimental Forest, New Hampshire: Canadian 
Journal of Forest Research, v. 27, p. 2043–2052, doi: 
10.1139/cjfr-27-12-2043.

Hurst, H.E., 1951, Long-term storage capacity of reservoirs: 
Transactions of the American Society of Civil Engi-
neers, v. 116, p. 770–799.

Iroumé, A., Mayen, O., and Huber, A., 2006, Runoff and 
peak fl ow responses to timber harvest and forest age in 
southern Chile: Hydrological Processes, v. 20, p. 37–
50, doi: 10.1002/hyp.5897.

Janda, R.J., Scott, K.M., Nolan, K.M., and Martinson, H.A., 
1981, Lahar movement, effects, and deposits, in Lip-
man, P.W., and Mullineaux, D.R., eds., The 1980 erup-
tions of Mount St. Helens, Washington: U.S. Geologi-
cal Survey Professional Paper 1250, p. 461–478.

Janda, R.J., Meyer, D.F., and Childers, D., 1984, Sedimenta-
tion and geomorphic changes during and following the 
1980–1983 eruptions of Mount St. Helens, Washington: 
Shin Sabo, v. 37(2), p. 10–21, and v. 37(3), p. 5–19.

Johnson, M.G., and Beschta, R.L., 1980, Logging, infi ltra-
tion capacity, and surface erodibility in western Ore-
gon: Journal of Forestry, v. 78, p. 334–337.

Jones, J.A., 2000, Hydrologic processes and peak discharge 
response to forest removal, regrowth, and roads in 10 
small experimental basins, western Cascades, Oregon: 
Water Resources Research, v. 36, p. 2621–2642, doi: 
10.1029/2000WR900105.

Jones, J.A., and Grant, G.E., 1996, Peak fl ow responses 
to clear-cutting and roads in small and large basins, 
western Cascades, Oregon: Water Resources Research, 
v. 32, p. 959–974, doi: 10.1029/95WR03493.

Jones, J.A., and Swanson, F.J., 2001, Hydrologic inferences 
from comparisons among small basin experiments: 
Hydrological Processes, v. 15, p. 2363–2366, doi: 
10.1002/hyp.474.

Kirkby, M., 1988, Hillslope runoff processes and mod-
els: Journal of Hydrology, v. 100, p. 315–339, doi: 
10.1016/0022-1694(88)90190-4.

Knox, J.C., 2001, Agricultural infl uence on landscape sensitiv-
ity in the Upper Mississippi River Valley: Catena, v. 42, 
p. 193–224, doi: 10.1016/S0341-8162(00)00138-7.

Konrad, C.P., Booth, D.B., and Burges, S.J., 2005, Effects 
of urban development in the Puget Lowland, Wash-
ington, on interannual streamfl ow patterns: Conse-
quences for channel form and streambed disturbance: 
Water Resources Research, v. 41, W07009, doi: 
10.1029/2005WR004097, p. 1–15.

Lawrence, R., 2005, Remote sensing of vegetation responses 
during the fi rst 20 years following the 1980 erup-
tion of Mount St. Helens: A spatially and temporally 
stratifi ed analysis, in Dale, V.H., Swanson, F.J., and 
Crisafulli, C.M., eds., Ecological responses to the 1980 
eruption of Mount St. Helens: New York, Springer-
 Verlag, p. 111–123.

Leavesley, G.H., Lusby, G.C., and Lichty, R.W., 1989, Infi l-
tration and erosion characteristics of selected tephra 
deposits from the 1980 eruption of Mount St. Helens, 
Washington, USA: Hydrological Sciences Journal, 
v. 34, p. 339–353.

Lehre, A.K., Collins, B.D., and Dunne, T., 1983, Post-erup-
tion sediment budget for the North Fork Toutle River 
drainage, June 1980–June 1981: Zeitschrift für Geo-
morphologie, v. 46, p. 143–165.

Lettenmaier, D.P., and Burges, S.J., 1981, Estimation of 
fl ood frequency changes in the Toutle and Cowlitz 
River basins following the eruption of Mt. St. Helens: 
Seattle, University of Washington Department of Civil 
Engineering Technical Report 69, 73 p.

Lipman, P.W., and Mullineaux, D.R., eds., 1981, The 1980 
eruptions of Mount St. Helens, Washington: U.S. Geo-
logical Survey Professional Paper 1250, 844 p.

Lisle, T.E., 1995, Effects of coarse woody debris and its 
removal on a channel affected by the 1980 eruption 
of Mount St. Helens, Washington: Water Resources 
Research, v. 31, p. 797–808.

Lyons, J.K., and Beschta, R.L., 1983, Land use, fl oods, 
and channel changes—Upper Middle Fork Willa-
mette River, Oregon (1936–1980): Water Resources 
Research, v. 19, p. 463–471.

Major, J.J., 2004, Posteruption suspended sediment trans-
port at Mount St. Helens—Decadal-scale relation-
ships with landscape adjustments and river discharges: 
Journal of Geophysical Research, v. 109, F01002, doi: 
10.1029/2002JF000010, p. 1–22.

Major, J.J., and Voight, B., 1986, Sedimentology and clast 
orientations of the 18 May 1980 southwest fl ank lahars, 
Mount St. Helens, Washington: Journal of Sedimentary 
Petrology, v. 56, p. 691–705.

Major, J.J., and Yamakoshi, T., 2005, Decadal-scale change of 
infi ltration characteristics of a tephra-mantled hillslope 
at Mount St. Helens, Washington: Hydrological Pro-
cesses, v. 19, p. 3621–3630, doi: 10.1002/hyp.5863.

Major, J.J., Pierson, T.C., Dinehart, R.L., and Costa, J.E., 
2000, Sediment yield following severe volcanic distur-
bance—A two-decade perspective from Mount St. Hel-
ens: Geology, v. 28, p. 819–822, doi: 10.1130/0091-
7613(2000)028<0819:SYFSVD>2.3.CO;2.

Major, J.J., Pierson, T.C., and Scott, K.M., 2005, Debris 
fl ows at Mount St. Helens, Washington, USA, in 
Jakob, M., and Hungr, O., eds., Debris fl ow hazards 
and related phenomena: Heidelberg, Springer-Praxis, 
p. 685–731.

Mantua, N.J., Hare, S.R., Zhang, Y., Wallace, J.M., and 
Francis, R.C., 1997, A Pacifi c interdecadal climate 
oscillation with impacts on salmon production: Bul-
letin of the American Meteorological Society, v. 78, 
p. 1069–1079, doi: 10.1175/1520-0477(1997)078<1069:
APICOW>2.0.CO;2.

Marks, D.J., Kimball, J., Tingey, D., and Link, T., 1998, 
The sensitivity of snowmelt processes to climate 



Major and Mark

958 Geological Society of America Bulletin, July/August 2006

conditions and forest cover during rain-on-snow: 
A case study of the 1996 Pacifi c Northwest fl ood: 
Hydrological Processes, v. 12, p. 1569–1587, doi: 
10.1002/(SICI)1099-1085(199808/09)12:10/11<1569:
:AID-HYP682>3.0.CO;2-L.

Martin, G.C., 1913, The recent eruption of Katmai volcano 
in Alaska: National Geographic, v. 24, p. 131–181.

Martinson, H.A., Finneran, S.D., and Topinka, L.J., 1984, 
Changes in channel geomorphology of six eruption-
affected tributaries of the Lewis River, 1980–1982, 
Mount St. Helens, Washington: U.S. Geological Sur-
vey Open-File Report 84-614, 113 p.

McCabe, G.J., and Dettinger, M.D., 1999, Decadal variations 
in the strength of ENSO teleconnections in the western 
United States: International Journal of Climatology, 
v. 19, p. 1399–1410, doi: 10.1002/(SICI)1097-0088
(19991115)19:13<1399::AID-JOC457>3.0.CO;2-A.

Meyer, D.F., 1995, Stream-channel changes in response to 
volcanic detritus under natural and augmented dis-
charge, South Coldwater Creek, Washington: U.S. 
Geological Survey Open-File Report 94-519, 137 p.

Meyer, D.F., and Martinson, H.A., 1989, Rates and pro-
cesses of channel development and recovery following 
the 1980 eruption of Mount St. Helens, Washington: 
Hydrological Sciences, v. 34, p. 115–127.

Meyer, D.F., Nolan, K.M., and Dodge, J.E., 1986, Post-
eruption changes in channel geometry of streams in 
the Toutle River drainage basin, 1980–1982, Mount St. 
Helens, Washington: U.S. Geological Survey Open-
File Report 85-412, 128 p.

Middleton, G.V., and Southard, J.B., 1984, Mechanics of 
sediment movement: Tulsa, Oklahoma, Society of 
Economic Paleontologists and Mineralogists, Short 
Course, v. 3, 401 p.

Montgomery, D.R., Panfi l, M.S., and Hayes, S.K., 1999, 
Channel-bed mobility response to extreme sedi-
ment loading at Mount Pinatubo: Geology, v. 27, 
p. 271–274, doi: 10.1130/0091-7613(1999)027<0271:
CBMRTE>2.3.CO;2.

Moody, J.A., and Martin, D.A., 2001, Initial hydrologic and 
geomorphic response following a wildfi re in the Colo-
rado Front Range: Earth Surface Processes and Land-
forms, v. 26, p. 1049–1070, doi: 10.1002/esp.253.

Newhall, C.G., and Punongbayan, R.S., eds., 1996, Fire and 
mud: Eruptions and lahars of Mount Pinatubo, Philip-
pines: Seattle, University of Washington Press, 1126 p.

Orwig, C.E., and Mathison, J.M., 1982, Forecasting consider-
ations in Mount St. Helens affected rivers, in Proceedings 
of Mount St. Helens—Effects on Water Resources, Jant-
zen Beach, Oregon, October 7–8, 1981: Pullman, Wash-
ington, Washington Water Research Center, p. 272–292.

Paine, A.M., Meyer, D.F., and Schumm, S.A., 1987, Incised 
channel and terrace formation near Mount St. Helens, 
Washington, in Beschta, R.L., Blinn, T., Grant, G.E., 
Ice, G.G., and Swanson, F.J., eds., Erosion and sedi-
mentation in the Pacifi c Rim: Wallingford, UK, Inter-
national Association of Hydrological Sciences Publica-
tion 165, p. 389–390.

Pierson, F.B., Robichaud, P.R., and Spaeth, K.E., 2001, Spa-
tial and temporal effects of wildfi re on the hydrology of 
a steep rangeland watershed: Hydrological Processes, 
v. 15, p. 2905–2916, doi: 10.1002/hyp.381.

Pierson, T.C., 1985, Initiation and fl ow behavior of the 
1980 Pine Creek and Muddy River lahars, Mount St. 
Helens, Washington: Geological Society of America 
Bulletin, v. 96, p. 1056–1069, doi: 10.1130/0016-
7606(1985)96<1056:IAFBOT>2.0.CO;2.

Pierson, T.C., and Waitt, R.B., 1999, Dome-collapse rock-
slide and multiple sediment-water fl ows generated by 
a small explosive eruption on February 2–3, 1983, in 
Pierson, T.C., ed., Hydrologic consequences of hot-
rock/snowpack interactions at Mount St. Helens Vol-
cano, Washington, 1982–84: U.S. Geological Survey 
Professional Paper 1586, p. 53–68.

Pitlick, J., 1992, Flow resistance under conditions of intense 
gravel transport: Water Resources Research, v. 28, 
p. 891–903, doi: 10.1029/91WR02932.

Pringle, P.T., and Cameron, K.A., 1999, Eruption-triggered 
lahar on May 14, 1984, in Pierson, T.C., ed., Hydro-
logic consequences of hot-rock/snowpack interactions 
at Mount St. Helens Volcano, Washington, 1982–84: 
U.S. Geological Survey Professional Paper 1586, 
p. 81–103.

Rosenfeld, C.L., and Beach, G.L., 1983, Evolution of a 
drainage network—Remote sensing analysis of the 
North Fork Toutle River, Mount St. Helens, Wash-
ington: Corvallis, Water Resources Research Institute 
WRRI 88, Oregon State University Press, 100 p.

Rowley, P.D., Kuntz, M.A., and MacLeod, N.S., 1981, 
Pyroclastic-fl ow deposits, in Lipman, P.W., and Mul-
lineaux, D.R., eds., The 1980 eruptions of Mount St. 
Helens, Washington: U.S. Geological Survey Profes-
sional Paper 1250, p. 489–512.

Sarna-Wojcicki, A.M., Shipley, S., Waitt, R.B., Dzurisin, D., 
and Wood, S.H., 1981, Areal distribution, thickness, 
mass, volume, and grain size of air-fall ash from the 
six major eruptions of 1980, in Lipman, P.W., and Mul-
lineaux, D.R., eds., The 1980 eruptions of Mount St. 
Helens, Washington: U.S. Geological Survey Profes-
sional Paper 1250, p. 577–600.

Scott, K.M., 1988, Origins, behavior, and sedimentology 
of lahars and lahar-runout fl ows in the Toutle-Cowlitz 
River system: U.S. Geological Survey Professional 
Paper 1447-A, 74 p.

Sheets, P., 2004, Apocalypse then: Social science approaches 
to volcanism, people, and cultures in the Zapotitán 
Valley, El Salvador, in Rose, W.I., Bommer, J.J., 
López, D.L., Carr, M.J., and Major, J.J., eds., Natural 
hazards in El Salvador: Geological Society of America 
Special Paper 375, p. 109–120.

Simon, A., 1999, Channel and drainage-basin response of 
the Toutle River system in the aftermath of the 1980 
eruption of Mount St. Helens, Washington: U.S. Geo-
logical Survey Open-File Report 96-633, 130 p.

Simons, D.B., Richardson, E.V., and Nordin, C.F., 1965, 
Sedimentary structures generated by fl ow in alluvial 
channels: Society of Economic Paleontologists and 
Mineralogists Special Publication, v. 12, p. 34–52.

Solomon, S.I., and Cordery, I., 1984, Hydrometeorology, in 
Wiin-Nielsen, A., ed., Compendium of Meteorology, 
Volume 2, Part 5: Geneva, Switzerland, World Meteo-
rological Organization Technical Publication 364, 
183 p.

Sumioka, S.S., Kresch, D.L., and Kasnick, K.D., 1998, 
Magnitude and frequency of fl oods in Washington: 
U.S. Geological Survey Water Resources Investiga-
tions Report 97-4277, 91 p.

Swank, W.T., and Crossley, D.A., eds., 1988, Forest hydrol-
ogy and ecology at Coweeta: New York, Springer-Ver-
lag, 469 p.

Swanson, F.J., and Major, J.J., 2005, Physical environments, 
events, and geological-ecological interactions at 
Mount St. Helens—March 1980–2004, in Dale, V.H., 
Swanson, F.J., and Crisafulli, C.M., eds., Ecological 
responses to the 1980 eruption of Mount St. Helens: 
New York, Springer-Verlag, p. 27–44.

Swanson, F.J., Collins, B.D., Dunne, T., and Wicherski, B.P., 
1983, Erosion of tephra from hillslopes near Mount St. 
Helens and other volcanoes, in Proceedings of Sympo-
sium on Erosion Control in Volcanic Areas: Tsukuba, 
Japan, Ministry of Construction, Public Works Research 
Institute Technical Memorandum 1908, p. 183–221.

Swanson, F.J., Crisafulli, C.M., and Yamaguchi, D.K., 2005, 
Geological and ecological settings of Mount St. Helens 
before May 18, 1980, in Dale, V.H., Swanson, F.J., and 
Crisafulli, C.M., eds., Ecological responses to the 1980 
eruption of Mount St. Helens: New York, Springer-Ver-
lag, p. 13–26.

Taylor, G.A.M., 1958, The 1951 eruption of Mount Laming-
ton, Papua: Australian Bureau of Mineral Resources, 
Geology, and Geophysics Bulletin 38, 129 p.

Thomas, R.B., and Megahan, W.F., 1998, Peak fl ow 
responses to clear-cutting and roads in small and large 
basins, western Cascades, Oregon—A second opinion: 
Water Resources Research, v. 34, p. 3393–3403, doi: 
10.1029/98WR02500.

U.S. Census Bureau, 2000, Home page: http://www.census.
gov (accessed 17 August 2004).

U.S. Forest Service, 1995, Upper East Fork of the Lewis 
River watershed analysis: U.S. Department of Agricul-
ture, Forest Service, Pacifi c Northwest Region, Gifford 
Pinchot National Forest, 242 p.

U.S. Weather Bureau, 1932–1946, Climatological data: 
Seattle, Washington section, v. 36–50.

Vanoni, V.A., 1946, Transportation of suspended sediment 
by water: Transactions of the American Society of 
Civil Engineers, v. 3, p. 67–133.

Voight, B., 1981, Time scale for the fi rst moments of the 
May 18 eruption, in Lipman, P.W., and Mullineaux, 
D.R., eds., The 1980 eruptions of Mount St. Helens, 
Washington: U.S. Geological Survey Professional 
Paper 1250, p. 69–86.

Waitt, R.B., 1981, Devastating pyroclastic density fl ow 
and attendant air fall of May 18—Stratigraphy and 
sedimentology of deposits, in Lipman, P.W., and Mul-
lineaux, D.R., eds., The 1980 eruptions of Mount St. 
Helens, Washington: U.S. Geological Survey Profes-
sional Paper 1250, p. 439–460.

Waitt, R.B., 1989, Swift snowmelt and fl oods (lahars) caused 
by great pyroclastic surge at Mount St. Helens volcano, 
Washington, 18 May 1980: Bulletin of Volcanology, 
v. 52, p. 138–157, doi: 10.1007/BF00301553.

Waitt, R.B., and Dzurisin, D., 1981, Proximal airfall depos-
its from the May 18 eruption—Stratigraphy and fi eld 
sedimentology, in Lipman, P.W., and Mullineaux, 
D.R., eds., The 1980 eruptions of Mount St. Helens, 
Washington: U.S. Geological Survey Professional 
Paper 1250, p. 601–616.

Waitt, R.B., Hansen, V.L., Sarna-Wojcicki, A.M., and 
Wood, S.H., 1981, Proximal air-fall deposits of erup-
tions between May 24 and August 7, 1980—Stratig-
raphy and fi eld sedimentology, in Lipman, P.W., and 
Mullineaux, D.R., eds., The 1980 eruptions of Mount 
St. Helens, Washington: U.S. Geological Survey Pro-
fessional Paper 1250, p. 617–628.

Waitt, R.B., Pierson, T.C., MacLeod, N.S., Janda, R.J., 
Voight, B., and Holcomb, R.T., 1983, Eruption-triggered 
avalanche, fl ood, and lahar at Mount St. Helens—Effects 
of winter snowpack: Science, v. 221, p. 1394–1397.

Warren, J.M., Meinzer, F.C., Brooks, J.R., and Domec, 
J.C., 2005, Vertical stratifi cation of soil water storage 
and release dynamics in Pacifi c Northwest coniferous 
forests: Agricultural and Forest Meteorology, v. 130, 
p. 39–58, doi: 10.1016/j.agrformet.2005.01.004.

Washington Climate Summaries, 2004, Washington cli-
mate summaries: http://www.wrcc.dri.edu/summary/
climsmwa.html (last accessed 1 June 2005).

Weisberg, S., 1985, Applied linear regression (2nd edition): 
New York, Wiley and Sons, 319 p.

Williams, J.R., and Pearson, H.E., 1985, Streamfl ow statis-
tics and drainage-basin characteristics for the south-
western and eastern regions, Washington—Volume 
1, Southwestern Washington: U.S. Geological Survey 
Open-File Report 84-145-A, 424 p.

Wind River Canopy Crane Research Facility, 2005, Data 
archives: http://depts.washington.edu/wrccrf/metdata/
sta02.html (last accessed 8 September 2005).

MANUSCRIPT RECEIVED 13 OCTOBER 2005
REVISED MANUSCRIPT RECEIVED 20 FEBRUARY 2006
MANUSCRIPT ACCEPTED 28 FEBRUARY 2006

Printed in the USA


