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ABSTRACT: Repeated measurement of tephra erosion near Mount St. Helens over a 30-year period at steel stakes, installed on 10
hillslopes in the months following the 1980 eruption, provides a unique long-term record of changing processes, controls and rates of
erosion. Intensive monitoring in the first three post-eruption years showed erosion declined rapidly as processes shifted from
sheetwash and rilling to rainsplash. To test predictions about changes to long-term rates and processes made based on the 3-year
record, we remeasured sites in 1992, 2000 and 2010. Average annual erosion from 1983 to 1992 averaged 3.1mmyear�1 and
ranged from 1.4 to 5.9mmyear�1, with the highest rate on moderately steep slopes. Stakes in rills in 1983 generally recorded depo-
sition as the rills became rounded, filled and indistinct by 1992, indicating a continued shift in process dominance to rainsplash, frost
action and bioturbation. Recovering plants, where present, also slowed erosion. However, in the second and third decades even
unvegetated hillslopes ceased recording net measurable erosion; physical processes had stabilized surfaces from sheetwash and rill
erosion in the first few years, and they appear to have later stabilized surfaces against rainsplash erosion in the following few
decades. Comparison of erosion rates with suspended sediment flux indicates that within about 6 years post-eruption, suspended
sediment yield from tephra-covered slopes was indistinguishable from that in forested basins. Thirty years after its deposition, on
moderate and gentle hillslopes, most tephra remained; in well-vegetated areas, plant litter accumulated and soil developed, and
where the surface remained barren, bioturbation and rainsplash redistributed and mixed tephra. These findings extend our under-
standing from shorter-term studies of the evolution of erosion processes on freshly created substrate, confirm earlier predictions about
temporal changes to tephra erosion following eruptions, and provide insight into the conditions under which tephra layers are
preserved. © 2019 John Wiley & Sons, Ltd.
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Introduction

Studying the processes, controls and timing of accelerated
water and sediment releases from tephra-covered hillslopes
clarifies the evolution of erosional processes and the character-
istic timescales of erosion episodes and watershed recovery
following landscape disturbances of various types (e.g. Moody
and Martin, 2001; Moody and Kinner, 2006; Rathburn et al.,
2018). It is also important for predicting and mitigating volcanic
sedimentation hazards around active volcanoes, which can el-
evate sediment loads, contributing to downstream sedimenta-
tion and flood hazards (for a review, see Pierson and Major,
2014), and for understanding the survival of tephra in the strat-
igraphic record.
Insights from studies conducted over a few years and several

decades are necessary for each purpose. While there are few
long-term field studies of tephra erosion, the scientific under-
standing of post-eruption erosion in the short term is relatively
robust, and is based on studies following eruptions at several
volcanoes, including: Vulcan, New Guinea (1937); Paricutin,
Mexico (1943–1952); Sakurajima, Japan (1955–present); Irazu,

Costa Rica (1963–1965); Usu, Japan (1977–1978, 2000);
Mount St. Helens, USA (1980); Pinatubo, Philippines (1991);
Unzen, Japan (1991–1995); Miyakejima, Japan (2000);
Kasatochi, USA (2008); Chaiten, Chile (2008); Colima,
Mexico (1998); and Shinmoe-dake, Japan (2011).

Surfaces of newly created tephra deposits typically have infil-
tration rates that vary roughly with tephra grain size (Figure 4 of
Pierson and Major, 2014) and are low relative to rainfall intensi-
ties and to pre-eruption infiltration rates because tephra surface
layers often have a fine grain size and laminated, aggregate-
poor structure (Collins and Dunne, 1986; Leavesley et al.,
1989; Ikeya et al., 1995; Miyabuchi et al., 1999; Yamakoshi
and Suwa, 2000; Yamakoshi et al., 2005; Ogawa et al., 2007;
Teramoto and Shimokawa, 2010). Infiltration rates are low, even
where fine-textured layers are only a few millimetres thick
(Teramoto et al., 2006; Ogawa et al., 2007) or where a surface
crust develops on coarser deposits (Segerstrom, 1956; Waldron,
1967; Kadomura et al., 1983; Swanson et al., 1983; Smith and
Swanson, 1987). The resulting overland flow causes intense
sheetwash and rill erosion, especially on the steep terrain
around most volcanoes, and networks of rills and gullies form
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in the first precipitation events following tephra eruption (e.g.
Waldron, 1967; Yamamoto, 1984; Collins and Dunne, 1986;
Waythomas et al., 2010). Rates of sheet and rill erosion vary
spatially with slope steepness, deposit grain size and the cover
provided by eruption-killed vegetation (e.g. Segerstrom, 1956;
Waldron, 1967; Collins et al., 1983; Collins and Dunne, 1986;
Smith and Swanson, 1987).
Whereas in prolonged eruptive periods infiltration rates can

remain low and erosion can remain rapid (e.g. Shimokawa
et al., 1989), after single eruptions erosion rates decline rapidly,
as early as during the first post-eruption year (Collins et al.,
1983; Yamamoto, 1984; Chinen and Kadomura, 1986; Collins
and Dunne, 1986; Smith and Swanson, 1987; Inbar et al.,
2001; Shimokawa et al., 1996). Rill erosion slows as the rill net-
work stabilizes and evolves to fewer, master rills (Segerstrom,
1960; Ollier and Brown, 1971; Collins and Dunne, 1986), as
rills incise to more permeable and less erodible layers (Chinen
and Kadomura, 1986; Collins and Dunne, 1986; Leavesley
et al., 1989; Chinen and Riviere, 1990), and later as inter-rill in-
filtration increases and runoff declines. Sheetwash erosion
slows as changes to the inter-rill surface, including erosional
armouring and stripping of fine-grained surface layers and
coarsening by freeze–thaw and bioturbation, increase infiltra-
tion (Leavesley et al., 1989; Yamakoshi and Suwa, 2000; Major
and Yamakoshi, 2005; Teramoto et al., 2006; Ogawa et al.,
2007) and decrease erodibility (Kadomura et al., 1978; Collins
and Dunne, 1986; Teramoto et al., 2006). As overland flow di-
minishes, the role of rainsplash erosion becomes relatively
more important, and rills begin to fill (Yamamoto, 1984; Collins
and Dunne, 1986) and rill and gully divides become rounded
(Segerstrom, 1966; Collins and Dunne, 1986).
While pathways of plant succession on tephra are complex,

highly variable and dependent on spatial heterogeneities in
biotic and abiotic conditions (for a review, see del Moral and
Grishin, 1999; Crisafulli and Dale, 2018), common findings
on the interactions between erosion and initial revegetation
have emerged from observations at volcanoes in a variety of
environments. The rapid slowing of tephra erosion in the first
few post-eruption years preceded vegetative recovery follow-
ing several eruptions including Paricutin (Eggler, 1959;
Segerstrom, 1960), Vulcan (Ollier and Brown, 1971), Usu
(Chinen, 1986) and Mount St. Helens (Collins and Dunne,
1986). Revegetation in the first post-eruption years is com-
monly dominated by secondary succession of buried plants
(Griggs, 1919a; Eggler, 1959; Hendrix, 1981; Tsuyuzaki,
1987; Halpern et al., 1990), which remained viable for at least
3 years after tephra burial at Katmai (Griggs, 1919a) and for at
least 8 years at St. Helens (Zobel and Antos, 1992). Tephra ero-
sion promotes secondary succession of these buried plants by
exposing, or thinning the tephra depth above, the buried soil
(Griggs, 1918, 1919a; Eggler, 1959, 1963; Collins and Dunne,
1986, 1988; Chinen and Riviere, 1990); succession is more
rapid on steeper slopes where erosion is greater (Lawrence
and Ripple, 2000) and on the margins of eruption-affected
areas where the tephra layer is thin (e.g. Griggs, 1919a;
Hendrix, 1981; Halpern et al., 1990; Inbar et al., 1994; Grishin
et al., 1996; Lawrence and Ripple, 2000). Primary succession
on the tephra surface is limited in the first few years (Griggs,
1919b; Eggler, 1959, 1963; Gil-Solórzano et al., 2009) but is
promoted by the erosional exposure of buried soil (Griggs,
1919b; Collins and Dunne, 1988; Tsuyuzaki, 1994).
Large proportions of erupted tephra can remain stored on

hillsides after erosion slows in the first post-eruption years.
For example, 3 years after the 1980 eruption of Mount St.
Helens, 85% of tephra remained on hillslopes in the Toutle
River drainage (Collins and Dunne, 1986), 88% remained a
year after the eruption in a 2.4 km2 basin in the Clearwater

Creek drainage (Smith and Swanson, 1987) (Figure 1) and
87% of tephra remained 4 years after the 1977–1978 eruption
of Usu Volcano (Chinen and Kadomura, 1986). Larger percent-
ages of tephra deposits were eroded from two volcanoes sub-
ject to more intense rainfall: Waldron (1967) estimated that
50–67% of tephra remained in 1964 after the second rainy
season following the 1963–1965 eruption of Irazu in tropical
humid Costa Rica and Segerstrom (1956, Table 10) estimated
that sheetwash erosion, in the humid subtropical climate of
Paricutin, Mexico, by 1946 had removed 48% of the tephra
erupted in 1943. However, in a variety of climates, surface ero-
sion and landslides within the first few post-eruption years
stripped entire tephra layers, as thick as 1–6m at Paricutin
(Segerstrom, 1956) from hillslopes with gradients exceeding
~0.70 (e.g. Griggs, 1919b; Segerstrom, 1956, 1960; Kadomura
et al., 1983; Smith and Swanson, 1987).

Hillslope tephra erosion is believed to be a short-term source
of post-eruption sediment relative to channel network develop-
ment and channel widening in valley-filling deposits (Lehre
et al., 1983; Gran et al., 2011; Pierson and Major, 2014), but
this generalization is extrapolated from short-term tephra ero-
sion studies and inference from suspended sediment studies
(Major et al., 2000; Gran et al., 2011). Excepting Paricutin,
which was observed periodically over nearly 20 years by
Segerstrom (1956, 1960, 1966) and El Chichon (observed over
17 years; Inbar et al., 2001), tephra erosion studies spanning
more than several years have generally been retrospective
interpretations. Field observations made by Inbar et al. (1994)
decades after Paricutin’s eruptive period indicate that sedimen-
tation remained above pre-eruption rates, although the sedi-
ment source was not identified. Observations by Ollier and
Brown (1971), made decades after a scoria cone formed in
1937 in New Guinea, inferred that gullies had formed initially
as shallow rills initiated by surface runoff, enlarged and
extended by subsurface seepage, but thereafter remained
unchanged beyond the first ‘few years’ after the eruption. A de-
cade after the 1978 eruption of Tarumae Volcano, Hokkaido,
erosion was dominated by freeze–thaw in autumn and early
winter in the subpolar environment, resulting in one to two or-
ders of magnitude more sediment than rainsplash during heavy
summer rainfall (Miyabuchi and Nakamura, 1991). In general,
however, it remains difficult to recognize and generalize about
whether, for any particular active volcano, the volume of
tephra deposited by eruptions through time on surrounding
landforms is increasing or decreasing.

To address the scarcity of long-term tephra erosion studies,
we report and interpret erosion measurements made over a
30-year period following the 1980 eruption of Mount St.
Helens. After intensive measurements in the 1980–1983 period,
we made a projection of future rates based on the argument that
physical alteration of the disturbed landscape, rather than re-
vegetation, had stabilized the surface against sheetwash ero-
sion, generally in accord with Horton’s (1945) theory of stable
drainage densities (Collins and Dunne, 1986). The argument
for stabilization was based on both reductions in erosion rates
and the fact that rills were being smoothed out of existence, as
would be expected with a shift from sheetwash to rainsplash,
and as illustrated experimentally by Dunne and Aubry (1986).
However, precipitation intensities had not been exceptional,
and it left open the possibility that increases in rainfall would re-
juvenate the rill network or that some other disturbance, such as
trampling by elk herds, would cause either significant temporal
fluctuations or even a reversal of the trend in erosion rate. We
remeasured the erosion to determine whether any such trends
or reversals had occurred, or to strengthen the conclusion that
water-driven hillslope erosion of tephra deposits is indeed a
short-lived source of sediment to streams.
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Study area

The 1980 eruption resulted in several types of deposits
(Figure 1). Failure of the volcano’s north slope deposited a
2.5 km3 debris avalanche into the North Fork Toutle River
drainage (Voight et al., 1981; Glicken, 1996); within 7 km of
the volcano, this valley-filling deposit was overlain later in
the 1980 eruption by pyroclastic flows (Hoblitt et al., 1981).
Lahars were generated by pyroclastic flows on the volcano
flanks (Janda et al., 1981; Pierson, 1985; Fairchild, 1987;
Scott, 1988; Waitt, 1989) and by liquefaction of the North
Fork Toutle debris avalanche (Janda et al., 1981; Fairchild,
1987), leaving deposits on the southern slopes of the volcano
and along the South Fork and North Fork Toutle valleys. A
laterally directed pyroclastic surge knocked down trees in a
550 km2 area, 350 km2 of this within the Toutle River basin
(Figure 1), and deposited gravel to silt-sized sediment (also re-
ferred to as ‘lateral blast’ deposits) on hillslopes (Hoblitt et al.,
1981; Waitt, 1981; Ongaro et al., 2011), ranging in thickness
from 1m at 10 km to 0.02m at 25 km from the volcano
(Collins and Dunne, 1986). The ash plume from a Plinian
eruption subsequent to the lateral surge deposited several
centimetres of silt-sized tephra (Waitt, 1981; Waitt and
Dzurisin, 1981). Erosion of these pyroclastic surge and airfall
deposits from hillslopes north of the volcano in the Toutle
River drainage is the subject of this study.
Forests are in the Douglas fir (Pseudotsuga menziesii) and

Pacific silver fir (Abies amabilis) zones at lower and higher ele-
vations, respectively (Franklin and Dyrness, 1973). Intensive
logging in the 40 years preceding the 1980 eruption created a
patchwork of old-growth forest, young managed stands and re-
cent clearcuts. The lateral blast killed the above-ground por-
tions of nearly all plants. Trees were uprooted and removed
from many slopes facing, and within about 13 km of, the

volcano; on hillslopes sheltered from the blast and at distances
up to 28 km from the volcano, trees were uprooted or snapped,
but remained on the slope. Near to the volcano, the lateral
surge scoured the upper soil horizons, or the entire soil profile,
but in most of the affected area, and at all of our study sites, soil
was not scoured by the lateral surge deposits. Beyond the limit
of downed forest, trees remained standing but were killed in a
0–4 km band (Figure 1). The US Soil Conservation Service
applied a mix of grass and legume seeds with fertilizer to
82.5 km2 of the blast-affected zone in September and October
1980 (Collins and Dunne, 1988). Destroyed forests were sal-
vage logged during 1980–1982 on private and state land, while
the landscape was preserved, including the eruption-destroyed
forests, on much of the land within the federal National Volca-
nic Monument created in 1982 (Figure 1).

Annual precipitation in water year (WY) 1987–2011 aver-
aged 2274mmyear�1 at the Spirit Lake SNOTEL station (USDA
NRCS), the nearest weather station to our study sites, 5 km
WSW of the Coldwater sites, at elevation 1073m (Figure 1);
on average, 75% of this precipitation fell between 1 October
and 31 March (Table I). Rainstorms are generally long and of
low intensity; at the nearest precipitation gauge with a reliable
record throughout the 30-year study period, Cougar 4 SW
(NOAA, 2015) (Figure 1), the 2-year, 1-h and 10-year, 1-h
intensities for WY 1980–2011 were 16 and 28mmh�1, respec-
tively, somewhat greater than predictions for our study area by
Miller et al. (1973), and the maximum intensity was 33mmh�1

(Table I). Infiltration capacities measured on the tephra in-
creased from 2 to 5mmh�1 in 1980 and 4–7mmh�1 in 1981
(Leavesley et al., 1989) to 9–25mmh�1 in 2000 (Major and
Yamakoshi, 2005); comparison of these infiltration rates to
measured precipitation intensities implies that runoff would ini-
tially have been frequent but two decades later would have
been limited to rare, intense storms.

Figure 1. Inset map shows location of Mount St. Helens (MSH), the Toutle River basin and nearby volcanoes in the Cascade Range in southwest
Washington and northeast Oregon. Main map shows deposits and effects of the 1980 eruption and study sites in the lateral blast-affected portion
of the Toutle River basin: 1, Shultz 1; 2, Shultz 2; 3, Shultz 3; 4, Maratta; 5, Coldwater 1; 6, Coldwater 2; 7, Castle 1; 8, Castle 2; 9, Green 1; 10, Green
2. Map units are generalized from Plate 1 of Lipman and Mullineaux (1981). Also shown: boundary of the Mount St. Helens National Volcanic
Monument and locations of weather (Spirit Lake SNOTEL, Cougar 4 SW) and stream gauge (USGS) stations. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Daily temperature at the Spirit Lake station inWY 1987–2011
averaged 6°C andminimum daily andmaximum daily tempera-
tures averaged 3 and 11°C, respectively (Table I). Diurnal air
temperature ranged above and below 0°C for 97 days year�1,
or 28% of days having observations, indicating that freeze–thaw
of the ground surface could have been frequent, although on rel-
atively few of these days (13 days year�1, on average) was the
ground not snow covered; snow cover at the Spirit Lake station
averaged 127 days year�1 inWY 2008–2011. Our field observa-
tions in the first three post-eruption years indicate that at lower
elevations snow cover was more intermittent and freeze–thaw
cycles may thus have been more frequent.

Methods

In 1992, 2000 and 2010, we measured erosion at steel stakes,
75 cm long and 1.3 cm in diameter, that had been driven into
the underlying soil in September and October 1980 (excepting
one site, Shultz 3, installed in August 1981) and measured re-
peatedly during 1980–1983. Stakes were installed in transects
along contours; in each transect, 40 stakes were spaced at 2
or 5m intervals. These transects were spaced at intervals of
10, 20, 40, 60 and 80% of the distance from ridge crest to val-
ley bottom on slopes 180 to 725m long (Table II). In addition,
at seven of these sites, two transects were installed along the
fall line, from ridge crest to base of the slope; in each of these
transects, 50 stakes were spaced at even intervals. We interpret

net erosion from each site to equal export of sediment from the
hillside; while tephra mobilized by erosion could locally rede-
posit, such sites of local redeposition were sampled by the
stake arrays.

Stake arrays sampled hillslopes with average gradients be-
tween 0.16 and 0.66 (Table II); all hillslopes had a laterally pla-
nar, uncomplicated shape, and in longitudinal form were
generally planar or mildly concave or convex (Collins, 1984).
Surge deposits on our sites (see Collins and Dunne, 1986 for
details) were 0.2–0.5m thick and texturally fined upward; on
the Coldwater sites (Figures 1 and 2), nearest to the volcano,
the basal layer was a massive gravelly sand to sandy gravel,
with wood and reworked pre-eruption soil incorporated locally
at the base. On sites farther from the volcano, the basal layer
was a massive, coarse to medium sand overlain by stratified,
medium to fine sand. On all sites, this basal layer was overlain
by a stratified medium to fine sand. The overlying airfall layer
was a sandy silt with accretionary lapilli and while locally as
thick as 0.10m, averaged 0.03–0.06m. On seven sites, the for-
est had been clearcut within a decade before the 1980 erup-
tion, and on three sites trees were knocked over by the lateral
blast but remained on the hillslope (Table II). We also installed
a stake array at the fringe of the blast-affected area where the
forest had been singed but remained standing. This site was
only measured in the first post-eruption year (Collins et al.,
1983; Collins, 1984).

We measured the exposed height of each stake relative to the
tephra surface at the time of installation and on subsequent

Table I. Characteristics of temperature, precipitation and snow cover at the Spirit Lake SNOTEL (elevation 1073m) and Cougar 4 SW (elevation
158m) weather stations (Figure 1) and from Miller et al. (1973)

Climate attribute
WY 1987–2011
Spirit Lake SNOTEL

WY 1980–2011
Cougar 4 SW Miller et al. (1973)

Annual precipitation, average and range (mm year�1) 2274 (1326–3533) — —
Percentage of annual precipitation in 1 October–31
March, average and range (%)

75 (58–85) — —

Maximum 1-h precipitation (mmh�1) — 33 —
2-year, 1-h precipitation (mmh�1) — 16 14
10-year, 1-h precipitation (mmh�1) — 28 20
50-year, 1-h precipitation (mmh�1) — 27
Average daily temperature (°C) 6 — —
Average daily minimum temperature (°C) 3 — —
Average daily maximum temperature (°C) 11 — —
Days per year daily temperature ranges above and below
0 °C, average and range

97 (38–137) — —

Days per year of snow cover, average and range (WY 2008–2011 only) 127 (68–157)

Table II. Erosion study sites. For more details see Collins (1984) and Collins and Dunne (1986)

Site name
(number in Figure 1)

Number
of stakesa

Years of
record

Hillslope
gradient Slope length (m) Elevation (m)

Distance
from volcano (km) Land coverb

Coldwater 1 (5) 205 (152) 30 0.36 345 1100–1200 8.6 C
Coldwater 2 (6) 120 (63) 31 0.54 240 945–1095 8.9 D
Shultz 3 (3) 262 (182) 20 0.32 345 1010–1200 16.3 C, G
Maratta (4) 363 (152) 12 0.16 180 930–960 14.5 C, G
Shultz 1 (1) 376 (43) 12 0.25 625 710–890 17.6 C, G
Green 2 (10) 256 (144) 12 0.25 650 910–1010 17.7 C, G
Shultz 2 (2) 300 (188) 12 0.56 245 955–1025 16.6 C, G
Castle 1 (7) 298 (110) 12 0.66 645 930–1240 9.0 C
Green 1 (9) 210 (205) 2 0.25 725 915–1065 17.8 D
Castle 2 (8) 158 (158) 1 0.45 300 1045–1195 9.2 D

aNumber of stakes installed in 1980; number in parentheses is the number of stakes measured at time of final measurement.
bC = clearcut within 10 years prior to 1980 eruption; D = mature coniferous forest downed by 1980 eruption; S = standing forest singed by 1980 erup-
tion; G = aerially seeded with grasses 4-5months following the 1980 eruption.

B. D. COLLINS AND T. DUNNE

© 2019 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2019)



visits. While making measurements, stakes were approached
from downhill and care taken to avoid disturbing the surface
near the stake or along transects; we did not observe upslope-
propagating disturbances of the tephra surface resulting from
our access. The two Coldwater sites were the longest moni-
tored and also the most disturbed by animal trampling; when
a stake was observed to be loose or bent over from trampling
(or any other cause), we did not include its measurement.
Excepting stakes disturbed by trampling or some other cause,
stakes remained firmly anchored in the underlying soil and
were not noticeably displaced from the vertical.
At each of six measurements made between September 1980

andMay 1982 on eight sites, we sampled the bulk density of the
upper 108mm of the tephra to ensure that stake measurements
were unaffected by compaction or turbation and detected no
change over the first 2 years (Figure 4 of Collins and Dunne,
1986). Major and Yamakoshi (2005) report that by 2000, the
highly turbated upper 25% of the lateral blast deposit on their
infiltration plot, located within our Shultz 1 site, had a mean
bulk density two-thirds that of an adjacent, unturbated sample.
However, this site, which was at lower elevations (Table II)
and had a thinner tephra layer than our other sites, had been
densely afforested and artificially seeded with grasses, and we
did not use it after 1992. While the possibility exists that
turbation might have caused some inflation of the tephra on
our sites, the tephra deposit at our two Coldwater sites, from
which we have the longest record (Table II), was a sandy gravel,
less densely packed than the fine andmedium sand deposited at
the Shultz Creek site, and we presume these coarser deposits
would have been less subject to density changes.
At each measurement, we categorized the surface as ‘rilled’

or ‘unrilled’ and attributed change to the surface elevation be-
tween measurements according to the category at the time of
the second measurement. At the first stake measurement, we
averaged the local slope over a 0.3m length centred at the
stake. During each measurement we estimated plant cover
using a 0.2 × 0.2m string grid of 20 points centred at each stake
(Collins and Dunne, 1988). We also measured the top width
and average depth of all rills and gullies crossing each transect;
rills became indistinct and were not measured after 1983. We
expressed a net decrease in surface elevation (erosion) as posi-
tive and a net increase in surface elevation (deposition) as
negative.
In 1992 we remeasured ~1200 stakes (of the ~2500 original

stakes) on six sites that had survived, or partially survived, road
building and logging. Two of three sites originally installed in
downed forests had been destroyed by salvage logging. Five
of the seven sites originally installed in pre-eruption clearcuts
(Shultz 1, 2 and 3, Maratta and Green 2) were seeded with

grass in late 1980 (Collins and Dunne, 1988) and subsequently
afforested. Afforested tree seedlings were small in 1992 but by
2000 had grown large enough that it became infeasible to mea-
sure stake heights or plant cover; hence, afforested sites were
not measured after 1992. In 2000, we measured three sites
(Shultz 3, Coldwater 1 and 2) and in 2010 two sites (Coldwater
1 and 2; Figure 1, Table II). During 1980–1983 we made sepa-
rate measurements of cover by native and artificially seeded
species, but in subsequent measurements we categorized cover
as plant, plant litter or wood debris; detail on the recovery of
vegetation on hillslopes covered by lateral blast deposits near
Mount St. Helens can be found elsewhere (e.g. Halpern et al.,
1990; Lawrence and Ripple, 2000; Cook and Halpern, 2018).

Sites were originally selected in 1980 to represent the Toutle
River basin’s range of hillslope gradients, forest cover types and
tephra thicknesses, which facilitated calculating a basin-wide
rate by characterizing the effects of these controlling variables
on erosion rate and accounting for their distribution in the basin
(Collins et al., 1983). As the number of surviving sites dwin-
dled, such a systematic estimate became impossible, and after
1983 basin-wide erosion was estimated by averaging erosion
at the available sites in each period. Hillslope gradients of the
sites measured during 1983–1992 average 0.39 (Table II),
which is close to the 0.38 average of all hillslopes in the Toutle
River portion of the blast-affected area (Collins et al., 1983).
However, the gradient of sites we measured in 2000 and
2010 averaged 0.41 and 0.45, respectively, biasing the sample
towards steeper slopes in the latter two periods. More signifi-
cantly, using our surviving sites to estimate basin-averaged ero-
sion is limited by the absence of data on erosion from the large
portion of the basin that had been reforested over that period;
as a result, our estimates of basin-averaged erosion for 1992–
2000 and 2000–2010 have large error bars.

To examine the possibility that variations in precipitation in-
tensity within the 30-year period might have influenced erosion
rates, we tabulated hourly precipitation records from the
Cougar 4 SW gauge in four periods corresponding to our mea-
surements, WY 1980–1983, WY 1984–1992, WY 1993–2000
and WY 2001–2010. Because the periods were of unequal
length, we normalized the hourly precipitation frequencies by
the number of years in each period.

Results

Erosion rates and processes

Elevation changes of inter-rill surfaces and rill beds in the
1983–1992 period were correlated with average hillslope

Figure 2. The upslope portion of the Coldwater 1 erosion site, 1980–2010. (A) Rill networks in June 1980, a few weeks after the 18 May eruption.
The silty airfall layer forms the surface of inter-rill areas. (B) In August 1983, the tephra surface had become coarser as the airfall layer had been locally
stripped or had been coarsened by rainsplash and frost action. Rill edges had been rounded by rainsplash, frost action and animal trampling; larger
rills had been partially filled by sediment and smaller rills had become indistinct from smoothing and filling. (C) By October 2010, as a result of the
continued smoothing and filling of rills over the next decades, even the largest gullies were indistinct. Some sign of trampling by elk is visible in the
foreground; while plant cover was low on much of the upper slope, cover was greater downslope where more tephra had eroded. [Colour figure can
be viewed at wileyonlinelibrary.com]
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gradient in opposite ways (Figure 3A, Table III). Although the
sample sizes are too small for formal statistical analysis, the
measurements suggest that inter-rill erosion rates between 1.5
and 7.2mmyear�1 continued to be positively correlated with
gradient, while the rate of sedimentation in rills also increased
with gradient from ~0 to 3.2mmyear�1, suggesting that a por-
tion of the intensified sediment supply from inter-rill surfaces
was trapped in the rills as water infiltrated the beds (e.g.

Figure 2B). Only on the lowest gradient site, with a gradient
of 0.16, did rill erosion continue in this period – presumably
because the influx of sediment into rills from the intervening
surfaces was relatively low but ephemeral flow continued to
occur within the rills; on all steeper surfaces, rills aggraded.
This filling of rills continued a trend that began in the second
post-eruption year (Collins and Dunne, 1986). These measure-
ments are consistent with visual observations of the increased
sediment transport by rainsplash, frost action, dry ravel, animal
burrowing and animal trampling.

Measurements at individual stakes indicate there was highly
variable soil redistribution at the local scale (Figures 3B and C).
Because we found no dependence of erosion rate on distance
downslope, we combined stake measurements at all sites to
characterize the local variability of erosion and the depen-
dence of erosion rate on the local gradient (Figures 3B and
C). The correlation between erosion and local gradient is con-
sistent with the trend between site-averaged erosion and aver-
age hillslope gradient (Figure 3A). Erosion at individual stakes
was only weakly correlated with gradient at the stakes on
inter-rill surfaces (Figure 3B, Table IV) and local variability pre-
cluded recognizing a statistically significant trend in the smaller
sample of stakes in rills (Figure 3C, Table IV). However, the
weak trends that are indicated by the highly variable local mea-
surements are consistent with the transect-averaged trends in
Figure 3A.

Site-averaged net erosion from the six hillslopes monitored
between 1983 and 1992 ranged from 1.4 to 5.9mmyear�1

and roughly correlated with gradient (Figure 4B, Table III; for
readability, the standard errors of the mean are omitted here
and are reported in Table III). Annual net erosion from 1983
to 1992 averaged for all sites was 3.1mmyear�1. The 1983–
1992 average was only 7% of the average for 1980–1981
(45.6, or 47.2mmyear�1, if the six sites that remained are con-
sidered), less than half that during 1981–1982 (6.5mmyear�1)
and statistically indistinguishable from the average of sites from
1982 to 1983 (3.8mmyear�1).

After 1992, rills were too indistinct to separately identify
stakes in rills, and we averaged elevation change at all stakes
(Table III). Between 1992 and 2000, site-averaged elevation
change, measured on three sites, ranged between �0.3 and
1.5mmyear�1 (Figure 4B); only the latter value, from the
steepest site, Coldwater 2, was significantly different from zero,
and the average change from the three sites, 0.3mmyear�1,
was indistinguishable from zero (Table III). Between 2000 and
2010, changes at two remaining sites were �0.6 and
0.5mmyear�1, but neither were significantly different from
zero (Figure 4B, Table III). However, there was still consider-
able local sediment redistribution, with net annual average ero-
sion or deposition of up to 10mm at individual stakes,
suggesting there was at least some downslope transport at rates
below the resolution of our stake measurements indicated by
the standard error of the means (Table III).

Role of revegetation

In the first few post-eruption years, vegetation cover (Figure 5A)
remained generally low until after erosion rates had slowed
(Figure 5B); vegetation cover was low in summer 1980 (range
0–1%; Figure 5A) and erosion was most rapid in the following
rainy season (Figure 5B). Whereas in the first few post-eruption
years the cover of vegetation increased modestly, nearly all
plants, inclusive of native and artificially seeded species, grew
in soil buried by the tephra and then exposed in rills and
gullies, and erosion largely facilitated revegetation by exposing
the underlying soil rather than being slowed by revegetation

Figure 3. Erosion and deposition at stakes, 1983–1992. A positive
value represents erosion and a negative value deposition. (A) Average
annual erosion or deposition and average slope at eight sites with one
standard error of the mean. (B) Average annual erosion or deposition
from the same eight sites at stakes in surfaces identified in 1981/1983
as inter-rills. (C) Average annual erosion or deposition from the same
eight sites at stakes in sites identified in 1981/1983 as rills.
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(Collins and Dunne, 1986). The plant cover at the Shultz 1 site
(Figure 5A) responded faster than at other locations because it
was the most effectively seeded site, and because the relative
thinness of the original tephra layer facilitated exposure of bur-
ied soil by rills and gullies (Collins and Dunne, 1988). Vegeta-
tion cover remained low in 1983 on other sites (Figure 5A).
Between 1983 and 1992, the total ground cover provided by

plants, plant litter and exhumed wood debris increased sub-
stantially (Figure 5A, Table V) as erosion continued to expose
the buried soil and as erosional stripping of the fine surficial
tephra and accumulation of litter created a more favourable en-
vironment on the tephra surface. In summer 1983, the cover of
plants and litter (excluding wood debris; Table V) ranged from
16 to 66% on five seeded sites and 6 to 21% on three unseeded

sites. In 1992, on the same sites, there was less difference in
cover between the seeded (41–72%) and unseeded (39–41%)
sites, and qualitatively we observed that most of the cover pro-
vided by seeded plants was litter. Planted conifers were small in
1992 and contributed minor cover except at the Green River 2
(GR2) site, where they attained a height of 3–5m and provided
much of the cover (19% cover by afforested trees and 22%
cover from other plants). Total plant cover on three sites in
2000 ranged from 51 to 63% and on two sites in 2010 was
49 and 68%. On average, wood debris provided an additional
5 to 8% of cover in the three periods (Table V).

As vegetative cover increased after the first few post-eruption
years, and as rainsplash and bioturbation became the dominant
erosion processes, vegetation began to influence erosion.

Table III. Average erosion measured at erosion stakes for 1983–1992, 1992–2000 and 2000–2010, with one standard error, sample size n (number
of stakes) and the probability in a one-tailed t-test that each mean value is different from zero. In the text, we accept any p-value < 0.05 as indicating
elevation change. Erosion is expressed as a positive value, and deposition as a negative value

Site name

1983–1992 1992–2000 2000–2010

All n Inter-rill n Rill n All n All n

Maratta 1.4 ± 0.3 155 1.5 ± 0.3 144 0.6 ± 1.1 11
p < 0.0001 p < 0.0001 p < 0.3

Shultz 1a 1.7 ± 0.7 63 3.1 ± 1.1 35 0.0 ± 0.6 28
p < 0.01 p < 0.005 p < 0.5

Green 2a 2.7 ± 0.6 144 4.2 ± 0.6 93 �0.1 ± 1.1 51
p < 0.0001 p < 0.0001 p < 0.5

Shultz 3 2.5 ± 0.3 249 3.0 ± 0.3 223 �2.0 ± 1.2 27 �0.3 ± 0.2 177
p < 0.0001 p < 0.0001 p < 0.06 p < 0.10

Coldwater 1 3.6 ± 0.4 189 4.1 ± 0.3 174 �1.8 ± 1.3 15 �0.3 ± 0.4 173 �0.6 ± 0.4 138
p < 0.0001 p < 0.0001 p < 0.10 p < 0.22 p < 0.07

Coldwater 2b 5.9 ± 0.7 81 7.2 ± 0.7 68 �0.6 ± 2.2 13 1.5 ± 0.6 74 0.5 ± 0.7 38
p < 0.0001 p < 0.0001 p < 0.4 p < 0.006 p < 0.25

Shultz 2 1.8 ± 0.8 184 2.9 ± 0.8 150 �3.2 ± 2.2 34
p < 0.012 p < 0.0002 p < 0.08

Castle 1 3.4 ± 0.6 158 3.4 ± 0.6
p < 0.0001 p < 0.0001

All sitesa 3.1 ± 0.8 6 3.7 ± 0.9 6 �1.4 ± 0.7 5 0.3 ± 0.6 3 �0.0 ± 0.6 2
p < 0.006 p < 0.004 p < 0.05 p < 0.35 p < 0.48

All stakesa 3.0 ± 0.2 967 3.5 ± 0.2 870 �1.7 ± 0.9 99 0.0 ± 0.2 427 �0.4 ± 0.4 177
p < 0.0001 p < 0.0001 p < 0.03 p < 0.50 p < 0.09

aThe Shultz 1 and Green 2 sites were measured in 1981 and 1992. Because the sites were not measured in 1983, the values are reported in this table
but have been excluded from the analysis.
bWe measured the Coldwater 1 site in 2010 and Coldwater 2 in 2011; for simplicity, the two measurements are referred to herein as a 2010
measurement.

Table IV. Regression equations for average annual erosion at individual stakes, 1983–1992

Time
period Variable

Regression equation

Measured and predicted valuesy (erosion, mm year�1) = ax + b

a b R2 n p
Measured
x values

Predicted
y at min x (mm)

Predicted
y at max x (mm)

1983–1992 Site-avg. slope 4.0 1.4 0.21 6 0.36 0.16–0.66 2.0 4.0
Site-avg. slope (inter-rill) 4.9 1.5 0.23 6 0.33 0.16–0.66 2.3 4.8
Site-avg. slope (rill) �5.4 0.7 0.39 5 0.26 0.16–0.56 �0.2 �2.3
Local slope 2.3 2.1 0.01 965 0.02 0.01–1.73 2.1 6.2
Local slope (inter-rill) 2.3 2.6 0.007 867 0.01 0.01–1.73 2.7 6.6
Local slope (rill) �1.2 �1.3 0.001 99 0.80 0.02–0.81 �1.3 �2.2
Vegetative cover �0.040 4.8 0.05 966 <0.0001 0–100 4.8 0.8

1992–2000 Local slope 0.41 �0.13 0.0002 427 0.76 0.02–0.84 �0.1 0.21
Vegetative cover �0.026 1.4 0.05 414 <0.0001 0–100 1.4 �1.1

2000–2010 Local slope 4.6 �2.2 0.02 176 0.09 0.07–0.84 �1.8 1.7
Vegetative cover 0.0016 �0.44 0.0001 174 0.89 0–100 �0.4 �0.3

Note: ‘Vegetative cover’ is the total percentage cover measured in a 0.2 × 0.2m grid at each stake (see Collins and Dunne, 1988 for details) and in-
cludes live and dead vegetation and litter. Erosion is expressed as a positive value, and deposition as a negative value.
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Erosion at individual stakes weakly but significantly correlated
inversely with plant and litter cover (Figure 6, Table IV). Linear
regression of erosion measured at individual stakes and local
plant cover predicts for the 1983–1992 period an erosion rate
of 4.6mmyear�1 at 0% cover and 0.7mmyear�1 at 100%
cover (Figure 6A, Table IV); the same regression for the 1992–
2000 period indicates that, on average, erosion occurred only
on surfaces having less than about 54% cover (Figure 6B,
Table IV). There was no correlation between erosion and vege-
tation cover in the 2000–2010 period (Table IV).

Effects of variation in storm intensity during the
three-decade period

The 2-year, 1-h intensity of 14mmh�1 from the 32-year record
at the Cougar 4 SW station is close to the 16.5mmh�1 esti-
mated by Miller et al. (1973) for our sites. While the frequency
of precipitation intensities <10mmh�1 at the Cougar 4 SW
gauge was consistent between the four periods of erosion mea-
surement, there was greater between-period variation for
higher-intensity events. WY 1984–1992, with about 5 h of rain-
fall intensities >10mmh�1, had the most hours of higher-
intensity rainfall. Comparison of rainfall intensities and infiltra-
tion rates predicts that overland flow would have occurred on
bare tephra about 10 to several hundred hours per year in
1980 and 1981, but only ~0.1 to <10h year�1 by the year
2000 (Figure 7); the absence of infiltration measurements be-
tween 1981 and 2000 makes it impossible to estimate the fre-
quency of runoff events in the WY 1984–1992 period, which

had higher-intensity storms. The actual number of hours of
precipitation-generated overland flow is probably less than in-
dicated by these predictions, especially at the higher-elevation
sites, because of the persistence of winter snow cover (see ear-
lier). There are no data on infiltration rates in the third post-
eruption decade following the Major and Yamakoshi (2005)
study, but there is no reason to expect that infiltration capacity
would have decreased.

Contribution of tephra erosion to volcanogenic
sediment yield

Basin-wide hillslope erosion declined throughout the first 20
post-eruption years (Figure 8A); rates for the 1992–2000 and
2000–2010 periods are statistically indistinguishable from zero,
and the rate for the third post-eruption decade equalled zero
(Table III). Exponential and power curves fit the data about
equally, and moderately, well; because neither is informative
about the physical processes causing the decline in erosion
rate, we show the exponential fit (Figure 8A) to facilitate com-
parison with other studies because an exponential is commonly
used to characterize relaxation times of fluvial systems, includ-
ing sediment yield following volcanic eruptions (e.g. Gran
et al., 2011).

Annual suspended sediment flux from the Green River basin,
measured by the US Geological Survey (Major et al., 2000),
also declined on average in the 14-year period (WY 1982–

Figure 4. Site-averaged net erosion, with one standard error of the
mean and average hillslope gradient: (A) 1980–1981, 1981–1982 and
1982–1983 (from Collins, 1984); (B) 1983–1992, 1992–2000 and
2000–2010. Note the change in ordinate scale between the panels. Figure 5. (A) Mean cover of plants, litter and wood fragments, 1980–

2010. (B) average annual erosion, 1980–2010. Solid symbols indicate
monitored hillslopes from Table I: MA = Maratta; SH1 = Schultz 1;
GR2 = Green 2; SH3 = Shultz 3; CW1 = Coldwater 1; CW2 =
Coldwater 2; CS1 = Castle 1.
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1994) it was measured (Figure 8B). The 339 km2 drainage area
above the Green River gauging station (Figure 1) includes
tephra-covered hillslopes but does not include debris ava-
lanche, pyroclastic flow or debris flow deposits, and is thus a
good indicator of erosion of the lateral blast deposits (Major

et al., 2000). Spatially averaged suspended-sediment yields
for the entire Green River basin were initially much lower than
hillslope-averaged tephra erosion rates. For example, the sec-
ond post-eruption year’s hillslope erosion rate of 7mmyear�1

Table V. Vegetative cover averaged for all stakes measured at each site in 1983, 1992, 2000 and 2010. In 1983, cover by plants is divided into native
and seeded species, and litter is also divided into that provided by native and seeded species. At subsequent measurements total cover was simply
divided into plant cover and litter

Site

1983 1992 2000 2010

Plant
cover (%)

Litter (%)

Wood
Plant
cover (%) Litter (%) Wood

Plant
cover (%) Litter (%) Wood

Plant
cover (%) Litter (%) Wood

N S N S

Maratta 9.6 6.2 0.4 0.7 0.0 38.0 24.1 5.8
Shultz 1 38.5 18.1 5.3 3.6 1.7 52.0 19.8 1.7
Green 2 1.9 9.6 0.3 0.0 6.7 40.2 0.7 5.5
Shultz 3 14.0 0.2 2.4 0.0 7.8 27.6 14.1 8.5 42.5 8.2 7.9
Coldwater 1a 9.9 NS 0.2 NS 7.2 30.1 8.8 5.8 47.2 15.9 5.4 39.1 10.1 3.6
Coldwater 2a 6.3 NS 0.0 NS 0.0 32.5 8.7 16.9 49.9 12.6 10.0 59.6 8.4 7.6
Shultz 2 16.3 2.4 3.7 0.0 8.8 29.2 18.6 5.9
Castle 1 19.2 NS 1.8 NS 5.8 28.8 10.6 14.3

aAverage plant cover at the Coldwater sites in 2010 is an underestimate because ground cover could not be measured reliably at six stakes in dense
scrub-shrub thickets.
Note:N indicates native species and S artificially seeded species and planted conifers. NS indicates site was not seeded. ‘Wood’ is woody material on
the buried soil exposed by erosion or tree fragments incorporated in the original blast deposit.

Figure 6. Elevation change at individual stakes related to vegetative
ground cover: (A) erosion 1983–1992 and vegetation cover in 1992;
(B) erosion 1992–2000 and vegetation cover in 2000. Statistics for the
regressions, and for regressions of the 2000–2010 data, are listed in
Table III.

Figure 7. Magnitude and frequency of hourly precipitation recorded
at the Cougar 4 SW gauge, located 30 km SSW of the Coldwater sites
(Figure 1). Data are presented separately for each of four time periods
bracketing erosion measurements. Dashed vertical lines indicate the
predicted magnitude of the 1-h precipitation event having 2, 10 and
50-year recurrence, as determined from Miller et al. (1973). Shaded
areas represent the infiltration rates measured in two studies on our
Shultz Creek site in 1980 and 1981 (Leavesley et al., 1989) and in
2000 (Major and Yamakoshi, 2005).
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translates to a sediment supply rate of 7000 t km�2 year�1 for a
soil of density 1000 kgm�3, several times higher than the basin-
wide sediment yield for that year (Figure 8B). This discrepancy
is presumably because erosion rates from our study sites only
apply to a portion of the basin, which also includes forests
singed by the eruption and undisturbed forest, where the infil-
tration capacity remained high and erosion was not accelerated
by the eruption, as well as salvage-logged and replanted
hillslopes within the blast-affected area, where mechanical dis-
turbance increased infiltration and detention of runoff and de-
creased erodibility (Collins and Dunne, 1988). A likely
smaller, countervailing effect is that the sediment transported
as bedload is unaccounted for, and bedload averaged 18% of
the total load measured in November 1980–February 1981 in
four Toutle River tributaries by Lehre et al. (1983). The discrep-
ancy is not likely caused by storage of eroded tephra in the
drainage network: repeated cross-sectional surveys in several
tributaries to the Toutle River system in 1980–1981 showed a
net export of channel sediments (Lehre et al., 1983) and chan-
nels in the Clearwater Creek drainage generally incised within
the first 5 years after the eruption (Lisle, 1995). For these rea-
sons it is not possible to directly compare the absolute rates of
tephra erosion and suspended sediment yield, but both slowed
at a similar rate; the e-folding rates in the exponential equations

are �0.26 year�1 for erosion and �0.30 year�1 for sediment
yield.

Within about 6 years after the 1980 eruption, the catchment-
scale sediment flux dropped into the range of 10–
250 t km�2 year�1 (assuming a soil bulk density of
1000 kgm�3, this is equivalent to hillslope lowering rates of
0.01–0.25mmyear�1). These rates are within the range of
suspended sediment yields measured from forested watersheds
lacking active glaciers in the Cascade Range of southwestern
Washington and northwestern Oregon (Czuba et al., 2011;
Wise and O’Connor, 2016; Bywater-Reyes et al., 2018), and
is similar to the conclusion of Major et al. (2018) that sediment
yield from the Green River basin declined to pre-eruption levels
within about 5 years. By that time, tephra erosion rates were ap-
proaching the limits of measurement (Figure 8A, Table III), sug-
gesting that the contribution of tephra erosion to streams had
declined to the background level of the surrounding undis-
turbed landscape and that the 1980 tephra had entered the sed-
iment supply system driven by fast and slow mass wasting.

Discussion

Evolution of erosion processes through time

What did extending the field experiment for three decades re-
veal about erosion processes beyond what had been learned
from the first 3 years of observations? The first 3 years of obser-
vations showed that a stable network of rills developed as rills
rapidly extended to within centimetres of local drainage di-
vides. The rill formation intensified erosion rates both by direct
evacuation of the channel volumes and by facilitating the
export of inter-rill sediment, which might otherwise be
redeposited downslopes. Then, as the network developed in
the first several post-eruption months, rill densities declined
rapidly as the size of rills increased (Collins and Dunne,
1986) and smaller rills were subject to cross-grading (develop-
ment of a lateral component of gradient and flow towards mas-
ter rills) and micro-piracy (Horton, 1945). In field experiments,
rainsplash is typically important in detaching sediment, which
sheetwash transports more efficiently (e.g. Morgan, 1978;
Ghahramani et al., 2011), and an equilibrium develops be-
tween the two processes as a stable rill network establishes
(Dunne and Aubry, 1986). In the first few years of observations,
the smoothing of smaller rills (Collins and Dunne, 1986), the
accumulation in rills of sediment eroded from inter-rill areas
(Figure 5 of Collins and Dunne, 1986; Dunne and Aubry,
1986) and the degradation of rill edges (e.g. Figure 2B) all sug-
gested that the intensity of sheetwash erosion began to give
way in the first post-eruption year to rainsplash, frost action
and bioturbation in transporting sediment, a shift interpreted
from visual observations to have resulted from physical
changes to the tephra surface that affected surface runoff and
erodibility.

Extended monitoring over the next three decades showed the
effects of the continued shift in dominance to diffusive pro-
cesses. This continued shift was driven by an increase in tephra
infiltration capacity (Leavesley et al., 1989; Major and
Yamakoshi, 2005), presumably because frost action and biotur-
bation disrupted the fine-grained surface layer and erosion
stripped that layer and exposed underlying coarser tephra,
and because a coarsened surface and coarser underlying layers
had lower cohesion and less resistance to rainsplash detach-
ment (Dunne et al., 2010). Additionally, runoff generated on
the inter-rill surface would infiltrate into rill beds cut into the
coarser sands of the lower strata of the surge deposit and the
underlying soil exposed in rill beds, causing rills to trap

Figure 8. (A) Change through time in average annual erosion aver-
aged from all sites measured in summer 1980–1981, 1981–1982,
1982–1983, 1983–1992 and 1992–2000 fitted to an exponential func-
tion. Equation for data fit to power function (not shown) is y =
31.1x�1.54, R2 = 0.89, p = 0.007. (B) Annual suspended sediment trans-
port at the USGS Green River gauge (Figure 1), WY 1982–1994, from
Major et al. (2000) fitted to an exponential function. Equation for data
fit to power function (not shown) is y = 5600x�1.84, R2 = 0.62, p =
0.001. Shaded area represents range of sediment loads in regional riv-
ers reported for unglaciated rivers in the Cascade Range of southwest-
ern Washington and northwestern Oregon.
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material splashed and washed from inter-rill surfaces. The re-
sult of the continued shift towards diffusive processes was the
continued smoothing of rill channels during 1983–1992 to
the extent that few rills were identifiable in the landscape by
2000 (e.g. Figure 2C).
Not apparent from the first few years of this study (or in re-

ports from other short-term tephra erosion studies) was the im-
portance of animals both in transporting sediment downslope
and in mixing tephra layers and thus indirectly contributing to
the increased role of rainsplash. Evidence of trampling by Roo-
sevelt elk (Cervus elaphus roosevelti) was widespread on the
two Coldwater sites. In areas of chronic, concentrated elk traf-
fic, trampling appears to retard or prevent revegetation and to
transport tephra downslope. In contrast, trampling also mixes
the coarser lower strata with finer upper strata, which increases
infiltration and could decrease erodibility. Burrowing by small
mammals was also observed to be widespread and to result in
both downslope transport and mixing of tephra.
While shorter-term studies have shown that erosion began to

slow prior to widespread revegetation, this longer-term study
shows that physical changes, even in areas lacking any vegeta-
tion cover, can slow erosion below levels detectable by our
measurement methods. Re-established vegetation remained
patchy through 1992, but erosion was reduced in proportion
to its presence. Broad spatial patterns of plant recovery on our
sites are consistent with those revealed by remotely sensed
cover throughout the entire blast-affected area by Lawrence
and Ripple (2000): our sites farther from the volcano generally
had greater cover, reflecting the favourable effect of thinner
tephra on plant recovery, as did our sites on steeper slopes,
reflecting the favourable effects of erosional stripping of tephra.
Erosion during 1992–2000 was either small or indistinguishable
from zero (0.3 ± 1.0mmyear�1), and in any case had dropped
below measurable rates by 2000–2010 (0.0 ± 0.6mmyear�1).
Though vegetation cover increased, the surface on many sites
remained sparsely vegetated, and yet erosion effectively ceased
even in the absence of local revegetation.
Finally, extending the field experiment over several decades

shows that the deposits’ rapid stabilization appears to be a rel-
atively robust phenomenon; the stabilization continued even
with unusually high-intensity precipitation events during
1983–1992 (Figure 7). Infiltration capacities of Mount St.
Helens tephra and precipitation intensities are low compared
to those from other volcanoes (Table 1 and Figure 4 of Pierson
and Major, 2014). However, physical stabilization of the tephra
surface has been reported for tephra having a variety of grain
sizes and subject to a variety of precipitation intensities (e.g.
Segerstrom, 1960; Waldron, 1967; Ollier and Brown, 1971;
Kadomura et al., 1983; Yamamoto, 1984; Chinen, 1986;
Shimokawa and Jitousono, 1987; Miyabuchi et al., 1999). In
each case, the disturbed surface was initially dissected by
channels of various sizes, the spacing of which reduced runoff
paths below a critical value for erosion (Horton, 1945); the
long-term shift in dominance from incisive to diffusive pro-
cesses documented in this study then also played a role in alter-
ing the channel spacing.

Fate of tephra on hillslopes

Visual observations indicate that on slopes steeper than about
0.7, similar to observations made at other volcanoes (see ear-
lier), erosion stripped most or all of the tephra layer in the first
few years. But our results suggest that on moderate to gentle
hillslopes with moderate to thick tephra, much of an erupted
tephra will remain on hillslopes, at least for some time, whether
or not revegetation occurs soon after an eruption. This confirms

the inference, made from short-term studies at Mount St.
Helens and Usu volcanoes (Kadomura et al., 1983; Collins
and Dunne, 1986; Smith and Swanson, 1987), that the largest
portion of tephra will become buried with plant litter, incorpo-
rated into soil horizons and accommodated, over the long term
(102 –104 years), by an increase in soil depth and soil creep
transport rate (Heimsath et al., 2005).

Various flora and fauna are effective soil mixing agents (for a
review, see e.g. Gabet et al., 2003), and the tendency through
time for a tephra layer to homogenize or remain as a distinct
horizon will vary generally with the mixing agents present in
a given environment (Blong et al., 2017). For example, in some
parts of the area affected by the lateral blast at Mount St.
Helens, the northern pocket gopher (Thomomys talpoides)
brought buried soil to the tephra surface starting in the first
few months following the eruption (Andersen and MacMahon,
1985). Preservation through time of deposits from the Mount St.
Helens lateral blast, and tephra layers generally, as distinct
layers, requires that a tephra layer be thicker than the sum of
the depths of short-term erosion and the bioturbation zone, or
the entire eruption layer will be disrupted and creep down-
slope. Also, the frequency and magnitude of tephra deposi-
tional events over time must exceed the sum of surface
erosion and creep between eruptions. Lack of erosional con-
tacts in a tephra sequence implies that eruptions must be very
frequent. Expanding the records of these processes makes such
quantification possible.

The role of tephra in sediment yields following
volcanic eruptions

The current conceptual model of erosion following volcanic
eruptions is that hillslope tephra erosion is a short-term (sev-
eral-year) sediment source, and that fluvial channel network
development and channel widening in valley-filling debris
avalanche, pyroclastic flow and mudflow deposits result in a
longer-term sediment supply (Manville et al., 2009; Gran
et al., 2011; Pierson and Major, 2014). This model has been de-
veloped from studying fluvial erosion of valley-filling deposits,
most intensively at Mt. Pinatubo (e.g. Pierson et al., 1992; Scott
et al., 1996; Montgomery et al., 1999; Hayes et al., 2002; Gran
and Montgomery, 2005; Gran et al., 2011) and Mount St.
Helens (e.g. Lehre et al., 1983; Meyer and Martinson, 1989;
Simon, 1999; Major et al., 2000, 2018; Major, 2004; Zheng
et al., 2014), as well as volcanoes in central America (e.g.
Kuenzi et al., 1979; Inbar et al., 1994), Indonesia (e.g. Lavigne,
2004) and New Zealand (e.g. Manville et al., 2009), combined
with inference from short-term tephra erosion studies and
suspended sediment studies (e.g. Major, 2004). This study
confirms the inference that the contribution of hillslope tephra
erosion to basin sediment yield, at least in a temperate environ-
ment, is likely to be large for only several years, with the
erosion after that point appearing to be slow and likely contrib-
uting little sediment directly to channels. At Mount St. Helens,
this stabilization benefitted from, but happened even in the
absence of, revegetation, and was largely due to changes in
dominant sediment transport process – from sheetwash and
rilling to rainsplash and rill sedimentation – and changes to
the physical and hydrologic properties of the tephra.

Conclusions

While in the first few post-eruption years sheetwash and rill
erosion were the dominant processes eroding tephra deposited
by the May 1980 eruption of Mount St. Helens, within the first
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few post-eruption months process dominance began to shift to
diffusive processes as rainsplash, frost action, bioturbation and
erosional stripping of the low-infiltration surface layer in-
creased infiltration and reduced erodibility, smoothing and
erasing rills that had formed on hillslopes within the first few
post-eruption years, eventually erasing rills altogether. Even
on unvegetated surfaces, erosion rates within 12 years after
the eruption had diminished to below levels detectable by
our measurement methods, even during a period of relatively
intense rainfall, as the same physical processes that had earlier
stabilized surfaces with respect to sheetwash and rill erosion in
the first few post-eruption years stabilized surfaces relative to
rainsplash. As a result, tephra erosion was a transient contribu-
tor to the post-eruption sediment budget of rivers draining the
north side of the volcano: watershed-scale suspended sediment
measurements suggest that contributions of sediment from
hillslopes to streams had ceased as early as 6 years after the
eruption. The short-term nature of the sediment source is con-
sistent with predictions made from measurements of erosion
in the first three post-eruption years, and confirms the current
conceptual model of the role played by tephra erosion relative
to other sediment sources following volcanic eruptions. While
tephra deposited on the steepest slopes has been stripped by
erosion, as a result of erosional stabilization of tephra on mod-
erate and gentle slopes, 30 years after its deposition most of the
tephra deposited on such hillslopes remains in place. The ex-
tent to which tephra will be preserved as a distinct layer will
likely depend on the balance between these mixing and
redistributing agents versus revegetation and soil formation on
the tephra surface.
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