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The spectacular 18 May 1980 eruption of Mount St. Helens was the largest and most deadly 
volcanic eruption in historical times in the conterminous United States. The catastrophic erup-
tion and its aftermath captured the attention of people worldwide who witnessed the event as 
it was broadcast by numerous media. Social, economic, and ecological systems over a wide 
swath of the Pacific Northwest were disrupted, and the hazards of living in a volcanically 
active region were quickly realized. At the same time, the eruption created unprecedented sci-
entific opportunities for investigating initial and long-term responses of ecosystems to a range 
of volcanic disturbance processes. Given its close proximity to population centers, transporta-
tion networks, and academic institutions, scores of scientists arrived on the scene within 
months of the eruption, where they established hundreds of studies that focused on numerous 
biological groups (microbes to mammals) and ecological processes across a range of terrestrial 
and aquatic system types. A number of these studies are still active today (2017), and, with 
nearly 40 years of accumulated data, they provide a wealth of information on the resilience of 
the Mount St. Helens landscape and waters. Many lessons have been distilled from this body 
of research, which has strongly influenced and even reshaped our understanding of biological 
community assembly, successional processes, and disturbance ecology. This book tells the 
story of ecological responses around Mount St. Helens spanning almost four decades since the 
eruption and synthesizes much of what has been learned. Mount St. Helens offers an exem-
plary arena to investigate both the forces that cause dramatic change in ecosystems and the 
resilience of nature. A diversity of disturbance mechanisms operated at the volcano, and they 
created high gradients of disturbance intensity. The variability in response trajectories was 
large, with rapid ecological responses in some places and slow transformation in others. Where 
they occurred, biological legacies, both living and dead, strongly influenced development of 
ecological communities. Chance events and contingencies played a large role in reestablish-
ment processes, particularly where no biological legacies persisted and where populations 
experienced boom and bust cycles. Spatial heterogeneity in both disturbance and the pace and 
pattern of ecological response is a hallmark of the post-eruption area and has led to high bio-
diversity, rich with complex early-seral communities that are of both local and regional signifi-
cance. In addition, secondary disturbances, ongoing geological processes, and human activities 
were important in some locations.

The study of ecological responses in the diverse environments at Mount St. Helens has been 
conducted by a team of dedicated scientists. For several scientists, their research and careers 
were entirely redirected as they focused intensively on the area’s ecology. Although the ecolo-
gists working at Mount St. Helens come from a variety of institutions and locations, their 
interests have been held together by a participation in a regular gathering called a “pulse” at 
which scientists monitor the status of Mount St. Helens ecosystems. During these week-long 
field camps, researchers visit many of field sites, collect data, forge new collaborations, plan 
synthesis efforts, and recruit the next generation of early- to mid-career scientists. The first 
pulses occurred in the summers of 1980 and 1981 and were cosponsored by the USDA Forest 
Service’s Pacific Northwest Research Station and National Science Foundation. During the 
recent decades, they have been held at 5-year intervals and funded by the Forest Service.
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This volume serves to link both the science and the many scientists conducting research at 
Mount St. Helens. In reviewing each other’s work, we have learned about the commonalities 
and differences of ecological responses across a range of volcanic disturbance processes.

Over the years, we have shared what has been learned at Mount St. Helens via publica-
tions and speaking at professional meetings. But the most enthusiastic audiences are often 
students and youth. Even preschool children are fascinated by volcanoes and learning about 
ecological interactions. As a way to engage others in the geological and ecological learning 
from Mount St. Helens, each May 18, Virginia makes a volcano cake and shares it with 
whatever group she is speaking to on that anniversary of the eruption. This three-dimen-
sional model provides a vivid means to explain volcanic and ecological processes. One fifth-
grade teacher said that her students had never been more interested in discussing a cake than 
eating it.

 

Photograph This volcano 
cake illustrates many of the 
geological and ecological 
features of Mount St. Helens. 
The unseen strawberry cake 
layer depicts magma, which is 
hidden below the Earth’s 
surface. The next layer of 
chocolate cake represents soil 
lying under the volcanic 
material. Chocolate icing 
symbolizes the pyroclastic flows, 
debris avalanche, and lahars that 
inundated the surface. White 
icing stands for the glaciers that 
remain on the mountain top. The 
crater still emits steam, as 
demonstrated by dry ice. 
Although there was little lava 
emitted during the eruption of 
Mount St. Helens (at least until 
later dome-building episodes), 
enjoyment of strawberries 
enticed us to add lots of them. 
Pretzels represent the downed 
trees, and thyme and rosemary 
symbolize the vegetation that is 
reestablishing. Scattered gummy 
butterflies herald the return of 
insects to the ecosystem. 
Delectable chocolate-covered 
raisins represent volcanic 
bombs. Hidden in the cake are 
gummy fish that memorialize the 
many animals killed by the 
eruption, and gummy worms 
representing animals that 
survived in some locations by 
being sheltered underground 
during the eruption. A Mount St. 
Helens cake is a special treat 
every May 18.
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The ecological studies at Mount St. Helens could not have been accomplished without 
diverse financial support. The Forest Service and National Science Foundation funded initial 
studies, and their support has continued to the present. In addition, individual projects were 
funded by grants from the National Geographic Society, Earthwatch Institute, the Washington 
Department of Fish and Wildlife, and several foundations. Much work has been accomplished 
by personal initiative, volunteers, and building upon related projects. The Forest Service has 
provided continuous support for the work by Crisafulli and others at Mount St. Helens and for 
collecting, documenting, and archiving data sets and physical and biological specimens from 
long-term ecological studies in the area.

This book is the direct result of contributions of many people in addition to the authors. 
Kathryn Ronnenberg (USDA Forest Service, Pacific Northwest Research Station) worked tire-
lessly to standardize all tables, create many of the disturbance zone maps, edit and generate final 
figures, and performed an excellent job as technical editor for the entire book. Kelly Christiansen 
(USDA Forest Service, Pacific Northwest Research Station) assisted with cartography and GIS 
projects. Special thanks are owed to the numerous scientists who reviewed early versions of the 
chapters. For these important reviews, we wish to thank Scott Abella, Ivan Arismendi, Pete 
Bisson, John Campbell, Cynthia Chang, Roger del Moral, Karen Dillman, Luciana Elizalde, 
Jack Feminella, Mark Fonstad, Jerry Franklin, Doria Gordon, Karen Gran, Raymond Iglay, 
Sarah Jovan, Raffaele Lafortezza, Doug Larson, Kelly Maloney, Connie Millar, Erich Mueller, 
Jim O’Connor, Bob Parmenter, Daniel Schindler, Bjarni Sigurdsson, Siobhan Staunton, Fred 
Swanson, Jonathan Titus, Shiro Tsuyuzaki, Lars Walker, Frank Wilhelm, Michael Willig, Ellen 
Wohl, Don Zobel, and several reviewers who wish to remain anonymous.

The institutional homes of the editors provided essential support for their work at Mount St. 
Helens, including writing and editing this book. Charlie gratefully acknowledges the support 
of the Pacific Northwest Research Station and particularly the sustained interest of Cindy 
Miner and Deanna Olson. Virginia appreciates the support from the Environmental Sciences 
Division at Oak Ridge National Laboratory (ORNL), which is managed by UT–Battelle for the 
US Department of Energy. The editors thank the Gifford Pinchot National Forest, the Mount 
St. Helens National Volcanic Monument, and the Mount St. Helens Institute and their staffs for 
logistical support and access to records, maps, and research sites. All royalties from the pur-
chase of this book will go to the Mount St. Helens Institute.

On a personal note, during the past decades, we have spent much time in the volcanic land-
scape learning a great deal about disturbance ecology and becoming quite familiar with the 
area. Friends, colleagues, and family members have all supported our work, and many have 
been with us as we learned about this intriguing landscape. Virginia wishes to especially thank 
her family and friends, who enjoy assisting in locating plots, digging soil samples, monitoring 
plots, and conducting other fieldwork and did not mind the hours she spent on this book during 
weekends and early mornings. In particular, her commitment to finish this book was encour-
aged by the interests of her grandchildren—especially 5-year old Lily, who is a budding volca-
nologist. Charlie thanks and acknowledges his daughters, Erica and Teal, for their interest, 
enthusiasm, and tolerance for his passion and obsession with Mount St. Helens. He thanks his 
friend Abigail Groskopf for countless conversations, outings into Cascadia, and meals together 
during the preparation of this book. Thanks and appreciation are given to Fred Swanson for his 
interest, collaboration, and shared adventures into the fascinating world of volcano ecology. 
Finally, appreciation and insights to Mount St. Helens ecology have been sharpened by annual 
trips to investigate contemporary eruption sites in Chile with collaborators Mauro E. González, 
Antonio Lara, and their students at Universidad Austral de Chile and also with Barbara Corrales 
and Pablo Saumann at Parque Valle Los Ulmos. The editors and authors owe special gratitude 
to Jerry Franklin, Jim MacMahon, and the late Jim Sedell for their commitments to science at 
Mount St. Helens.

We thank authors and publishers for the permission to reprint the three poems. John Daniel’s 
poem “To Mount St. Helens” was first published in his book All Things Touched by Wind (Salmon 
Run Press, 1994) and subsequently published in Of Earth: New and Selected Poems (Lost Horse 
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Press, 2012). Gary Snyder’s poem “Pearly Everlasting” first appeared in his book Danger on 
Peaks (Counterpoint, 2004, 2014). These two poems and Ursula K. Le Guin’s “Another Weather: 
Mount St. Helens” appeared in In the Blast Zone (Oregon State University Press, 2008).

As we write this Preface, small earthquakes are common occurrences, and magma is 
recharging beneath Mount St. Helens, which signals the ongoing geological unrest and poten-
tial future ecological consequences for the region. Although such events have occurred several 
times in recent years and are not a cause for concern, they do remind us that this is an active 
volcano. The ecological systems are in flux as well. The ecosystems are moving toward, but 
still many long years from, conditions more characteristic of the forested landscapes of the 
Pacific Northwest than the gray, barren, ash-covered valleys and ridges that were prevalent 
immediately after the eruption. There is still much to be learned from this dynamic system. We 
hope that science reported in this volume and our prior book, Ecological Responses to the 1980 
Eruption of Mount St. Helens, makes unique and important contributions to the study of suc-
cession and disturbance ecology. Collectively, this body of research is supported by well-
documented, publicly accessible descriptions of long-term field plots and associated data. 
Most of all, we hope that the thrill of learning about ecological systems experienced by all of 
us working at Mount St. Helens can be conveyed by reading about the complex interaction 
between organisms and their environment at Mount St. Helens.

Charles M. Crisafulli
Virginia H. Dale

July 2017
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You were the perfect one,
the saint of symmetry.
We glanced at your benign
bright face, and you shined back
your blessing, you smiled
peacefully upon us.
We didn’t much believe
Your smoke and stir, we thought
your restiveness would pass—
and then you shuddered hard
and blasted yourself across
four states, engulfed a lake,
gorged rivers with gray mud,
flattened entire forests
and whatever lives they held
in your searing smother.
Your evenness and grace
exploded twelve miles high,
then showered down as grit
on our trim lawns and gardens—
and there you slouch, smudged
and gaping, spewing smoke,
resting in your rubble.
You did it, Mount St. Helens.
As all of us looked on
you stormed in solitude,
you shrugged and shook aside
what we called beautiful
as if none of us were here,
no animals, no trees,
no life at all outside
your ancient fiery joy—
I admired you, mountain,
but I never loved you until now.

(from In the Blast Zone, Oregon State University Press. 2008, p. 52–53)

Prologue. “To Mount St. Helens”

John Daniel
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1.1  Introduction

The role of disturbance in influencing ecosystems and 
shaping landscapes is clearly recognized (White 1979; 
Pickett and White 1985; Turner 1987, 2010; Turner and 
Dale 1998). The heterogeneous and complex effects of 
large infrequent disturbances on ecosystems contribute to 
the operation of natural systems, including patterns and 
processes of ecological response following such events 
(Turner et al. 1997). As such, disturbances are not viewed 
by ecologists as catastrophic agents of destruction but 
rather as normal, perhaps even integral, parts of long-term 
system dynamics (Weatherhead 1986). Volcanic eruptions 
are powerful agents of large infrequent disturbances and 
create exemplary living laboratories that can be used to 
investigate both initial disturbance effects on ecosystems 
and longer-term successional processes (Dammerman 
1948; Thornton et al. 1988; del Moral and Grishin 1999; 
Dale et al. 2005a; Crisafulli et al. 2015).

Mount St. Helens and the other 16 major volcanic land-
forms in the Cascade Range of northern California, Oregon, 
and Washington state are part of the “ring of fire” that bor-
ders the Pacific Ocean; the Pacific Rim has about three- 
fourths of the world’s active and dormant terrestrial volcanoes 
(Harris 1976). Mount St. Helens is the most active volcano in 
the Pacific Northwest in recent centuries and has experienced 

at least 20 eruptions in the past 4000 years (Crandell and 
Mullineaux 1978).

The 1980 eruption of Mount St. Helens was dramatic both 
in terms of the variety of volcanic processes and the spatial 
extent of their disturbance effects on ecosystems (Lipman 
and Mullineaux 1981; Dale et al. 2005a). Complex geophys-
ical forces created exceptional opportunities to study initial 
ecological responses and longer-term successional processes 
across a diversity of ecosystems (lowland to subalpine for-
ests, meadows, lakes, streams, and rivers), and the presence 
of forests across the landscape gave geologists many oppor-
tunities to interpret geophysical processes from observations 
of damage to vegetation. These conditions make Mount St. 
Helens an extremely rich environment for learning about the 
ecology of volcanic areas and, more generally, about ecosys-
tem response to many types of disturbance, including land 
management.

Dozens of ecologists took advantage of the research 
opportunities created by the 1980 eruption, establishing 
hundreds of studies that included numerous taxa, ecologi-
cal processes, and system types across an array of volcanic 
disturbance types and intensities. These efforts resulted in 
hundreds of research articles and several syntheses (e.g., 
Keller 1982, 1986; Bilderback 1987; Dale et al. 2005a; 
Swanson and Crisafulli, Chap. 16, this volume). For exam-
ple, nearly 40% of the world’s published studies on plant 
and animal responses to volcanic eruptions have taken 
place at Mount St. Helens (Dale et al. 2005b; Edwards 
2005; Crisafulli et al. 2015; Swanson and Crisafulli, Chap. 
16, this volume). The 2005 volume Ecological Responses 
to the 1980 Eruption of Mount St. Helens (Dale et al. 
2005a) provided a 25-year perspective on ecological 
change distilled from several important studies conducted 
at the volcano. Now, after the passage of another 12 years 
of research, it is timely to undertake a further synthesis of 
knowledge of ecosystem responses to the 1980 eruption. 
This companion volume builds on early foundational work 
by exploring and reporting on ecological patterns and 
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Table 1.1 Definitions of volcanic processes used in this book.

Volcanic process Definition
Pyroclastic density current (PDC)a, b Rapid flow of a dry mixture of hot (commonly >700 °C) solid particles, gases, and air, which can range 

in character from a dense, ground-hugging flow (pyroclastic flow) to a turbulent, low-density cloud of 
mostly fine ash and superheated gases and air (pyroclastic surge). A single PDC commonly involves 
both flow types as a result of gravitational segregation. Flows are generally gravity driven but may be 
accelerated initially by impulsive lateral forces of directed volcanic explosions. Flows typically move at 
high velocity (up to several hundred km h−1).

Blast pyroclastic density currentc A form of pyroclastic density current initiated by rapid decompression of lava domes or cryptodomes (magma 
bodies cooled high within a volcanic edifice) owing to sudden collapse. Rapid decompression results in a 
directed explosion that initially impels the current laterally before it becomes a gravity-driven flow. In the case 
of the 1980 Mount St. Helens eruption, failure of the volcano’s north flank unroofed pressurized magma and 
superheated water. Rapid exsolution of magmatic gases and conversion of superheated water to steam 
produced a laterally directed blast, which formed a density current that flowed across rugged topography. 
The current contained fragmented rock debris as well as shattered forest material.

Debris avalanchea A rapid granular flow of an unsaturated or partly saturated mixture of volcanic rock particles (± ice) and 
water, initiated by the gravitational collapse and disintegration of part of a volcanic edifice. Debris 
avalanches differ from debris flows in that they are not water-saturated. Although debris avalanches 
commonly occur in association with eruptions, they can also occur during periods when a volcano is 
inactive.

Lahara An Indonesian term for a rapid granular flow of a fully saturated mixture of volcanic rock particles  
(± ice), water, and commonly woody debris. A lahar that has ≥50% solids by volume is termed a debris 
flow; one that has roughly 10–50% solids by volume is termed a hyperconcentrated flow. Flow type can 
evolve with time and distance along a flow path as sediment is entrained or deposited.

Tephrafalla Volcanic particles raining to the ground following their ejection into the atmosphere by an explosive 
eruption. Tephra is a collective term for particles of any size, shape, or composition ejected in an 
explosive eruption.

aTerms for size classes of pyroclastic particles are as follows: Ash, particles <2 mm in diameter; lapilli, particles 2–64 mm in diameter; blocks or 
bombs, particles >64 mm in diameter. Once pyroclastic particles are deposited and later remobilized, they are referred to as secondary volcanicla-
stic deposits, and their particles are described using standard sedimentology size terminology (e.g., clay, silt, sand, pebbles, cobbles, and boulders; 
Folk 1980; Pierson and Major 2014).
bA generalized definition based on definitions of PDCs provided in Sigurdsson et al. (2015) and Pierson and Major (2014).
cSigurdsson et al. (2015) and Pierson and Major (2014).

 processes at Mount St. Helens up to 35 years since the 
eruption.

Mount St. Helens is a unique living laboratory that can be 
used to address questions that require long-term observa-
tions and experiments that can take advantage of its diverse 
conditions. Mount St. Helens National Volcanic Monument 
was established, in part, to foster scientific investigations. 
Thus, researchers have some confidence that long-term stud-
ies and collaborations among disciplines will continue.

1.2  The 1980 Eruption of Mount St. 
Helens

The cataclysmic eruption of Mount St. Helens on the morn-
ing of 18 May 1980 involved a variety of volcanic and hydro-
logical processes: a massive debris avalanche, a laterally 
directed pyroclastic density current (commonly referred to 
as a lateral blast and herein called the blast PDC), lahars 
(volcanic mudflows), pyroclastic flows, and extensive ash 
and pumice deposition (tephrafall) (Lipman and Mullineaux 
1981; Swanson and Major 2005) (Table 1.1). Subsequent 
minor eruptions generated pyroclastic flows, tephrafalls, and 
lahars and created several lava domes in the new crater 

(Lipman and Mullineaux 1981; Sherrod et al. 2008). These 
geological processes dramatically affected ecosystems over 
~570-km2 area in a broad arc north of the volcano and a far 
larger area (10s of thousands of km2) to the east with much 
lesser intensity through wind-dispersed deposition of tephra.

Pre-eruption forests consisted of naturally regenerated 
conifer stands, including numerous old-growth forests, as 
well as tree plantations that were established following 
clearcut logging (Swanson et al. 2005). The highly dissected 
landscape was drained by abundant fast-flowing streams, 
and high-elevation areas were dotted with small subalpine 
lakes. Meadows were common on the flanks of the volcano, 
which had a very low tree line, well below the climatic limit, 
reflecting volcanic activity during recent centuries 
(Lawrence 1938). Meadows were also common in the 
Mount Margaret Range, north of the volcano.

In the aftermath of the eruption, a highly heterogeneous 
environment resulted from numerous factors. The eruption 
involved a complex set of geophysical forces, varying in 
their intensity and acting upon an array of different pre- 
eruption biological communities, successional stages, and 
site conditions, distributed across complex montane topogra-
phy (Table 1.2). These factors led to a landscape mosaic of 
broadly defined disturbance zones that were characterized by 
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the amount, type, and distribution of residuals (biological 
legacies—organisms and organic materials that remain after 
a disturbance) from the pre-eruption ecosystems (Fig. 1.1). 
Collectively, these zones can be viewed as a gradient of dis-
turbance severity ranging from complete annihilation of all 
life immediately in front of the crater in the pyroclastic-flow 
zone, to areas of high survivorship of most taxa 30 km to the 
north in the tephrafall zone (Fig. 1.2). Areas occurring 
between these two endpoints (debris-avalanche deposit, 
lahar deposits, blast scour, blowdown and standing dead for-
est zones) had intermediate levels of biological legacies. 
Certainly, the eruption led to extensive mortality of plants 
and animals across a broad tract of Cascadian terrain and 
also to the tragic loss of 57 human lives. However, a most 
surprising fact in the early post-eruption years was the real-
ization that nearly all plant and animal species inhabiting the 
landscape before the eruption had at least some individuals 
that survived by many mechanisms in small and isolated safe 
havens throughout the majority of the landscape and water-
ways (del Moral 1983; Halpern and Harmon 1983; Andersen 
and MacMahon 1985; Franklin et al. 1985; Crawford 1986; 
Zobel and Antos 1986, 1992; Adams et al. 1987; Hawkins 
and Sedell 1990) (Fig. 1.3). Subsequent ecological change 
resulted from growth and spread of surviving populations, 
joined by numerous colonists that immigrated from distant 
source populations; community and ecosystem development 
was influenced by physical changes to the environment such 
as weathering of substrates, nutrient enrichment, and sec-
ondary disturbance (Figs. 1.4 and 1.5). These processes both 
retarded and accelerated plant establishment and growth and, 
by extension, animal community assembly, depending on 
local circumstances (Fig. 1.6).

Secondary physical disturbances increased the heteroge-
neity of developing biological communities and landscapes. 
These disturbances included natural events such as shallow, 
rapid landslides, lahars, and erosion, as well as land manage-
ment activities such as salvage logging, road construction, 
and aerial seeding of plant species with the intent to reduce 
erosion. Each activity was location specific, and none 
approached the magnitude or extent of the 1980 eruption. 
Furthermore, as the ecosystem became more complex, biotic 
interactions such as mutualism, herbivory, predation, decom-
position, and competition gained importance. More than 
three decades after the cataclysmic eruption, the intertwining 
of geophysical and ecological changes is critical to under-
standing the developing Mount St. Helens system.

1.3  Lessons Learned from Ecological 
Research at Mount St. Helens

What has already been learned from research on ecological 
responses at Mount St. Helens is influencing the understand-
ing of succession, animal community assembly, disturbance 
ecology, ecosystem management, evolution and the origin of 
life, trophic interactions, and landscape ecology (Table 1.3). 
Together, these studies reveal how much knowledge about 
ecological succession and disturbance ecology has expanded 
as a result of the numerous long-term studies at Mount St. 
Helens (Fig. 1.7). The work on the great diversity of taxa 
examined in the aftermath of the 1980 eruption provides 
numerous insights on ecosystem responses to a large, intense 
natural disturbance, including patterns and processes of sur-
vival, colonization, and biotic assembly (Table 1.4). The 
 following key findings are discussed in depth in Crisafulli 
et al. (2005b) and Dale et al. (2005d, e).

• Disturbances are complex. Like most explosive erup-
tions, the 1980 event at MSH involved several types of 
volcanic disturbance processes that occurred concurrently 
or consecutively within a 12-h period.

• Mechanisms of disturbance vary in type and intensity and 
thus severity of effects. Mechanisms of disturbance 
included the force of impact, heat, abrasion, burial, plant- 
canopy loading, suspended particles in air or water, and 
chemical toxicity, and their intensities influenced the 
severity of effects on the biota. These mechanisms varied 
substantially among the types of disturbance processes 
that operated at Mount St. Helens in 1980; generally, their 
intensity decreased with distance from the crater. Several 
gradients of disturbance intensity occurred across the dif-
ferent disturbance processes involved in the 1980 erup-
tion. The gradients included impact force, heat, and 
deposit thickness. For example, the large, 570-km2 area 
that was disturbed by the blast PDC varied from areas 

Table 1.2 Characteristics of deposits from the 18 May 1980 eruption 
of Mount St. Helens.

Event

Volume of 
uncompacted 
deposit (km3)a

Area 
affected 
(km2)a

Thickness 
of deposit 
(m)a

Survival  
of biota

Debris 
avalanche

2.5 60 10–195 Almost 
noneb

Blast PDC 0.20 550 0.01–1 Pockets of 
survival in 
limited 
protected 
areasc

Lahar 0.05 50 0.1–3 Some trees 
survivedd

Pyroclastic 
flows

0.3 15 0.25–40 Nonec

Proximal 
tephrafall

0.1 1100 >0.01 Highe

aData from Lipman and Mullineaux (1981).
bDale et al. (2005c).
cCrisafulli et al. (2005a).
dFrenzen et al. (2005).
eAntos and Zobel (2005).
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closest to the crater where trees were entirely removed 
(shattered, incinerated, or carried away), to more distant 
locations where the force leveled trees, to the outer limits 
of the blast area where the force was not powerful enough 
to knock trees down but heat seared the foliage resulting 
in a standing dead forest. Tephrafall thickness also dem-
onstrated an intensity gradient that ranged from several 
tens of cm deposited 12 km northeast of the crater to areas 
500 km from the volcano in eastern Washington where 
just a few millimeters of tephra were deposited.

• Biotic and abiotic legacies from the disturbance influence 
patterns and rates of ecosystem development. In most of 
the post-eruption landscape and waterways that were 
influenced by the powerful blast PDC, biotic and abiotic 
legacies were prevalent and persisted. However, some 
organisms that survived the initial disturbance did not live 
long enough to reproduce but still contributed to ecosys-

tem development. The types, amounts, and spatial distri-
bution of these legacies had profound implications for the 
pace and pattern of ecological response in both the short 
and long term.

• Ecological response is rapid in some systems but is spa-
tially and temporally heterogeneous. The ecological 
response has been surprisingly rapid in many disturbance 
zones, but the rate and trajectory of these responses have 
been variable across the landscape as well as across sys-
tem types (e.g., upland versus riparian, stream versus 
lake). New habitats were created by both physical and 
biotic processes (e.g., several new lakes and ~120 ponds 
formed after water filled surface depressions or at the 
mouths of tributary streams dammed by the debris- 
avalanche deposit).

• Spatial heterogeneity was a common feature of this large, 
disturbed landscape. This heterogeneity resulted from the 

Fig. 1.1 Disturbance zones created during the 18 May 1980 eruption of Mount St. Helens. (Cartography by Kathryn Ronnenberg, USDA Forest 
Service, Pacific Northwest Research Station. Original data source for disturbance zones was Lipman and Mullineaux 1981).
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Fig. 1.2 Photographs of the Mount St. Helens landscape showing conditions produced by the 18 May 1980 eruption: (a) tephrafall zone—
late-seral Pacific silver fir forest (Abies amabilis) ~25 km NNE of the volcano; (b) standing dead forest zone, upper Clearwater Creek valley; 
(c) blowdown zone with extensive toppled trees, upper Green River valley; (d) debris-avalanche deposit, North Fork Toutle River valley 
looking east; (e) lahar, Muddy River looking downstream—note helicopter (white circle, at right) for scale; (f) pyroclastic-flow deposits on 
the Pumice Plain (light-colored features that flowed from left to right). (Figure modified from Figure 3.1 of Dale et al. 2005a).
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Fig. 1.3 Organisms that survived in the blast area or tephrafall zone of the 18 May 1980 eruption of Mount St. Helens: (a) fireweed (Chamerion 
angustifolium) emerges from blast-PDC and tephrafall deposits (J. Franklin, July 1980); (b) a diverse assemblage of herbs emerges from erosion 
gullies where ~20 cm of pumiceous tephra were deposited (Joe Antos, 1980); (c) northwestern salamanders (Ambystoma gracile) survived in bur-
rows and frozen lakes and ponds; (d) boreal toads (Anaxyrus boreas) were still in hibernation underground at the time of the eruption; (e) northern 
pocket gophers (Thomomys talpoides) experienced widespread survival because of their fossorial habitat association; (f) ants (Camponotus spp.) 
survived in logs and underground. (Modified from Figure 73.3 of Crisafulli et al. 2015. Photos c–f by Charles M. Crisafulli).
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Fig. 1.4 Examples of plant species, representing several life forms, that colonized the blast area in the years following the 1980 eruption of Mount 
St. Helens: (a) prairie lupine (Lupinus lepidus), a nitrogen- fixing, keystone species, was an early and persistent colonizer of primary-successional 
surfaces at the volcano; (b) Cardwell’s penstemon (Penstemon cardwellii), a ground-hugging shrub, was a common colonizer of upper-elevation 
slopes on the volcano (July 2009); (c) giant red Indian paintbrush (Castilleja miniata) became a conspicuous component of the herbaceous 
flora of the Pumice Plain beginning in the 1990s (July 2009); (d) Racomitrium moss (Racomitrium canescens), a dominant species on primary-
successional surfaces (May 2017); (e) Sitka willow (Salix sitchensis) and green alder (Alnus viridis) have formed dense shrub thickets throughout 
much of the blast-PDC area (2015); and (f) Douglas-fir (Pseudotsuga menziesii) is among the most common conifer species to colonize the blast 
area (2006). (Photos by Charles M. Crisafulli).
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Fig. 1.5 Examples of animals that colonized the blast-PDC area in the years following the 1980 eruption of Mount St. Helens: (a) elk (Cervus 
elaphus); b deer mouse (Peromyscus maniculatus); (c) white-crowned sparrow (Zonotrichia leucophrys); (d) common nighthawk (Chordeiles 
minor); (e) two-stripped grasshopper (Melanoplus bivitattus); (f) a carabid beetle (Calosoma tepidum). (Adapted from Figure 73.9 in Crisafulli 
et al. 2015. Photos by Charles M. Crisafulli).
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Fig. 1.6 Photo chronosequence showing changes in stream-channel conditions and riparian plant community development at Herrington Creek 
on the debris-avalanche deposit, 1981–2012. Herrington Creek did not exist before the 1980 eruption and formed during the post- eruption evolu-
tion of the watershed. (Photo credits: Brian Franzen and Pete Bisson).

1 Ecological Responses to the 1980 Eruption of Mount St. Helens: Key Lessons and Remaining Questions



10

complexities of the primary disturbance processes them-
selves and ecosystem responses to these processes. For 
example, successful seed dispersal and establishment of 
plants were affected by local site conditions as much as 
by distance from seed sources. Animal populations and 
community structure were strongly influenced by biologi-
cal legacies and plant community development.

• Secondary disturbances and ongoing geophysical pro-
cesses influence ecological response to the 1980 eruption. 
Secondary disturbances, often caused by a sequence of 
geophysical processes (such as erosion), occur both 
chronically and episodically on the landscape and can be 
important in regulating ecological responses to the pri-
mary disturbance. For example, ongoing erosion along 
the newly formed streams creates a dynamic environment 
in which plants are not able to become permanently estab-
lished. These processes led to increased spatial heteroge-
neity and development of early-seral communities that 
promoted high biotic diversity across the landscape.

• Random events are important. Chance and contingency 
have been central in shaping ecological responses; for 
example, the timing of the event (i.e., in spring, when 
patches of the landscape were still snow-covered, and in 
daytime, when nocturnal burrowing animals would have 
been protected underground) greatly affected the severity 

of disturbance, and thus the types, amounts, and distribu-
tion of organisms that survived in refugia, ranging from 
single individuals to entire lake ecosystems (Figs. 1.8 and 
1.9). Chance establishment of certain species influenced 
substrate nutrient status and community development. 
Such factors complicated the ability to predict succes-
sional rate and pattern at any one time or place.

• Ecological succession is complex. Succession processes 
were multifaceted rather than simple as some theories 
have claimed. Ecological succession during the first 
three post-eruption decades was not a unidirectional 
path toward convergence but rather involved many 
nuances that accelerated, retarded, and sometimes redi-
rected systems. In areas undergoing primary succes-
sion, sites close together often supported dissimilar 
communities, suggesting stochastic processes were 
paramount. Yet other sites showed more similar pat-
terns, suggesting that a primary factor influencing com-
munity assembly is environmental filtering, which 
refers to abiotic factors that prevent the establishment 
or persistence of species in a particular location (Kraft 
et al. 2015). With myriad different points of initiation in 
the post-eruption landscape, many successional path-
ways were underway.

• Human activities influence patterns and rates of ecologi-
cal response. Human intervention in post-eruption land-
scapes and waterways was sometimes implemented to 
ensure public safety or was desired if restoration of some 
resource or ecological function was deemed important. 
Decisions to attempt to influence processes or organisms 
in a disturbed area impeded, promoted, or had little effect 
on the rate of ecological response, yet often affected 
research opportunities. Attention to natural processes 
could have improved the potential for positive outcomes 
of management efforts.

• Resource managers should plan for disturbances. 
Management actions such as aerial seeding and stream 
engineering (e.g., constructed outlet channels for lakes 
created by volcanic deposits that blocked streams) were 
most effective when tailored to particular disturbance 
characteristics and management goals and based on eco-
logical principals that promote desired response pattern 
and process. It is critical that management plans recog-
nize the potential for disturbances to occur and design 
responses in tune with the particular situation.

Possibly the most critical lesson gained from more than 
three decades of studies following the 1980 eruption is the 
importance of persistence, both of these ecological systems 
and in research efforts. Ecological persistence refers to the 
ability of the ecological systems to survive or return to equi-
librium after a perturbation, possibly to different stable states 
rather than to prior conditions. The plants and animals that 
survived and those that later colonized the different 

Table 1.3 Selected examples of the types of research about ecological 
responses that have occurred at Mount St. Helens.

Topic of research References
Succession (including 
plants, mycorrhizae, 
and lichens)

Turner et al. (1998), Walker and del Moral 
(2003), del Moral and Chang (2015), 
Meiners et al. (2015), Allen et al. (Chap. 
11, this volume), del Moral and Titus 
(Chap. 7, this volume), Nelson et al. Chap. 
10, this volume), Zobel and Antos, (Chap. 
6, this volume)

Animal community 
assembly (including 
insects, mammals, 
and fish)

MacMahon et al. (1989), Crisafulli et al. 
(2005a, c, Chap. 15, this volume), 
Parmenter et al. (2005, Chap. 12, this 
volume), Blackman et al. (Chap. 14, this 
volume), Claeson et al. (Chap. 13, this 
volume)

Disturbance ecology Turner et al. (1997), Turner and Dale 
(1998), del Moral and Grishin (1999), 
Dale and Denton, (Chap. 8, this volume), 
Karr et al. (Chap. 9, this volume)

Hydroecology Gawel et al. (Chap. 4, this volume)

Soil ecology Halvorson et al. (Chap. 5, this volume)

Ecosystem 
management

Swanson and Franklin (1992), Dale et al. 
(1998, 2000), Franklin et al. (2002)

Evolution and the 
origin of life

Baross and Hoffman (1985)

Trophic interactions Fagan and Bishop (2000), Bishop (2002), 
Bishop et al. (2005)

Landscape ecology Foster et al. (1998), Lawrence and Ripple 
(2000), Raab et al. (2012)

Additional papers can be found in the literature-cited sections of the 
listed publications.
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Fig. 1.7 Generalized depiction of key biological, human, and physical factors and their flow paths influencing ecological succession at Mount St. 
Helens after the 1980 eruption. New ideas that were fostered by lessons from Mount St. Helens shown in color. (Modified after Crisafulli et al. 2005c).

Table 1.4 Taxa studied following the 1980 eruption of Mount St. Helens, by disturbance zone.

Taxon Tephrafall
Standing dead 

forest Blowdown Lahar
Debris 

avalanche Pyroclastic flow
Study 
perioda

Fungi (mycorrhizae) x x x x 1982–2015

Lichens x x x x x x 2013

Plants x x x x x x 1980–2017

Phytoplankton x x x 1980–2017

Zooplankton x x x 1980–2017

Stream macroinvertebrates x x x x 1980–2015

Pond macroinvertebrates x 2003–2017

Beetles x x x 1982–2015

Earwigs x x x 1982–2015

Grasshoppers and allies x x x 1982–2015

Ants x x x 1982–2015

Spiders x x x 1982–2015

Stream fishes x x x x x x 1980–2014

Lake fishes x x x x x 1980–2017

Stream amphibians x x x x 1980–2016

Lake amphibians x x x x x 1980–2017

Birds x x x x x x 1981–2017

Small mammals x x x x x x 1980–2017

Large mammals x x x x x 1980–2017
aStudies were not necessarily conducted every year during the sampling period.
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 disturbance zones have attributes allowing them to persist in 
the face of what often appeared to be difficult challenges. 
These attributes include the ability of some plants to regener-
ate from root or stem fragments, and of others to survive by 
having stems and leaves that rose above burial by tephra or 
lahars. Mutualistic relationships that developed between 
plants and bacteria (N2 fixation) and plants and fungi (mycor-
rhizae) led to the successful establishment and growth of 

vegetation, which in turn facilitated colonization by numer-
ous other plants and animals. Both our earlier volume (Dale 
et al. 2005a) and this book convey many examples of eco-
logical persistence via survival and reestablishment of the 
fauna and flora in the vicinity of Mount St. Helens.

The importance of persistence of the scientists who 
have worked at Mount St. Helens is another key lesson 
from the research conducted at the volcano. Those of us 

Fig. 1.8 Photo chronosequence showing changes in plant community development from 1983 (post-eruption year 3) through 2004 in the blow-
down zone at Meta Lake basin, a site that was snow-covered at the time of the 18 May 1980 eruption, which led to the survival of numerous plants, 
including understory conifer saplings. Compare this sequence with Fig. 1.9, a site lacking snow at the time of the eruption. (Photos by Peter 
Frenzen, USDA Forest Service).
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biologists who took the first official helicopter ride into 
the Red Zone to survey the damage and begin looking for 
survivors were enthralled by the opportunity to document 
the initial stages of survival and reestablishment after 
such a large disturbance. Now, more than three decades 
later, we are still intrigued on each return trip to Mount St. 
Helens to observe and record key patterns and processes 
in this dynamic and fascinating landscape. And that 

 enthusiasm is infectious, as new faces have joined the 
research force, while others have moved on to different 
activities. The group of scientists engaged in the ongoing 
research is diverse in terms of disciplines, expertise, and 
institutions. Many of the scientists from the original 
cohort have reached retirement age, and regrettably, a few 
have died, but others are continuing the research by taking 
on the responsibilities of data collection and analysis. 

Fig. 1.9 Photo chronosequence showing changes in plant community development from 1983 (post-eruption year 3) through 2016 in the blow-
down zone at upper Smith Creek, a site that was not snow-covered at the time of the 18 May 1980 eruption. Compare this sequence with Fig. 1.8, 
a site where vegetation was snow-protected at the time of the eruption. (Photos by Peter Frenzen, USDA Forest Service).
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The  ability to continue these long-term studies is largely 
due to the persistence of a few dedicated scientists and to 
the long-term support of the USDA Forest Service via the 
Pacific Northwest Research Station and the Mount St. 
Helens National Volcanic Monument. Although support 
for this work has come from a diversity of public and pri-
vate funds, the Forest Service’s Pacific Northwest 
Research Station has continuously supported a science 
program since the eruption, as well as research pulses 
every 5 years, when the Mount St. Helens ecological- 
research community convenes to share key lessons, 
develop collaborations, and to collect new information. In 
addition, the National Science Foundation has provided 
both the initial and sustained funding to various research-
ers at the volcano from 1980 through the present (2017). 
Mount St. Helens as a research site has benefitted for 
37 years from the efforts of a large community of investi-
gators and has served as a training ground for hundreds of 
undergraduate and graduate students. The research com-
munity working at Mount St. Helens includes a plethora 
of specialists (botanists, ecologists, entomologists, zoolo-
gists, lichenologists, mycologists, soil scientists, hydrolo-
gists, and geologists) who come from a variety of 
institutions (universities, government agencies, and non-
governmental organizations).

Over time, the effects of the 1980 eruption of Mount 
St. Helens have become apparent in the regional biodi-
versity and ecosystem (Swanson et al. 2011). The high 
habitat diversity that developed in the National Volcanic 
Monument, where the ecological systems are allowed to 
proceed on their own course, provides resources for 
numerous early- successional species and assemblages as 
well as ecosystem processes. The most notable animals 
are the abundant populations and diverse assemblages of 
amphibians, mammals, passerine birds, beetles, and lepi-
dopterans (butterflies and moths). The large, disturbed 
area experienced different patterns and rates of succes-
sion than other parts of the Pacific Northwest landscape 
where fire suppression and intensive forest management 
have promoted development of a conifer forest canopy. 
As the most recently active of the 17 major volcanic fea-
tures in the Cascade Range (Harris 1976), Mount St. 
Helens continues to add diversity to the landscape.

Worldwide, a variety of ecosystems appear to have 
similar patterns of survival and assembly of biotic com-
munities in response to volcanic disturbance (Dale et al. 
2005b; Edwards 2005; Swanson and Crisafulli, Chap. 16, 
this volume). The type and intensity of eruption processes 
and characteristics of the erupted material (e.g., tephra) 
can have widely varying effects on biota. Establishment 
of plants and animals is influenced by the types, amounts, 
and spatial distribution of biological legacies; distance 
from source populations; substrate conditions; climate 

and weather; biotic interactions; and time since distur-
bance. Site-specific predictions of establishment patterns 
are challenging because each location experiences unique 
effects during an eruption, has site-specific initial vegeta-
tion and soil and microclimate conditions as well as unique 
legacies, and is influenced by stochastic processes.

1.4  Questions Still Remaining

There is still much to learn from the ongoing succession and 
assembly processes at Mount St. Helens. The variety and 
large spatial extent of the primary disturbance and  subsequent 
ecological and geophysical processes that continue to unfold 
create rich opportunities for addressing numerous ecological 
questions at the volcano.

• What is the role of spatial heterogeneity in response pat-
terns and processes? The spatial variability in resource 
islands, nutrient pools, seed sources, and substrate condi-
tions in the aftermath of the eruption creates circum-
stances in which no one successional pathway or process 
occurs in all places. How different habitat patches interact 
with each other can influence the pattern, rate, and domi-
nant processes as ecosystems change over time. The 
extent to which habitat patches are connected to each 
other and to regional source populations may strongly 
influence ecological stability, persistence, and change.

• How can information be appropriately extrapolated from 
plot-based studies to landscapes and from years to 
decades? Extrapolation of ecological patterns across spa-
tial and temporal scales is an important research chal-
lenge at Mount St. Helens and elsewhere. The diversity of 
patterns and rates of ecological response across distur-
bance zones offers a means to compare and contrast scal-
ing approaches under several different sets of conditions. 
The interplay of disturbance types with scaling can help 
build understanding of how underlying homogeneity or 
heterogeneity affects the ability to extrapolate informa-
tion and discern what kinds of processes are most impor-
tant at certain scales. Broad-scale and long-term analyses 
can reveal patterns of ecosystem assembly not possible at 
finer scales, such as plot-based work conducted for only a 
few years.

• How do human activities influence ecological succes-
sion? Humans have affected ecosystems around Mount 
St. Helens in numerous ways, including spread of non-
native plant species, fish stocking, interruption of fish pas-
sage, game harvesting and protection, road and trail 
building, dam construction, active timber management 
(outside of the National Volcanic Monument), and control 
of erosion, sediment transport, and water flow. Hence, 
Mount St. Helens offers opportunities to examine 
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 long- term effects of human activities on ecological and 
geological processes. Findings from such studies can 
directly influence resource management designs that 
address past and future natural and anthropogenic distur-
bances in the Pacific Northwest and elsewhere.

• What is the role of species interactions in early succes-
sion of diverse environments? Interspecific relationships 
are now better understood as a result of ongoing studies at 
Mount St. Helens. For example, much has been learned 
about the effects that a diverse set of herbivores has on 
plant community structure in this system, including 
numerous insect and several mammal species [e.g., elk 
(Cervus elaphus), American beaver (Castor canadensis), 
voles (Microtus spp.), and northern pocket gophers 
(Thomomys talpoides)]. Considerable research at Mount 
St. Helens has focused on mutualistic relationships among 
plants and fungi (mycorrhizae; Allen et al., Chap. 11, this 
volume) and plants and bacteria (nitrogen fixation) and 
how they have influenced soil microbial biomass and 
nutrient pools. As succession proceeds, future research 
will provide insights into how effects of interspecific rela-
tionships vary across the heterogeneous landscapes at 
Mount St. Helens, how interactions between species 
influence the pace and pattern of succession and the 
assembly of animal communities, and how roles change 
over time.

• How does succession occur in heterogeneous environ-
ments? Often succession is studied in places that are fairly 
uniform in terms of disturbance type and intensity. But 
the disturbances created by the 1980 eruption of Mount 
St. Helens were diverse, and effects varied depending on 
the disturbance type, distance from the crater, site condi-
tions at the time of the eruption (e.g., presence of snow), 
elevation, and other factors. Hence the Mount St. Helens 
landscape offers an ideal environment to study how suc-
cessional patterns and processes occur over the long run 
and from different starting points.

• What are the key interactions between physical and bio-
logical processes? Any preconception that physical and 
biological processes were distinct was quickly erased for 
the team of researchers working at Mount St. Helens. 
Understanding interactions between physical and biologi-
cal processes is essential to discerning key patterns of 
biotic survival and establishment. The characteristics of 
those interactions vary with disturbance type and inten-
sity. The Mount St. Helens environment provides an 
excellent place to flesh out the implications of a variety of 
interactions.

• How do interactions among aquatic and terrestrial eco-
systems affect those systems? Ecosystem productivity 
shifted dramatically, comparing levels observed before the 
eruption with those after the eruption. Highly productive 
terrestrial ecosystems were impoverished through loss of 
vegetation and burial of soil beneath volcanic deposits, 

whereas aquatic systems, particularly lakes, went from 
low levels of nutrients to high concentrations. As time 
since the eruption continues to elapse, some of these sys-
tems are transitioning back toward their pre- eruption pro-
ductivity state, and investigation of the rate and pattern of 
this transition offers intriguing learning opportunities. 
Similarly, investigations of the movement of organisms 
and resources between terrestrial and aquatic ecosystems 
can improve understanding of factors that influence and 
constrain development of complex ecosystems. For exam-
ple, to what extent do highly productive post-eruption 
lakes subsidize adjacent  nutrient- impoverished terrestrial 
habitats through energy exports such as emergence of 
aquatic macroinvertebrates and amphibians that disperse 
to terrestrial habitats?

Although this book addresses some of these questions, 
others remain to be considered.

1.5  Overview of the Book

This book contributes to the ecological literature and pro-
vides a compendium of original research that builds on 
existing work exploring succession, disturbance ecology, 
and the interface between geophysical and biological sys-
tems at Mount St. Helens. This introductory chapter sets 
forth relevant details of the 1980 eruption along with key 
concepts and lessons learned over the first decades of study 
at Mount St. Helens. Chapters 2 and 3 review changes in 
hydrology and geomorphology of two major watersheds 
draining the volcano. Chapter 4 focuses on the physical, 
chemical, and biological characteristics of Spirit Lake. 
Chapter 5 reports on the development of nitrogen and car-
bon pools and evidence for formation of key building 
blocks for ecosystem development in nutrient-impoverished 
pyroclastic-flow deposits. Chapter 6 provides an overview 
of patterns of forest understory development following 
burial by tephra, specifically focusing on measures of inertia 
and resilience, whereas Chapter 7 looks at the rates, deter-
minism, and alternative states of plant communities during 
early primary succession on pyroclastic-flow and lahar 
deposits. Chapter 8 reports on the patterns of plant succes-
sion on the debris-avalanche deposit and assesses differ-
ences in plant community structure, comparing plots that 
were aerially seeded with mostly non-native plants for ero-
sion control against plots undergoing natural succession. 
Chapter 9 examines the influence of human activities (i.e., 
roads and silviculture) on the presence, species richness, 
and abundance of non-native plant species in the pyroclas-
tic, blowdown, and tephrafall zones. Chapter 10 provides 
the first published treatment of lichen species composition 
and  distribution across several disturbance zones at the vol-
cano. Chapter 11 builds on existing literature addressing the 
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role of mutualistic symbioses between plants and fungi 
across a range of volcanic disturbance types and intensities. 
Chapters 12, 13, 14, and 15 focus on animal responses to the 
1980 eruption. Chapter 12 describes community assembly 
of ground-dwelling beetles in the pyroclastic-flow zone. 
Chapter 13 reports on the development of aquatic macroin-
vertebrate communities in dozens of ponds and wetlands 
that were created within days to months of the eruption. 
Chapter 14 focuses on dynamics of a new rainbow trout 
population in Spirit Lake and its tributary streams. Chapter 
15 takes a detailed look at the rates and patterns of arrival 
and establishment of a diverse small-mammal assemblage 
on the Pumice Plain, an area undergoing primary succes-
sion. Chapter 16 places the work conducted at Mount St. 
Helens in the context of the broader field of volcano ecol-
ogy. Together, these chapters provide an in-depth but still 
incomplete analysis of ecological patterns of response after 
the 1980 eruption of Mount St. Helens.

Throughout the book, conventional terminology for vol-
canic disturbance processes is used (Table 1.1). Where 
needed, chapters include a glossary for defining technical 
terms (emphasized in the text in bold italic face), and the 
locations of study sites are shown on a map that matches the 
geographic scale and details referenced in the text. The major 
taxonomic source for species mentioned in the book is the 
Integrated Taxonomic Information System (http://www.itis.
usda.gov). Additional information about the area and 
research results is available at http://www.fsl.orst.edu/msh/ 
and http://www.fs.fed.us/pnw/mtsthelens/index.shtml.

This book is both an update and extension of our earlier 
book, Ecological Responses to the 1980 Eruption of Mount St. 
Helens, published 25 years after the eruption. Now, 37 years 
after the eruption, ecologists working in the vicinity of the vol-
cano bring their long-term studies up to date and report find-
ings that extend early understanding about some organisms and 
report for the first time on a suite of organisms that have not 
previously been covered. Collectively, the chapters in this book 
address general themes of resistance, resilience, succession, 
and community assembly and lay the foundation for future 
research. This book synthesizes understanding of ecological 
change in the complex and changing environment around the 
Mount St. Helens volcano, which is unique in the study of vol-
canic eruptions and subsequent ecological recovery.
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2

2.1  Introduction

Explosive volcanic eruptions can alter broad swaths of land-
scape by damaging or destroying vegetation, draping hill-
sides with volcanic ash, and filling valleys with volcanic 
sediment (e.g., Lipman and Mullineaux 1981; Sigurdsson 
et al. 1984; Newhall and Punongbayan 1996; Surono et al. 
2012; Major and Lara 2013; Pierson and Major 2014). As a 
result, production and routing of runoff from rainfall and 
snowmelt can be greatly altered, erosional regimes modified, 
and fluxes of water and sediment greatly increased. In 
response to changes in water and sediment fluxes, geomor-
phic processes that modulate erosion, delivery, and storage 
of sediment can also change. Variations in geomorphic 
response and stability following volcanic eruptions in turn 
affect the nature and pace of ecological responses to erup-
tions (Dale et al. 2005a; Swanson and Major 2005).

Sediment-response trajectories after volcanic disturbance 
commonly exhibit a two-stage evolution (Gran et al. 2011) 
that is a function of topography. Explosive eruptions deposit 
fresh sediment in topographically diverse environments—on 
hillsides and in river valleys. The relative proportions of hill-
side and channel deposits vary with the nature of the erup-
tion, basin orientation, and proximity to the volcano. Initial 
erosion of sediment from both hillsides and channels is typi-
cally very rapid and dramatic, which generates rates of sedi-
ment delivery that commonly are many tens to hundreds of 
times above typical pre-eruption levels (Pierson and Major 
2014). Absent sediment recharge by frequent eruptions, this 
initial phase of response usually lasts only a few years before 

erosion and sediment delivery decline markedly. Commonly, 
only this immediate and acute phase of response affects 
catchments characterized predominantly by disturbed hill-
sides or those in which channels are relatively little dis-
turbed. In such catchments, geomorphic processes usually 
return to those typical of pre-eruption conditions within a 
few years and sediment delivery swiftly returns to a level 
that is within the range of pre-eruption variation (e.g., Collins 
and Dunne 1986; Meyer and Martinson 1989; Major et al. 
2000; Gran and Montgomery 2005; Yamakoshi et al. 2005). 
Although responses in such catchments commonly are 
immediate and short lived, some geomorphic responses and 
sediment delivery may be delayed or protracted owing to 
accumulation and rearrangement of large woody debris 
delivered to channels by an eruption (e.g., Lisle et al., Chap. 
3, this volume), to landslides that may be more prevalent 
several years after an eruption (e.g., Swanson and Major 
2005), or to releases of lakes created or enlarged by block-
ages of volcanic sediment (e.g., White et al. 1997). In con-
trast, rates and magnitudes of sediment release typically are 
greater and more prolonged from catchments in which val-
leys are thickly filled with volcanic sediment. In those catch-
ments, initial geomorphic response and magnitude of 
sediment delivery owe largely to substantial incision and 
widening of channels as they adjust to altered flow regimes, 
changes in sediment character and supply, and changes in 
morphology (e.g., Janda et al. 1984; Manville 2002; Gran 
and Montgomery 2005; Pierson and Major 2014).

After channel forms and networks are reestablished, the 
most easily erodible sediment is depleted, and the hydraulic 
resistance of channels increases (e.g., Simon 1992), geomor-
phic response enters a second phase. In this response phase, 
sediment delivery is greatly diminished from peak levels but 
remains higher than pre-eruption levels because of persistent 
channel change. This phase of diminished, but still elevated, 
sediment delivery can persist for decades, perhaps centuries, 
depending on the magnitude of disturbance (Major 2004; 
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Manville et al. 2009; Gran et al. 2011; Meadows 2014). In 
some instances, exceptional sediment delivery can be rejuve-
nated if lakes impounded by volcanic sediment breach and 
reinvigorate channel erosion (e.g., White et al. 1997; 
Manville et al. 2007).

Catchments affected by severe volcanic disturbance may 
never recover to pre-eruption geomorphic conditions—at 
least not over typical human timeframes. Instead, they may 
attain a degree of stability and ecological function under dif-
ferent equilibrium conditions (e.g., Gran and Montgomery 
2005; O’Connor et al. 2013; Pierson and Major 2014), and 
this can have prolonged societal consequences. Here, we 
provide a multi-decade perspective of the hydrologic and 
geomorphic (hydrogeomorphic) responses of Toutle River 
basin at Mount St. Helens in the context of the two-stage 
conceptual-response framework. Toutle River basin, which 
drains the volcano’s north and west flanks as well as terrain 
to the north of the mountain, was affected by the most diverse 
and severe disturbances caused by the 18 May 1980 erup-
tion. As a result, its catchments have shown the most varied 
and prolonged hydrogeomorphic responses.

The 18 May 1980 eruption of Mount St. Helens con-
sisted of an ensemble of volcanic processes (Fig. 2.1) that 
dramatically altered landscapes and ecosystems of several 
catchments surrounding the volcano (Lipman and 
Mullineaux 1981; Dale et al. 2005b). That ensemble—a 
rockslide–debris avalanche; a laterally directed pyroclas-
tic density current (PDC), commonly called the lateral 
blast, but herein called the blast PDC; lahars (volcanic 
debris flows); pyroclastic flows; and fall of volcanic ash 
(tephrafall)—caused gradients of landscape disturbances 
(e.g., Lipman and Mullineaux 1981; Swanson and Major 
2005; Lisle et al., Chap. 3, this volume) which affected the 
fluxes of water and sediment through catchments to vary-
ing degrees and for substantially different durations 
(Major et al. 2000; Major and Mark 2006).

The nature and duration of hydrogeomorphic responses at 
Mount St. Helens reflect the nature and severity of landscape 
disturbance. In some catchments, such as Green River and 
Clearwater Creek (Fig. 2.1), hydrogeomorphic responses 
were modest and short-lived, even though large proportions 
of their areas were affected, because only hillsides were dis-
turbed by the primary events (Collins and Dunne 1986; 
Meyer and Martinson 1989; Lisle et al., Chap. 3, this vol-
ume). Fluxes of water and sediment in those catchments 
returned to typical pre-eruption levels within a few years 
(Major et al. 2000; Major and Mark 2006; Lisle et al., Chap. 3, 
this volume). In other catchments where the eruption buried 
substantial proportions of valley bottoms with thick volcanic 
deposits, such as North Fork Toutle River (Fig. 2.1), 
hydrogeomorphic responses were of greater magnitude and 
have been much longer lived. In those catchments, the great-
est magnitudes of channel change occurred in the first few 

years after the eruption, when channels were furthest out of 
equilibrium (e.g., Rosenfeld and Beach 1983; Martinson 
et al. 1984; Meyer et al. 1986; Meyer and Martinson 1989; 
Simon 1999; Zheng et al. 2014). After an initial adjustment 
period, both the magnitudes and rates of channel changes in 
those catchments slowed considerably (Martinson et al. 
1986; Meyer and Dodge 1988; Simon 1999; Hardison 2000; 
Zheng et al. 2014), and consequent sediment delivery 
declined sharply (Major et al. 2000). In North Fork Toutle 
River catchment, however, sediment fluxes remain signifi-
cantly above pre-eruption levels even after more than 
30 years since the eruption.

In this chapter, we summarize erosion and long-term sedi-
ment delivery from Toutle River basin. We examine some of 
the underlying causes for its persistently high sediment 
fluxes, particularly from North Fork Toutle River catchment. 
We first provide a synopsis of the disturbances caused by the 
cataclysmic 1980 eruption and their hydrogeomorphic 
impacts. We then present an update of the suspended- 
sediment flux from Toutle River basin. Analyses of volumet-
ric change in erosion and deposition along upper North Fork 
Toutle River valley during the second and third decades after 
eruption follow. We use analyses of volumetric change and 
patterns of erosion to consider why sediment flux from upper 
North Fork Toutle River has remained so persistently 
elevated.

2.2  Volcanic Disturbance Processes 
and Deposits in Toutle River Basin

Toutle River basin was affected by four major volcanic pro-
cesses (Fig. 2.1): a rockslide–debris avalanche, a blast PDC 
and associated rain of fine ash (particles ≤0.25 mm) from its 
turbulent cloud, large lahars, and pyroclastic flows. Detailed 
discussions and summaries of these processes and the 
sequencing of processes on 18 May are given in Lipman and 
Mullineaux (1981), Criswell (1987), Fairchild (1987), Scott 
(1988), Glicken (1996), Swanson and Major (2005), 
Belousov et al. (2007), Esposti Ongaro et al. (2012), and 
Waitt (2015).

The rockslide–debris avalanche resulting from collapse of 
the volcano’s north flank buried upper North Fork Toutle 
River valley. It filled about 60 km2 of valley with 2.5 km3 of 
mostly gravelly sand to an average depth of 45 m. Locally, 
the deposit is as thick as 200 m (Voight et al. 1981). The 
debris avalanche obliterated mature forest on the valley floor 
and slammed against Johnston Ridge opposite the volcano. 
Although most of it turned and flowed down the valley after 
hitting Johnston Ridge, part of it surged through Spirit Lake, 
and part crossed Johnston Ridge and flowed down South 
Coldwater Creek valley before rejoining North Fork Toutle 
River valley (Figs. 2.2 and 2.3). Its deposit blocked several 
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tributary channels and impounded new lakes of  varying size. 
Several small lakes breached their impoundments within 
weeks to months (Janda et al. 1984; Simon 1999). The two 
largest new lakes (Castle and Coldwater) still retain substan-
tial volumes of water (20 and 90 million m3, respectively) 
behind impoundments having reinforced outlets (Figs. 2.2 
and 2.3). Spirit Lake was displaced upward and its outlet 
buried. To prevent catastrophic breaching of the blockage, 
water was pumped temporarily from the lake over the block-
age crest and onto a stable part of the deposit, forming 
Truman channel (Paine et al. 1987; see Fig. 2.2), while an 
outlet tunnel was bored through bedrock (Fig. 2.2). Since 
1985, water from Spirit Lake has drained westward through 
the tunnel into South Coldwater Creek and eventually back 
to North Fork Toutle River.

Failure of the volcano’s north flank unroofed magma that 
had intruded high into the edifice and unleashed a violent, 
laterally directed, gas-charged explosion (Hoblitt et al. 1981; 
Waitt 1981; Voight 1981). That explosion triggered a wide-

spread, rapidly moving, hot PDC—the blast PDC—that 
swept across 570 km2 of rugged landscape to the north and 
removed, toppled, or scorched mature forest. The blast PDC 
deposited as much as 1.5 m of graded gravel to fine sand 
capped by as much as 6 cm of fine silt (Hoblitt et al. 1981; 
Waitt 1981). Within about 10 km of the volcano, the blast 
PDC stripped the landscape of soil and vegetation; from 
there to its distal limits (20 km north and about 30 km east to 
west extent), it toppled mature forest (Moore and Sisson 
1981; Swanson and Major 2005). The zone of toppled trees 
is fringed by standing, scorched forest (Winner and 
Casadevall 1981). In Green River catchment (Fig. 2.1), the 
blast PDC was the only volcanic disturbance process.

Rapid melting of snowpack by the blast PDC in the head-
waters of South Fork Toutle River catchment on the volca-
no’s west flank and dewatering of debris-avalanche deposit 
in North Fork Toutle River valley triggered two large (14–
140 million m3) lahars in Toutle River basin on 18 May 
(Janda et al. 1981; Fairchild 1987; Scott 1988; Waitt 1989). 

Fig. 2.1 Distribution of volcanic disturbance zones of 1980 Mount St. Helens eruption and locations of gauging stations. SRS sediment- retention 
structure. Gauging stations: GRE Green River, FTP additional North Fork Toutle River station, KID Kid Valley on North Fork Toutle River, SFT 
South Fork Toutle River, TOW lower Toutle River, CLW Clearwater Creek, MUD Muddy River. (Modified from Major et al. 2000).
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The smaller, flash-flood-like South Fork Toutle River lahar 
deposited gravelly sand across valley floor and floodplain, 
ranging in thickness from a few centimeters on the volcano’s 
flank to a few meters farther downstream (Janda et al. 1981; 
Scott 1988; Waitt 1989). The North Fork Toutle River lahar 
was a much larger, longer-lasting event that started later in 
the day. Its exceptional volume (140 million m3 just down-
stream of the debris-avalanche deposit and 120 million m3 at 
the mouth of Toutle River, 70 km from source), minimal 
attenuation, and long duration (11 h at the mouth of Toutle 
River) damaged houses, lumber facilities, and infrastructure 

along the North Fork Toutle, Toutle, and Cowlitz River val-
leys (Janda et al. 1981; Fairchild 1987). The North Fork 
Toutle River lahar deposited meters-thick gravelly to muddy 
sand along the channel bed, valley floor, and floodplain, 
especially in lower Toutle, Cowlitz, and Columbia Rivers 
(e.g., Lombard et al. 1981; Schuster 1981).

Within tens of minutes of the debris avalanche and blast 
PDC, a sustained vertical eruption column rose more than 
20 km (Christiansen and Peterson 1981). Ash (particles 
≤2 mm) from that eruption column drifted downwind and 
deposited tephrafall over tens of thousands of square  kilometers 

Fig. 2.3 Images of volcanic impact and erosion in upper North Fork Toutle River valley. a, b are high-altitude (false-color infrared) vertical aerial 
photographs of Mount St. Helens taken in 1975 and on 19 June 1980, respectively. Spirit Lake is in the upper right quadrant of each image. 
Compare zones of volcanic impact in (b) with disturbance zones in Fig. 2.1. c Oblique aerial photograph of debris-avalanche deposit in upper 
North Fork Toutle River valley. Valley constriction is the Elk Rock reach shown in Fig. 2.2. USGS photograph by A. Post and R.M. Krimmel, 30 
June 1980. d Oblique aerial photograph of upper North Fork Toutle River valley showing erosion of debris-avalanche deposit. Castle Lake is in the 
upper right quadrant of photograph; lower edge of South Coldwater Creek valley is in the left center of photograph. (Image courtesy of Washington 
State Department of Transportation approximately 1993).

2 Sediment Erosion and Delivery from Toutle River Basin After the 1980 Eruption of Mount St. Helens: A 30-Year Perspective
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(Sarna-Wojcicki et al. 1981). This eruptive phase lasted for 
more than 9 h. During that time, partial collapses of the erup-
tion column generated pumiceous pyroclastic flows that 
rushed from the new crater and deposited sheets of ash and 
pumice lapilli (particles 2–64 mm) atop the debris-avalanche 
deposit in the area now known as the Pumice Plain (Criswell 
1987; Brand et al. 2014; Figs. 2.1 and 2.2). Five subsequent 
eruptions in summer 1980 also produced pumiceous pyroclas-
tic flows that added to the fill atop the debris-avalanche deposit 
(Rowley et al. 1981). Deposits from these flows cover about 
15 km2; thicknesses of individual flow units range from 0.25 to 
10 m, and the collective deposit thickness from the succession 
of flows is as much as 40 m (Rowley et al. 1981).

2.3  Hydrogeomorphic Impacts 
of the 1980 Eruptions in Toutle River 
Basin

Landscape changes caused by the cataclysmic eruption of 
Mount St. Helens profoundly altered landscape hydrology 
and geomorphology. Volcanic processes damaged or 
destroyed mature forest over hundreds of square kilometers, 
draped hillsides with sediment having a nearly impervious 
surface, and filled or altered the character of major channels 
draining the volcano (Fig. 2.3). Later eruptions in summer 
1980 added to, but did not cause additional, landscape distur-
bances. Aside from upper North Fork Toutle River and South 
Coldwater Creek valleys, which were deeply buried by 
debris-avalanche deposit, sediment deposition caused little 
change to fundamental pre-eruption landforms. Even so, pre-
vailing geomorphic processes were altered. Because 
 disturbances caused by the 1980 eruptions occurred before 
the onset of the wet season, they can be considered as a sin-
gle event with regard to post-eruption hydrogeomorphic 
response. Therefore, in the following discussions, we refer to 
them in aggregate as the 1980 eruption.

2.3.1  Hillsides

Forested Cascade Range hillsides typically have permeable, 
organic-rich soils showered by low- to moderate-intensity 
rainfall (14–30 mm h−1; Miller et al. 1973; see also Western 
Regional Climate Center 2015). As a result, infiltration 
capacities are high, about 75–100 mm h−1 or more (Johnson 
and Beschta 1980; Leavesley et al. 1989; McGuire et al. 
2005), and flow moves through the landscape largely in the 
subsurface (Jones 2000; McDonnell 2003; McGuire et al. 
2005). Consequently, annual sediment yields are low, a few 
hundred tonnes (t) km−2 (e.g., Major et al. 2000; Roering 
et al. 2010; Czuba et al. 2011).

At Mount St. Helens, forest damage and deposition of 
fine ash in 1980 altered fluxes of water from hillsides to 
channels. Destruction of a broad swath of forest significantly 
reduced foliar interception and altered seasonal evapotrans-
piration. Loss of foliar interception allowed more precipita-
tion to reach the ground surface, and changes in 
evapotranspiration kept soils wetter than usual. Deposition 
of fine ash markedly reduced the infiltration of rainfall and 
snowmelt across the landscape near Mount St. Helens. 
Rainfall experiments conducted in summer 1980 on hillsides 
affected by the blast PDC showed spatially averaged infiltra-
tion capacities had been reduced to as little as 2 mm h−1 
(Leavesley et al. 1989), and they remained <10 mm h−1 
1 year later (Swanson et al. 1983; Leavesley et al. 1989). 
After nearly 20 years, plot-specific infiltration capacities 
remained three to five times lower than pre-eruption capaci-
ties (Major and Yamakoshi 2005). Loss of foliar interception, 
changes in evapotranspiration, and reduction of surface infil-
tration changed the mode of water transfer through the 
hydrological system from one dominated by subsurface flow 
to one dominated by overland flow (Leavesley et al. 1989; 
Pierson and Major 2014). The dominance of overland flow 
persisted for more than 1 year, and even after 20 years high- 
intensity (>25 mm h−1) rainstorms remained capable of trig-
gering overland flow (Major and Yamakoshi 2005).

This fundamental change in hillside hydrology altered 
sediment erosion and transport processes. Hillside erosion 
and transport in the pre-eruption landscape were dominated 
by tree throw, bioturbation, soil creep, and mass wasting 
(e.g., Gabet et al. 2003; Roering et al. 2010). Dominance of 
overland flow after the 1980 eruption triggered extensive 
slope erosion through development of rill and gully networks 
across ash-covered slopes (Swanson et al. 1983; Collins and 
Dunne 1986).

2.3.2  Channels

Channel changes caused by the eruption had variable hydro-
logical ramifications. The channels of South Fork Toutle, 
lower North Fork Toutle, and Toutle Rivers were straight-
ened and smoothed and changed from gravel-bedded, pool- 
riffle systems to simplified sand-bedded corridors stripped of 
riparian vegetation (Janda et al. 1984). These changes 
enhanced the hydraulic efficiency of channels (Major and 
Mark 2006; Pierson and Major 2014). In contrast, deposition 
of the debris avalanche in upper North Fork Toutle River val-
ley hydrologically disconnected the upper valley from the 
lower, which temporarily reduced water delivery down-
stream. The debris-avalanche deposit blocked tributary chan-
nels, and its irregular surface, formed of mounds and closed 
depressions, disrupted through-going flow. Drainage devel-
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opment across the debris-avalanche deposit began on the 
afternoon of 18 May when springs poured forth from melting 
ice and trapped groundwater, and ponds that formed in 
depressions filled and breached. Sediment entrained during 
this dewatering and breaching process across the debris- 
avalanche deposit eventually generated the North Fork Toutle 
River lahar (Janda et al. 1981, 1984). Breakouts of small 
lakes impounded at mouths of tributary channels, controlled 
releases of water from the largest impounded lakes, pumping 
of water from Spirit Lake across the deposit surface during 
tunnel construction, subsequent meltwater lahars and floods 
in later eruptions (e.g., Waitt et al. 1983), and rainfall runoff 
augmented drainage development. It took nearly 3 years to 
fully integrate a new drainage network across the deposit 
surface (Rosenfeld and Beach 1983; Meyer 1995; Simon 
1999).

These hydrological changes resulted in discharge peaks in 
Toutle River basin that were larger than pre-eruption peaks 
for a given amount of rainfall (Major and Mark 2006). 
Hydrological responses were greater in the South Fork 
Toutle River and North Fork Toutle River catchments, sub-
ject to both hillside and channel disturbances, than in the 
Green River catchment, subject only to hillside disturbance. 
Peak flows generated by runoff from autumn storms 
increased tens of percent along all major channels of Toutle 
River basin through 1984 and increased to a lesser extent, as 
measured along lower Toutle River, from 1985 to 1989. Pre- 
and post-eruption peak discharges are statistically indistin-
guishable after 1989.

Channel-network development across the debris- 
avalanche deposit, in conjunction with increased transport 
capacity, triggered substantial erosion and sediment trans-
port (Janda et al. 1984; Dinehart 1998; Simon 1999; Major 
2004). Even low- to moderate-magnitude flows (discharges 
≤2-year flood) transported large quantities of sediment 
(Major 2004). Repeat surveys of an extensive network of 
channel cross sections in Toutle River basin show the great-
est channel changes were on North Fork Toutle River where 
it crossed the debris-avalanche deposit (Meyer and Martinson 
1989). There, early channel changes commonly followed a 
multistage evolutionary process (Meyer and Martinson 
1989): (1) channel initiation, (2) incision, (3) aggradation 
and widening, and (4) episodic scour and aggradation with 
little net change in bed elevation. Persistent and progressive 
incision and widening dominated channel development 
upstream of a valley constriction at Elk Rock (upstream of 
NF320; Figs. 2.2 and 2.4). Downstream of that valley con-
striction, aggradation and widening dominated until the mid- 
1980s, after which secondary incision accompanied 
continued widening (Fig. 2.4). North Fork Toutle River 
channel and those of its headwater tributaries incised by tens 
of meters and widened by hundreds of meters upstream of 
Elk Rock (e.g., NF100, NF300; Fig. 2.4). Downstream, the 

channel aggraded as much as 15 m and widened by hundreds 
of meters (e.g., NF345; Fig. 2.4). The greatest and most 
rapid channel changes occurred within the first few years 
after the 1980 eruption, but the principal channel and its 
main tributaries were subject to progressive, long-term geo-
metric adjustments (Fig. 2.4).

Channel gradient affected initial changes of South Fork 
Toutle River channel as well as lahar-affected channels east 
of the volcano (Meyer and Martinson 1989; Hardison 2000). 
In steep upstream reaches, lahar-affected channels generally 
incised by several meters and widened by a few tens of 
meters during the first year following eruption but then 
aggraded by a few meters and underwent episodic scour and 
aggradation in subsequent years. In contrast, shallow- 
gradient reaches downstream aggraded by a few meters and 
widened by a few tens of meters during the first year after 
eruption and then incised by a few meters in following years. 
Similar to channel changes across the debris-avalanche 
deposit, those in lahar-affected channels were most rapid 
during the first few years after the eruption.

In Green River catchment, affected only by the blast 
PDC, the channel aggraded by as much as a meter during 
the first few winter storms following the 1980 eruption as 
sediment flushed from hillsides accumulated. However, 
during later storms that same winter, the channel incised 
(Meyer and Martinson 1989). Subsequently, little except 
local channel change occurred. Widening of Green River 
channel, as well as of channels in other catchments affected 
only by the blast PDC (e.g., Clearwater Creek; Fig. 2.1), 
was generally constrained by riparian vegetation that rap-
idly resprouted and maintained bank cohesion and was 
strongly influenced by large woody debris toppled into the 
channel by the PDC (Lisle 1995; Lisle et al., Chap. 3, this 
volume).

Approximately 5 years after the 1980 eruption, rates and 
magnitudes of geometric changes in channels affected by 
lahars and those in catchments affected by the blast PDC had 
largely diminished (Meyer and Martinson 1989; Simon 
1999; Hardison 2000; Lisle et al., Chap. 3, this volume). By 
then, relatively minor changes in bed elevations and channel 
widths were likely within the range of variations characteris-
tic of pre-eruption conditions, especially in catchments 
affected only by the blast PDC. It is worth noting, however, 
that regional climate was relatively dry during the decade 
following the eruption and few large floods occurred (Major 
2004; Swanson and Major 2005). Large storm events in the 
1990s and 2000s generated a few larger floods (20-year to 
~100-year return interval flows), which caused channel 
changes that not only exceeded the likely range of pre- 
eruption variations, but in some channels caused changes 
that exceeded those documented during the first decade after 
the eruption (Simon 1999; Lisle et al., Chap. 3, this volume; 
Mosbrucker et al. 2015).
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Fig. 2.4 Cross-section profiles from select locations on debris-avalanche deposit from 1980 to 1999. (See Figs. 2.2 and 2.7 for section 
locations).

2.4  Long-Term Sediment Transport 
from Toutle River Basin

Post-eruption sediment redistribution at Mount St. Helens is 
mostly by fluvial transport (Major 2004). The dominance of 
post-eruption fluvial transport contrasts with predominant 
lahar transport at many other volcanoes, especially those in 

tropical climates (Pierson and Major 2014). The scarcity of 
post-1980 lahars at Mount St. Helens is largely a conse-
quence of the region’s low to moderate rainfall intensities. 
However, it also reflects engineering measures undertaken to 
prevent catastrophic breaching of impounded lakes 
(Willingham 2005) and the general character of post-1980 
eruptions at the volcano—quiescent dome building rather 
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than violent explosions. The few explosions and minor dome 
collapses that occurred while the volcano was clad in snow 
triggered the most notable post-1980 lahars (e.g., Waitt et al. 
1983; Pringle and Cameron 1999).

Gauging stations operating at the time of or established 
after the 1980 eruption provide measures of discharges of 
water and suspended sediment. Stations in Toutle River basin 
(Fig. 2.1) are located downstream of the debris-avalanche 
deposit (KID on lower North Fork Toutle River; TOW1 on 
lower Toutle River), along a lahar-affected channel (SFT on 
lower South Fork Toutle River), and in a basin affected solely 
by the blast PDC (GRE on Green River). KID measured 
combined discharges from the North Fork Toutle and Green 
River catchments, and TOW integrates discharges from the 
entire Toutle River basin. All four stations operated continu-
ously from 1982 to 1994; KID and GRE were decommis-
sioned in 1994, and SFT was decommissioned in 2014. As of 
2015, TOW remained in operation. An additional station 
(FTP) was established on North Fork Toutle River just above 
the Green River confluence and has measured water dis-
charge intermittently since 1990 and suspended-sediment 
discharge intermittently since 2001.

Suspended-sediment transport in Toutle River basin 
increased significantly following the 1980 eruption (Figs. 2.5 
and 2.6). The magnitude and duration of excessive sediment 
loads vary as a function of the type of volcanic disturbance. 
Elevated levels of suspended sediment have been greatest 
and of longest duration from upper North Fork Toutle River 
catchment, buried deeply by debris-avalanche deposit 
(Dinehart 1998; Major et al. 2000; Major 2004). By contrast, 
elevated levels of suspended sediment were least and of 
shortest duration from Green River catchment, deforested 
and draped with tephra by the blast PDC. Fluctuations in 
annual loads (Fig. 2.5) owe mainly to variations in annual 
climate and infrequent, high-discharge floods.

Normalized suspended-sediment yields (load normalized 
by upstream basin area) measured at KID and TOW were 
initially several hundred times greater than probable pre- 
eruption yields (Fig. 2.6). Those high yields, caused mainly 
by sediment flushed from hillsides in Green River catchment 
and from channels eroded on the debris-avalanche deposit, 
declined sharply over the first 5 years following the 1980 
eruption. They declined further in the late 1980s following 
construction by the US Army Corps of Engineers of a large 

1 Prior to 1980, the station measuring discharge on Toutle River was 
located near Silver Lake, but that station was destroyed by the North 
Fork Toutle lahar. A temporary station (THW) was established 9 km 
downstream of the location of station TOW (Fig. 2.1) shortly after the 
eruption. Station TOW was established in March 1981. THW and TOW 
operated simultaneously until the end of water year 1982. Because there 
are no significant tributaries that enter Toutle River between TOW and 
THW, their records are combined to provide the sediment discharge for 
water year 1981 (see Dinehart 1998).

sediment-retention structure (SRS) on North Fork Toutle 
River above the Green River confluence (Willingham 2005) 
(Fig. 2.1). Despite the decline from peak yields in the early 
1980s, yield from the debris-avalanche deposit (measured 
below the SRS) continues at a level ~10–50 times greater 
than probable pre-eruption level even after more than 
30 years (Fig. 2.6). By contrast, yield from Green River 
catchment was initially 100 times less than that from North 
Fork Toutle River catchment and only about 10 times greater 
than probable pre-eruption level (Fig. 2.6). Initially high 
rates were caused by development of rills and gullies on hill-
sides. Because erosion of tephra from hillsides stabilized 
quickly (Swanson et al. 1983; Collins and Dunne 1986), 
sediment yield from Green River catchment declined rapidly 
and returned to pre-eruption level within about 5 years 
(Fig. 2.6). Yield from South Fork Toutle River, a catchment 
affected mainly by a large lahar, was initially about 20 times 
greater than probable pre-eruption level (Fig. 2.6) as both 
newly deposited and centuries-old sediment were scoured 
from the system. But it also decreased sharply in the first few 
years after the eruption once the most easily entrained sedi-
ment was evacuated. However, sediment flux from South 
Fork Toutle River catchment subsequently fluctuated consid-
erably (Fig. 2.5), with loads in the 1990s and 2000s some-
times equaling those of the mid-1980s. Although its yield 
may still be above probable pre-eruption level (Fig. 2.6), 
since 2000, its average yield has been within the range of 
variation of rivers in the western Cascade Range.

Substantial post-eruption sediment transport and resultant 
channel aggradation are common around Cascade Range 
volcanoes. Thick, post-eruptive alluvial fills have been 
described along other channels draining Mount St. Helens 
(Crandell 1987; Major and Scott 1988) as well as along 
channels draining Mount Hood (Pierson et al. 2011), Mount 
Rainier (Zehfuss et al. 2003), Mount Baker (Pringle and 
Scott 2001), and Glacier Peak (Beget 1982). Persistent sedi-
ment release from the Mount St. Helens debris-avalanche 
deposit has caused significant socioeconomic impact 
(Willingham 2005) and continues to present mitigation chal-
lenges. But why has such elevated sediment release per-
sisted, and what are the predominant sediment sources? In 
Sect. 5, we address these questions by analyzing topographic 
changes among repeated collections of topographic data.

2.5  Topographic Change Across the 
Debris-Avalanche Deposit from 1987 
to 2009: DEM Analyses

With the exception of Green River catchment, high sediment 
yields from Toutle River basin were caused mainly by post- 
eruption channel erosion rather than by hillside erosion. 
Both within and among disturbance zones, rates and 

2 Sediment Erosion and Delivery from Toutle River Basin After the 1980 Eruption of Mount St. Helens: A 30-Year Perspective



28

 magnitudes of channel changes and degrees of channel stabi-
lization varied greatly. Changes in rates and magnitudes of 
sediment discharge from catchments of Toutle River basin 
can be tied closely with changes in rates and magnitudes of 
channel and hillslope erosion. For example, the relative mag-
nitudes and swift decline of sediment yield from Green River 

catchment compared with other catchments in the basin 
(Major et al. 2000) can be tied to modest deposit thicknesses 
and rapid stabilization of rills and gullies on hillsides in the 
catchment (Collins and Dunne 1986). Measurements of sedi-
ment discharge among basin catchments show clearly that 
the primary source of persistently elevated sediment delivery 

Fig. 2.5 Time series of suspended-sediment loads measured at various gauging stations at Mount St. Helens. The lightest colored bars for North 
Fork Toutle River show projected load that would have been measured if the sediment-retention structure (SRS) had not been constructed; the 
darkest bars show loads measured at station FTP just downstream of the SRS. Note the approximately order-of-magnitude change in vertical scale 
for different disturbance zones. See Fig. 2.1 for basin disturbance and gauging station locations. (Modified from Major 2004).

J.J. Major et al.
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is the debris-avalanche deposit in upper North Fork Toutle 
River valley. Here we examine spatial patterns of erosion 
and deposition across the debris-avalanche deposit during 
two time periods that follow the initial peak and sharp decline 
of sediment delivery from upper North Fork Toutle valley: 
(1) the approximate decade from 1987 to 1999 and (2) the 
decade from 1999 to 2009. These decadal periods are brack-
eted by digital elevation models (DEMs) that can be used to 
produce derivative models showing topographic change 
across the deposit. These broad snapshots of spatial change 
provide a more holistic view of evolving patterns of geomor-
phic change across the deposit than can be obtained from 
periodic resurveys of spatially discrete channel cross sec-
tions. We use these decadal-scale holistic views of patterns 
of geomorphic change to elucidate sources and causes of 
persistently elevated levels of sediment delivery from upper 
North Fork Toutle valley.

Channel cross-section surveys on the debris-avalanche 
deposit (e.g., Fig. 2.4) show rates and magnitudes of change 
in channel-bed elevation have diminished greatly since the 
mid-1980s (Meyer and Martinson 1989; Simon 1999; Zheng 

et al. 2014). Persistently elevated sediment delivery despite 
these diminished changes in channel-bed elevation implies 
that lateral channel adjustment is the principal cause of ongo-
ing fluvial instability. Lateral channel adjustment can take 
many forms. A river can widen a channel by eroding channel 
banks and valley walls; it can migrate across the valley floor 
and mine channel-bed and floodplain sediment without caus-
ing significant incision; or it can entrain sediment delivered 
to the channel from external sources, such as from tributary 
channels or extrafluvial mass failures. All of these types of 
adjustments are evident at Mount St. Helens.

Since construction of the SRS, several DEMs of all or part 
of the debris-avalanche deposit have been created from aerial 
photography and lidar surveys to assess topographic change. 
Some of these DEMs have been used to produce DEMs of 
difference (DoDs) (Wheaton et al. 2010) in order to assess 
spatial distributions of erosion and deposition and to quan-
tify volumetric topographic changes and compute morpho-
logical sediment budgets (Bradley et al. 2001). DoDs are 
produced by subtracting the elevations of pixels in one DEM 
from those of corresponding pixels in a later DEM. Such 

Fig. 2.6 Time series of suspended-sediment specific yields (load per unit basin area) at Mount St. Helens. See Fig. 2.1 for basin disturbances and 
gauge locations. Background shaded region depicts range and dashed horizontal line depicts approximate mean value of mean annual yields of 
several Cascade Range rivers. Vertical bars show mean annual discharge measured at TOW on Toutle River. SRS line marks completion date of the 
sediment-retention structure on North Fork Toutle River in water year 1988. Spillway bypass line indicates when water and sediment began passing 
over the SRS spillway in 1998. (Modified from Major et al. 2000).
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differencing provides the net vertical change between 
matched pixels. A net negative vertical change (erosion) 
does not necessarily represent vertical incision. Lateral ero-
sion between times of DEMs can also produce net negative 
vertical change. This is particularly evident where large 
magnitudes of net erosion along a channel or valley margin 
are juxtaposed with substantially lesser magnitudes of net 
erosion (or even deposition) on a valley floor. Here, we com-
pare and contrast a DoD representing topographic changes 
during the second decade after the 1980 eruption (1987–1999 
DoD) with one that represents changes during the third 
decade after eruption (1999–2009 DoD).

Bradley et al. (2001) produced a DoD from DEMs of the 
debris-avalanche surface derived from aerial photographs 
obtained in 1987 and 1999. However, neither they nor the 
more comprehensive report which their work summarizes 
(West Consultants 2002) provides vertical accuracies of the 
DEMs or uncertainty of the DoD. We therefore recreated a 
1987–1999 DoD having quantified uncertainty and a stated 
change-detection limit. We also created a 1999–2009 DoD 
from the 1999 DEM and a DEM based on a 2009 lidar survey 
(Mosbrucker 2014).

2.5.1  Estimates of Error in the DEMs 
and Resulting DoDs

One of the most useful aspects of a DoD is its ability to quan-
tify volumetric change. However, quantitative estimates of 
erosion and deposition are subject to errors within each DEM 
and to the propagation of those individual errors to the 
DoD. The metadata that accompanied the original 1987 and 
1999 DEMs provide scales of photographs acquired, intended 
scales of topographic maps to be generated from the photog-
raphy, target contour intervals, and photogrammetric points 
from which the topographic maps and DEMs were derived. 
Those metadata do not provide estimates of vertical accura-
cies. The 1987 and 1999 photographs were acquired to sup-
port 1:2400-scale contour maps having a 1.22-m (4-ft) 
contour interval. Photogrammetric point densities support 
DEM resolutions of about 20 m, but West Consultants (2002) 
generated DEMs using triangulated irregular networks 
(TINs) interpolated to 3-m-grid resolution.

Because the vertical accuracies of the 1987 and 1999 
DEMs are not specified, they must be estimated. We can 
estimate approximate vertical accuracy of the DEMs if we 
assume that the underlying photography met appropriate 
specifications and that photogrammetric techniques were 
properly executed when the consequent points, maps, and 
DEMs were compiled. The National Map Accuracy Standard 
(NMAS) (Maune et al. 2001), as applied to contour maps, 
specifies that elevation differences of no more than 10% of 
tested, well-defined points on a map may exceed one-half 

the contour interval. Thus, the intended map scales of the 
photography and target contour intervals suggest vertical 
 accuracies of at least 0.61 m at the 90% confidence level. 
The American Society for Photogrammetry and Remote 
Sensing (ASPRS) further refined vertical accuracy stan-
dards for contour maps. The ASPRS standard (ASPRS 
1990; Maune et al. 2001) for a class 1 contour map (the 
most accurate) states that the limiting root-mean-square ver-
tical error (RMSEz) for well-defined features between con-
tours is one-third the contour interval. If the photography 
and consequent map compilations met that standard, then 
the intended map scales and target contour intervals suggest 
a limiting RMSEz of 0.41 m. However, these standards 
apply to contour maps, and neither is directly applicable to 
DEMs. The National Standard for Spatial Data Accuracy 
(NSSDA) of 1998 is specifically designed to be applied to 
digital geospatial data (Maune et al. 2001). Vertical accu-
racy of a DEM at the 95% confidence interval according to 
NSSDA standards can be related to NMAS vertical accu-
racy and ASPRS limiting RMSEz standards for contour 
maps by (Maune et al. 2001):

 
Accuracy NSSDA NMAS vertical accuracyz ( ) = ×1 1916.  (2.1)

 
Accuracy NSSDA RMSEz z( ) = ×1 9600.  (2.2)

Equation (2.1) can be related to map contour interval by:

 
Accuracy NSSDA

contour
intervalz ( ) = × ×






1 1916

0 5
.

.
 (2.3)

 Accuracy NSSDA contour intervalz ( ) = ×0 5958.  (2.4)

If we assume that vertical errors are normally distributed 
and that the photography and mapping that support the 
DEMs met their intended scales and contour intervals, then 
the estimated vertical accuracies of the 1987 and 1999 DEMs 
at the 95% confidence level range from 0.73 to 0.80 m 
(Eqs. 2.2 and 2.4). From 2010 to 2012, we spot-checked 
elevations in the DEMs along North Fork Toutle valley in the 
vicinity of Coldwater Lake in places that had not changed 
since the photographs were acquired. Those limited field 
checks confirm that our estimate of vertical accuracies of 
those DEMs is reasonable but probably a bit high.

The 2009 lidar-derived DEM has higher resolution and 
greater vertical accuracy than those derived from aerial pho-
tographs. The report accompanying the 2009 lidar survey 
states that the DEM has a 1-m resolution, and vertical accu-
racy obtained from spot checks along a bare road surface is 
0.071 m at the 95% confidence level (Mosbrucker 2014). 
Spot checks of 103 elevations on the surface of the debris- 
avalanche deposit, however, show a lower accuracy on natu-
ral terrain; there, the DEM has a vertical accuracy ranging 
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from 0.10 to 0.50 m at the 95% confidence level, with a mean 
accuracy of 0.35 m (Mosbrucker 2014). To match the inter-
polated resolution of the 1987 and 1999 DEMs, we degraded 
the 2009 DEM to 3-m-grid resolution.

Estimates of volumetric change in sediment erosion and 
deposition are computed by subtracting surface elevations of 
one DEM from those of another. However, measurements of 
change between two DEMs incorporate errors of each 
DEM. Therefore, potential vertical error of the DoD must be 
estimated in order to determine the minimum level of change 
that distinguishes detectable change from noise.

Simple error propagation (Bevington 1969; Brasington 
et al. 2003) is used to determine the minimum level of change 
detection in the DoD. Errors from individual DEMs are 
propagated into the DoD as:

 
δ δ δDoD old new= +2 2  (2.5)

where δDOD is the propagated vertical error in the DoD, δold is 
the vertical error of the earlier DEM, and δnew is the vertical 
error of the later DEM. This estimate of propagated error 
assumes that errors are normally distributed and those for 
each cell of each DEM are random and independent.

We compute the estimated error of the recreated 1987–
1999 DoD using an approximate value of the estimated verti-
cal accuracy of each DEM. Substituting a midrange value 
(0.75 m) of the estimated vertical accuracy for the 1987 and 
1999 DEMs into Eq. 2.5 yields an estimated δDOD of 1.06 m. 
Hence, propagation of estimated vertical accuracies of the 
individual DEMs indicates our 1987–1999 DoD has a thresh-
old level of change detection of about 1 m. Using the mid-
range value of estimated vertical accuracy for the 1999 DEM 
and the range of vertical accuracy values at the 95% 
 confidence level for the 2009 DEM indicates the threshold 
level of change detection in the 1999–2009 DoD ranges from 
0.75 to 0.90 m, a level of detection that is influenced largely 
by the assumed vertical accuracy of the 1999 DEM. Because 
the propagated vertical accuracy in the 1999–2009 DoD is 
influenced so strongly by assumed accuracy of the 1999 
DEM, and because vertical accuracy of the 1999 DEM is 
based on many assumptions, we also use 1 m as the threshold 
level of change detection for the 1999–2009 DoD. Therefore, 
in both the 1987–1999 and 1999–2009 DoDs we produced, 
vertical elevation changes of less than 1 m are considered 
noise. That change-detection threshold appears reasonable 
for changes on the valley floor and in areas of high point 
density. However, it may be too low in areas of low point 
density (≤1 point per m2) such as on valley slopes greater 
than 30° or under locally heavy vegetation. We thus restrict 
our analyses of change to the valley bottom. This restriction 
loses little information of relevance because steep valley 
slopes that bound the debris-avalanche deposit contribute 
little sediment to the river.

2.5.2  Topographic Changes from 1987 
to 1999

Like Bradley et al. (2001), we find that there was net erosion 
from 1987 to 1999 along the entire North Fork Toutle River 
channel system upstream of the former N1 structure—a small 
sediment-retention structure built upstream of the SRS in the 
early 1980s (Willingham 2005; Fig. 2.7). Documented net 
erosion includes an 8-km-long reach downstream of Elk Rock 
(Fig. 2.7) where the valley widens considerably—a reach 
where Simon (1999) and Zheng et al. (2014) documented pre-
dominantly channel-bed aggradation (e.g., NF375; Fig. 2.4). 
By 1999, channel area had developed across 20% of the 
debris-avalanche deposit. However, the boundary of the DoD 
does not extend all the way to the lip of the crater because the 
1987 photography did not extend that far. Thus, erosion along 
Loowit channel from the mid- Pumice Plain (approximately 
cross section LO030) to the crater lip (Figs. 2.2 and 2.7) is 
unaccounted in the analysis. The documented erosion in the 
DoD is thus a minimum volume within the valley.

Much of the erosion documented from 1987 to 1999 was 
focused locally (Table 2.1; Fig. 2.7). The greatest erosion 
occurred along North Fork Toutle River channel from near 
Elk Rock to about its confluence with Castle and Coldwater 
Creeks (Table 2.1 and Fig. 2.7). Other significant erosion 
occurred along Castle Creek and Coldwater Creek channels 
and locally along North Fork Toutle River channel upstream 
of the Castle Creek/Coldwater Creek confluence (Fig. 2.7 
and Table 2.1). Channel erosion between Elk Rock and the 
Castle Creek/Coldwater Creek confluence accounted for 
about 40% of the volume eroded during the second decade 
after the 1980 eruption, even though this reach accounted for 
only about 20% of the active channel area (~4% of the area 
of the avalanche deposit). Castle Creek and Coldwater Creek 
channels combined accounted for nearly as much active 
channel area (17%) as did the reach from Elk Rock to the 
Castle/Coldwater confluence, but they contributed only 
about half as much sediment volume. By contrast, channel 
erosion above the Castle Creek/Coldwater Creek conflu-
ence—about 30% of the active channel area within the 
boundary of the DoD (~7% of the area of the avalanche 
deposit)—accounted for 28% of the volume eroded (Fig. 2.7 
and Table 2.1). About 10% of documented erosion was 
downstream of Elk Rock (Table 2.1), and a very minor 
amount of erosion (about 1%) was from re-entrainment of 
sediment deposited behind the SRS.

Comparisons of net vertical changes detected by differenc-
ing the DEMs with measured changes in channel cross sections 
(e.g., Fig. 2.4) show that much of the channel change from 
1987 to 1999 resulted from lateral bank erosion. The most 
extensive bank erosion occurred at the outsides of channel 
bends (Fig. 2.7). Locally, tens to hundreds of meters of lateral 
bank erosion caused as much as 57 m of negative (erosional) 
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Table 2.1 Comparison of results from DEMs of difference from 1987 to 1999 and 1999 to 2009.

1987–1999 1999–2009

Reacha

Volume 
(million m3)b

Area 
(million m2)c

Average 
erosion yieldd 
(m3 m−2)

% of total 
erosion

Volume 
(million m3)

Area 
(million m2)

Average 
erosion yield 
(m3 m−2)

% of total 
erosion

Erosion
Total above SRS 57.6 ± 1.3 23.8 2.4 38.9 ± 2.6 24.8 1.6

Total erosion dilated 
by 16%e

66.8 ± 1.5 45.1 ± 3.0

SRS–N1f 0.4 ± 0.2 9.8 0.04 1 0.9 ± 0.8 10.3 0.1 2

N1–NF340 6.9 ± 0.5 5.0 (3.5 on 
avalanche 
deposit)

1.4 12 6.2 ± 1.1 5.0 (3.5 on 
avalanche 
deposit)

1.2 16

NF340–NF/CA/CW 
confluence

22.4 ± 0.1 2.6 8.6 39 8.7 ± 0.1  2.0 4.4 22

NF/CA/CW–NF/TR/
LO confluenceg

12.4 ± 0.1 2.8 4.4 22 6.3 ± 0.2  2.8 2.3 16

Above NF/TR/LO 
confluence

3.6 ± 0.1 1.2 3.0 6 5.0 ± 0.04  1.2 4.2 13

Above LO030 –h – – – 8.6 ± 0.04  1.7 5.1 22

Castle 7.4 ± 0.02 1.0 7.4 13 1.8 ± 0.1  0.6 3.0 5

Coldwater 4.5 ± 0.2 1.4 3.2 8 1.4 ± 0.3  1.2 1.2 4

Deposition
SRS–N1 66.2 ± 0.6 9.8 14.7 ± 1.2 10.3

aNF/CA/CW is the confluence of North Fork Toutle River, Castle Creek, and Coldwater Creek. NF/TR/LO is the confluence of North Fork Toutle 
River, Truman channel, and Loowit channel (see Fig. 2.2).
bEstimated from reanalysis of DEM of difference shown in Fig. 2.7. Values differ from those of Bradley et al. (2001) because we use a 1-m level- 
of- detection threshold.
cThese values (and those for 1999–2009) represent areas of channel reworked or eroded by incision and migration. The area for SRS to N1 repre-
sents the total area of the sediment plain formed by deposition. Because channels there are braided, we did not compute specific areas of active 
channel erosion.
dSpatially averaged volume of sediment eroded per planimetric area of channel over the entire time period.
eTo compare net erosion to values to net deposition, differences in deposit density must be taken into account. The average bulk density of the 
debris-avalanche deposit is 1.85 t m−3 (Glicken 1996). In general, bulk densities of fluvial deposits range from about 1.4 to 1.7 t m−3. For compu-
tational purposes, Bradley et al. (2001) assumed a fluvial bulk density of 1.55 t m−3—a value 16% less than the average density of the debris- 
avalanche deposit. Therefore, net erosion volumes are dilated 16% to compare with net deposition volumes.
fAlthough this reach is predominantly depositional, sediment was locally re-entrained.
gComputed volumes and channel areas include the Carbonate Springs reach (see Fig. 2.2).
hThis reach is beyond the boundary of the 1987 DEM. Therefore, volumes of erosion cannot be computed.

vertical elevation change during this period as the river clawed 
into tall banks across the debris-avalanche deposit.

Even though channel widening was the dominant fluvial 
process during the second decade following eruption, thalweg 
elevation generally continued to change. Within and above 
the Elk Rock reach, thalweg elevation generally lowered but 
by locally variable amounts (Fig. 2.4; Zheng et al. 2014). By 
contrast to general channel degradation within and above the 
Elk Rock reach from 1987 to 1999, the sediment plain behind 
the SRS aggraded by as much as 36 m (Fig. 2.7). Despite the 
magnitudes of channel erosion, the overall longitudinal pro-
file of North Fork Toutle River changed little between 1987 
and 1999 except in the sediment plain behind the SRS 

(Bradley et al. 2001; Zheng et al. 2014). By this time, rates 
and magnitudes of channel incision had diminished consider-
ably compared with the early 1980s, and most channel change 
was lateral. Locally persistent incision of a few meters or less 
had little effect on the overall channel profile (Simon 1999; 
Zheng et al. 2014; Mosbrucker et al. 2015). The documented 
dominance of lateral erosion, in conjunction with bed coars-
ening (Simon and Thorne 1996), rather than vertical incision 
during this period is consistent with Meyer and Martinson’s 
(1989) conclusion that channel changes across much of the 
debris-avalanche deposit 5 years after the eruption were dom-
inated mainly by channel widening accompanied by fluctuat-
ing, low-magnitude, vertical adjustments.
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2.5.3  Morphological Sediment Budget 
Versus Measured Sediment Flux 
from 1987 to 1999

A morphological sediment budget obtained from estimates 
of net volume change in the DoD and measurements of 
 sediment transport father downstream show the SRS trapped 
most sediment eroded from 1987 to 1999. The DoD shows 
57.6 (±1.3) million m3 of sediment eroded from upper North 
Fork Toutle valley and 66.2 (±0.6) million m3 deposited in 
the sediment plain behind the SRS. This apparent discrep-
ancy between erosion and deposition arises because the 
debris-avalanche sediment was deposited in a state denser 
than that typical of redeposited fluvial sediment. From sev-
eral field measurements, Glicken (1996) found the mean 
bulk density of the debris-avalanche deposit is 1.85 t m−3. By 
contrast, typical fluvial deposits have bulk densities that 
range from about 1.4 to 1.7 t m−3 (e.g., Wilcox et al. 2014; 
Warrick et al. 2015). Thus, sediment deposited behind the 
SRS likely has a bulk density that is probably 10–25% lower 
than that of the debris-avalanche deposit. To directly com-
pare net erosion to net deposition, Bradley et al. (2001) used 
a 16% density difference (1.55 t m−3 or 88 lbs ft−3, a mid-
range density value commonly used for engineering pur-
poses) to adjust net erosion volume, and we do likewise 
(Table 2.1). Thus, the density-adjusted net erosion was 66.8 
(±1.5) million m3. The morphological sediment budget 
therefore balances erosion and deposition. However, the 
DoD does not extend to the headwaters of the valley and 
therefore excludes erosion in the uppermost active channels. 
Also, erosion likely occurred below our change-detection 
limit. Furthermore, we know that a substantial amount of 
suspended sediment was transported downstream of the SRS 
from 1987 to 1999 (Major et al. 2000; Figs. 2.5 and 2.6). 
Therefore the volume of sediment eroded from the valley 
was greater than measured in the DoD.

Suspended-sediment discharge downstream of the SRS 
was measured on North Fork Toutle River (KID; Fig. 2.1) 
from 1982 to 1994, on South Fork Toutle River (SFT; 
Fig. 2.1) from 1982 to 2014, on Green River (GRE; Fig. 2.1) 
from 1982 to 1994, and along lower Toutle River (TOW) 
from 1981 to present (2015). From 1987 to 1994, 9.75 mil-
lion t of suspended sediment passed KID, and 0.34 million t 
passed GRE, showing that North Fork Toutle River delivered 
9.4 million t of suspended sediment below the SRS (Major 
et al. 2000). If we assume that after 1994 Green River deliv-
ered negligible sediment load, and that erosion between 
Green River confluence and TOW was negligible, then we 
can assume that the difference between suspended-sediment 
fluxes measured at TOW and SFT can be attributed to sedi-
ment delivery from North Fork Toutle River. The difference 
in fluxes between TOW and SFT from 1995 to 1999 is 9.2 
million t (Major et al. 2000). Therefore, North Fork Toutle 

River delivered an estimated 18.6 million t of suspended 
sediment downstream of the SRS from 1987 to 1999. This 
estimate is probably accurate to within about 20% (Major 
2004). If we assume bulk sediment density ranges from 1.4 
to 1.7 t m−3, then North Fork Toutle River delivered about 
11–13 million m3 of suspended sediment downstream of the 
SRS. Undetected erosion below our threshold limit and ero-
sion upstream of the DoD boundary could easily balance this 
volumetric discrepancy. We therefore infer that about 80 mil-
lion m3 (density adjusted) of sediment eroded from upper 
North Fork Toutle River valley from 1987 to 1999 and that 
about 85% of that sediment accumulated behind the SRS.

2.5.4  Topographic Changes from 1999 
to 2009

Cross sections of North Fork Toutle River along the debris- 
avalanche deposit (e.g., Figs. 2.2 and 2.8) show variable 
types and magnitudes of topographic change between 1999 
and 2009. Although topographic changes in these sections 
are dominated by channel widening, channel incision contin-
ued to modify channel geometry. In general, magnitudes of 
incision were greatest and widening least upstream of the 
Elk Rock constriction, whereas magnitudes of widening 
were greatest and incision least downstream (generally 
above and below section NF345; Figs. 2.2 and 2.8). Channel 
incision outpaced lateral erosion at some sections along 
Loowit channel (LO040) and along the toe of the Pumice 
Plain (e.g., NF100 and NF110) (Figs. 2.2 and 2.8). Although 
channel incision is evident between sections NF120 and 
NF300 (Figs. 2.2 and 2.8), widening outpaced incision as 
that reach generally incised by only about 2 m but widened 
from a few tens to more than 100 m (e.g., NF300; Fig. 2.8). 
The greatest amounts of widening in this reach were between 
the Castle Creek/Coldwater Creek confluence and section 
NF300. Where the valley constricts near Elk Rock, the chan-
nel incised as much as 6 m but widened little (e.g., NF320; 
Fig. 2.8). Incision between NF300 and NF330 left aban-
doned terraces that narrowed the active channel. (Note the 
difference in active channel areas from 1987 to 1999 and 
from 1999 to 2009 above NF340 in Table 2.1. Also compare 
Figs. 2.7 and 2.9.) Where the valley widens downstream of 
the constriction, submeter- to meter-scale vertical fluctua-
tions of the channel bed, caused by scour and fill, accompa-
nied as much as 300 m of channel widening (e.g., NF345; 
Fig. 2.8). Here, the river transitions from a steep channel gra-
dient past Elk Rock (about 20 m km−1) to a much flatter gra-
dient in the sediment plain behind the SRS (about 2.8 m 
km−1 from a few km downstream of former N1 retention 
structure to the SRS). Owing to this significant change in 
gradient, the river transitions from a single thread to a braided 
channel. As a result, hundreds of meters of lateral erosion of 
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relatively short (≤2–5-m-tall) banks and terraces (e.g., 
NF375; Fig. 2.8) dominated topographic changes.

Measurements of channel geometries along the debris- 
avalanche deposit show channel-bed elevation appears to have 
adjusted into a relatively stable profile by the third decade after 
the 1980 eruption (Zheng et al. 2014). Yet, sediment yield 

from North Fork Toutle catchment remains above probable 
pre-eruption level three decades after eruption (Fig. 2.6). The 
rapid reduction of sediment delivery from Green River catch-
ment (Collins and Dunne 1986; Major et al. 2000; Major 
2004) demonstrates that major catchments tributary to North 
Fork Toutle River are not the sources of persistently elevated 

Fig. 2.8 Cross-section profiles from select locations on debris-avalanche deposit bounding the period 1999–2009. (See Figs. 2.2 and 2.9 for sec-
tion locations. Also see Fig. 2.4 for channel geometry profiles prior to 1999).
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sediment yield. Thus, persistently high sediment delivery from 
North Fork Toutle River must result from in-channel processes 
or from reworking of sediment delivered to the channel by 
local mass failures. To obtain broader insights on topographic 
change in North Fork Toutle River valley above the SRS dur-
ing the third decade after eruption, we compared the 1999 
DEM to a 2009 lidar-derived DEM of the upper valley 
(Mosbrucker 2014).

The 1999–2009 DoD (Fig. 2.9) shows sediment erosion 
from the debris-avalanche deposit in the third decade after 
eruption was less voluminous and more spatially distributed 
than during the second decade (Figs. 2.7 and 2.9; Table 2.1). 
It also shows that the uppermost reaches of North Fork Toutle 
River headwater tributaries (Loowit Creek), reaches that were 
beyond the boundary of the 1987–1999 DoD, were erosional 
hotspots (Fig. 2.9). Most erosion between 1999 and 2009 
(73%) was along North Fork Toutle River channel above Elk 
Rock and along Loowit channel (Figs. 2.2, 2.9 and Table 2.1). 
This reach of drainage accounted for about 50% of the active 
channel area across the avalanche deposit (~13% of the 
deposit area). The channels of Castle Creek and Coldwater 
Creek were much less active in the third decade after the 
eruption compared with the second decade. About 10% of 
erosion was along Castle Creek and Coldwater Creek (includ-
ing South Coldwater Creek) channels combined, which 
account for 12% of active channel area. The remaining ero-
sion was along North Fork Toutle River channel below Elk 
Rock. There, sediment was eroded not only from the channel 
above the former N1 retention structure (16%) but was also 
entrained from the sediment plain behind the SRS (2%; 
Table 2.1 and Fig. 2.9). After deposited sediment filled to the 
level of the SRS spillway in 1999, the sediment plain became 
a minor source for downstream sediment delivery.

Although erosion from 1999 to 2009 was more spatially 
distributed along the active channel system compared with 
erosion from 1987 to 1999, locally focused erosion was nev-
ertheless important. Particular areas of focused erosion were 
along the volcano’s lower north flank (upstream of cross sec-
tion LO030), across the Pumice Plain (between cross sec-
tions LO030 and NF100), near Coldwater Lake between 
cross section NF120 and the Castle Creek/Coldwater Creek 
confluence, and near Elk Rock between cross sections NF310 
and NF330 (Fig. 2.9). Downstream of NF120, erosion was 
focused particularly at channel bends. On the volcano’s 
lower north flank, a few tens of meters of lateral bank erosion 
produced as much as 90 m of vertical elevation change 
because flow, strong winds, and mass failures gnawed away 
very tall banks, especially along upper Loowit Creek and 
Step Creek (Figs. 2.2 and 2.9). Oblique aerial photographs 
from late November 2006 indicate some, and perhaps much, 
of the documented erosion in upper Loowit Creek channel 
system happened during a large storm in early November 
2006. Across the Pumice Plain, a few tens of meters of chan-

nel widening caused large changes in vertical elevation. 
Below the toe of the Pumice Plain (near cross section NF110; 
Fig. 2.9), a large mass failure of debris-avalanche sediment 
off Johnston Ridge in January 2006 deposited about 
600 000 m3 of sediment in the North Fork Toutle River chan-
nel. That deposit forced the river to erode laterally by tens of 
meters, which caused as much as 15–20 m of vertical eleva-
tion change. Near Elk Rock, channel shifting caused as much 
as 100–300 m of lateral bank erosion locally, and farther 
downstream it caused variable amounts of erosion. 
Magnitudes of valley-floor erosion diminished considerably 
downstream of cross section NF375 (Fig. 2.9).

Reaches of focused erosion along upper North Fork 
Toutle River channel were punctuated by reaches of substan-
tive deposition (Fig. 2.9). At the base of the volcano’s north 
flank, but above cross section LO030, as much as 4 m of 
deposit accumulated on the valley floor. Downstream of the 
fan of landslide debris that filled the channel near cross sec-
tion NF110, fluvial and debris-flow deposits from the large 
storm in November 2006 left a 6-m-thick fill on the valley 
floor. Sediment transported during that storm also accumu-
lated on the valley floor below cross section NF130 and dis-
placed the confluence of North Fork Toutle River and 
Coldwater Creek several hundred meters downstream from 
its previous position. Below the former N1 retention struc-
ture, sediment deposition dominated changes in valley-floor 
topography although re-entrainment of previously deposited 
sediment is evident (Fig. 2.9). To minimize sediment re- 
entrainment and induce additional sedimentation behind the 
SRS, the US Army Corps of Engineers installed engineered 
log jams in 2010 (Townsend 2013) and raised the lip of the 
SRS spillway by 2.1 m in 2013.

Significantly less sediment eroded from upper North 
Fork Toutle River valley in the third decade after the 1980 
eruption compared with the second. Total erosion measured 
upstream of the SRS between 1999 and 2009 (45 million m3 
density-adjusted) is about 60% of that eroded between 1987 
and 1999 (67 million m3 density-adjusted above the SRS 
plus about 12 million m3 passed downstream) (Table 2.1). 
Furthermore, the proportion of eroded sediment that accu-
mulated behind the SRS from 1999 to 2009 was substan-
tially less than the proportion that accumulated from 1987 
to 1999; only about 30% of eroded sediment volume accu-
mulated behind the SRS from 1999 to 2009 (Table 2.1), 
whereas we infer about 85% accumulated from 1987 to 
1999. That difference in relative proportion of sediment 
accumulation reflects the decrease in trap efficiency of the 
SRS, which by 1999 permitted most sediment delivered to 
the sediment plain to bypass the structure. Sediment that 
accumulated from 1999 to 2009 aggraded the sediment 
plain as much as 7 m, compared with 36 m of maximum 
aggradation from 1987 to 1999 when the SRS largely stored 
delivered sediment.
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2.5.5  Morphological Sediment Budget 
Versus Measured Sediment Flux 
from 1999 to 2009

The 1999–2009 DoD shows 38.9 (±2.6) million m3 
(45.1 ± 3.0 million m3 density adjusted) net erosion from 
upper North Fork Toutle valley and 14.7 (±1.2) million m3 
net deposition behind the SRS (Table 2.1). Hence, the DoD 
shows about 30 (±1.8) million m3 of sediment bypassed the 
SRS from 1999 to 2009, about three times the suspended- 
sediment load measured downstream and attributed to North 
Fork Toutle River from 1987 to 1999. By 1999, accumulated 
sediment had filled to the level of the SRS spillway, and sub-
stantial quantities of sediment, likely including sandy bed-
load, began passing the structure.

Fluxes of suspended sediment delivered by North Fork 
Toutle River downstream of the SRS after 1994 must be esti-
mated by proxy because KID gauging station was decom-
missioned. Using the same assumptions as in Sect. 5.3, we 
estimate that North Fork Toutle River delivered about 15 
million t of suspended sediment downstream of the SRS 
from 1999 to 2006. From 2007 to 2009, station FTP just 
downstream of the SRS (Fig. 2.1) measured 11.3 million t of 
suspended-sediment discharge (Fig. 2.5). Thus, from 1999 to 
2009, North Fork Toutle River discharged about 26 million t, 
or 15–20 million m3, of suspended sediment downstream of 
the SRS. That suspended-sediment load accounts for about 
50–70% of the net sediment loss from upper North Fork 
Toutle River valley estimated from DoD analysis. The imbal-
ance is most likely related to two main factors: (1) unmea-
sured bedload downstream of the SRS, and (2) fluvial storage 
of sediment between the SRS and TOW gauging station on 
lower Toutle River. Although the amount of bedload that 
may have passed the SRS is unknown, bedload typically 
comprises about 20% or more of total sediment load in steep 
mountain rivers, but proportions are highly variable (e.g., 
Wohl 2000; Major et al. 2012; Magirl et al. 2015). If we 
assume 20% of the load that passed the SRS was bedload, 
then net suspended-sediment loss from the upper valley is 
about 22–25 million m3. If 20% of that potential suspended- 
sediment load was lost to channel, floodplain, and overbank 
storage between the SRS and TOW gauging station, then the 
amount of suspended-sediment load measured at TOW from 
1999 to 2009 and attributed to North Fork Toutle River 
roughly balances net loss of suspended sediment estimated 
from the morphological sediment budget. Although these 
estimates of the fraction of sediment bypassing the SRS 
attributed to bedload and to suspended sediment lost to pos-
sible channel storage downstream are unconstrained, those 
processes provide a plausible explanation for the imbalance 
between the morphological sediment budget and suspended- 
sediment load measured downstream.

2.6  Discussion

Mount St. Helens’ 1980 eruption severely disrupted the 
hydrogeomorphic conditions of Toutle River basin, in par-
ticular those of upper North Fork Toutle River valley. There, 
a massive debris-avalanche deposit reset valley topography. 
Its thick fill (average thickness of 45 m across 60 km2), hav-
ing a chaotic surface that lacked through-going flow, trun-
cated confluences of tributary channels and hydrologically 
disconnected most of the upper valley (above the Green 
River confluence) from the channel downstream. An initial 
phase of rapid channel change across the debris-avalanche 
deposit ensued. Following channel initiation, incision and 
widening dominated channel change upstream of a valley 
constriction at Elk Rock (20 km down valley from the 
volcano), whereas aggradation and widening dominated 
downstream. During the early phase of channel evolution, 
North Fork Toutle River delivered sediment downstream at a 
rate several hundred times above pre-eruption levels. 
Concurrently, tephra erosion from hillsides in Green River 
catchment and lahar-deposit erosion along South Fork Toutle 
River channel augmented sediment delivery to lower Toutle 
River. Within 2 years of the eruption, each disturbed catch-
ment achieved peak sediment delivery. Within 3–4 years, 
rates and magnitudes of hillside and channel erosion 
declined, and magnitudes of sediment delivery dropped 
sharply (Figs. 2.5 and 2.6). Magnitudes of sediment delivery 
were much less and rates of decline were more precipitous, 
from Green River catchment, where rills and gullies rapidly 
stabilized and hillside erosion swiftly diminished (Collins 
and Dunne 1986), and from South Fork Toutle catchment, 
where the river rapidly evacuated the most easily erodible 
lahar sediment (Meyer and Dodge 1988), than from North 
Fork Toutle catchment. Within 5 years of eruption, sediment 
delivery from Green River catchment returned to pre- 
eruption levels. Sediment delivery from South Fork Toutle 
catchment has fluctuated considerably over three decades 
since eruption (Fig. 2.6), caused largely by sensitive 
responses to storms that produced large floods. Although its 
level of sediment delivery may still be above pre-eruption 
levels, its average annual delivery since 2000 falls within the 
range of variation of sediment delivery from western Cascade 
Range rivers.

After 30 years, sediment delivery from upper North Fork 
Toutle River is far below its peak level of early 1980s but 
still many times above probable pre-eruption level. The 
great reduction of sediment delivery is due largely to dimin-
ished vertical incision, coarsening of the channel bed, and 
stabilization of the channel longitudinal profile, as well as to 
mitigation measures including construction of a massive 
sediment-retention structure (SRS). Analysis of thalweg 
elevations upstream of the SRS (Zheng et al. 2014) confirms 
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that changes in bed elevation were swift in the early 1980s 
but by 1987 had slowed considerably. From 1987 to 2009, 
the longitudinal profile of the channel changed little except 
where sediment accumulated behind the SRS. On the basis 
of observations and modeling, Zheng et al. (2014) inferred 
that relaxation of channel slope in conjunction with channel 
widening and bed coarsening reduced local stream power, 
which over time caused rates of vertical channel change to 
decrease and the profile of North Fork Toutle River to stabi-
lize. Decades-long persistence of high sediment yield thus 
owes largely to ongoing channel widening, episodic extra-
fluvial input of mass failures, and reworking of the valley 
floor and floodplain through episodic avulsion and channel 
migration. Decades of repeated surveys of channel cross 
sections (e.g., Simon and Thorne 1996; Simon 1999; 
Mosbrucker et al. 2015) show that lateral erosion has been a 
dominant process sculpting the riverine landscape in upper 
North Fork Toutle River valley since the mid-1980s. Such 
prolonged channel instability, which maintains sediment 
transport at rates above pre-eruption levels but below peak 
rates immediately after eruptions, is a typical long-term flu-
vial geomorphic response to large explosive eruptions 
(Manville et al. 2009; Gran et al. 2011; Gran 2012; Pierson 
and Major 2014).

Patterns of topographic change across the debris- 
avalanche deposit were examined for two approximately 
decadal-scale periods—1987–1999 and 1999–2009—to 
assess spatial locations of ongoing channel instability and to 
quantify morphological sediment budgets. These periods are 
bracketed by digital elevation models that can be used to 
generate models of topographic difference (DoDs). Evident 
topographic changes show strong patterns of erosion and 
deposition. From 1987 to 1999, net channel erosion was 
highly focused along the channel of North Fork Toutle River 
in a reach 10–20 km downstream of the volcano as well as 
along Coldwater Creek and Castle Creek (Fig. 2.7). That 
reach of North Fork Toutle River coincides with some of the 
greatest changes in channel gradient relative to pre-eruption 
gradient (Simon 1999), and thus is an area where initial ver-
tical changes of bed elevation were greatest. Rapid incision 
through that reach promoted bank instability, extensive lat-
eral erosion, and channel braiding (Simon 1999). As the 
channel bed coarsened through the 1980s and early 1990s 
(Simon and Thorne 1996; Simon 1999) and rates of change 
of the channel longitudinal profile greatly diminished (Zheng 
et al. 2014), vertical incision through this steep-gradient 
reach became more difficult and lateral erosion more domi-
nant. About 85% of the sediment eroded from 1987 to 1999 
accumulated as thick fill immediately behind the SRS. By 
the third decade after the 1980 eruption (1999–2009), the 
channel profile along the debris-avalanche deposit had 
largely stabilized, hydraulic geometries of the channel sys-
tem had largely adjusted to imposed sediment loads (Pitlick 

et al. 2006), and net channel changes caused by both vertical 
and lateral adjustments were of lesser magnitude and more 
spatially distributed (Fig. 2.9). Thus, by the third decade 
after eruption, the Elk Rock reach of North Fork Toutle River 
had become a less dominant sediment source. In contrast to 
the second decade after eruption, only about 30% of eroded 
sediment accumulated behind the SRS because fill had 
aggraded to the level of the structure’s spillway. Between 
1999 and 2009, trap efficiency of the SRS greatly 
diminished.

Net erosion of the fluvial system upstream of the SRS was 
about 40% less from 1999 to 2009 than from 1987 to 1999. 
This decline in net erosion resulted largely because channels 
eroded across the debris-avalanche deposit are wide (≥100 m 
wide) relative to flow footprints (bankfull flow about 
10–20 m wide). As a result, the river and its headwater tribu-
taries have less contact with steep channel banks and walls of 
valleys carved across the deposit than they did from 1987 to 
1999 when channels were still actively evolving and adjust-
ing width-to-depth ratios. Hydrological differences pose 
another possible cause of the large difference in net erosion 
between these periods. The period 1987–1999 contained a 
cycle of wetter-than-average conditions from 1995 to 1999 
as well as floods of record in Toutle River basin in 1996 
(Major 2004). In contrast, 1999–2009 was a cycle of gener-
ally drier-than-average conditions. But except for the 1996 
flood, magnitudes and distributions of annual peak flows 
from 1987 to 1999 and from 1999 to 2009 were distributed 
similarly. Furthermore, average mean annual flow from 1999 
to 2009 was only 5% less than that from 1987 to 1999 
(57.2 m3 s−1 versus 60.4 m3 s−1 measured at TOW; see 
Fig. 2.6). These modest hydrological differences likely do 
not account for the large difference in net erosion between 
these two periods.

The rapid peak and sharp decline of sediment delivery 
from Toutle River basin followed by a decades-long phase of 
lower-level but still elevated sediment delivery (Figs. 2.5 and 
2.6) is consistent with a posited conceptual model of geo-
morphic response following large explosive eruptions (Gran 
et al. 2011). In that model, the prolonged phase of geomor-
phic adjustments that causes persistently elevated sediment 
delivery is attributed to ongoing fluvial instability dominated 
by valley widening and reworking of the valley floor. Gran 
(2012) noted that seasonal influx and accumulation of sand 
on channel beds at Mount Pinatubo led to enhanced 
 bed- sediment mobility and persistent low-level channel inci-
sion. From measured cross sections and observations at 
Mount St. Helens, Janda et al. (1984) and Simon (1999) 
noted that bank-toe erosion and mass wasting of bank mate-
rials caused large increases in channel width during early 
phases of channel evolution. Decadal-scale snapshots of spa-
tial topographic changes at Mount St. Helens during the sec-
ond and third decades after the 1980 eruption show the phase 
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of persistent fluvial instability along channels on the debris-
avalanche deposit is dominated by bank failures leading to 
channel widening. Those snapshots show large vertical 
changes in elevation (many meters to tens of meters) accom-
panied only modest vertical degradation and even aggrada-
tion of adjacent channel floor—changes also documented by 
cross- section surveys. Such large net vertical changes in 
channel topography in a fluvial system experiencing dimin-
ishing rates of vertical bed-elevation change (Zheng et al. 
2014) can be caused only by mass wasting of tall vertical 
banks and valley walls on the avalanche deposit.

Elevated sediment flux and lateral channel erosion pro-
vide a positive feedback loop that prolongs channel instabil-
ity. Elevated sediment flux causes local channel-bed 
aggradation or sediment accumulation on channel bars, 
which distorts the flow field and establishes cross-stream 
gradients that drive flow toward opposing channel banks 
(Dunne et al. 2010; Wickert et al. 2013). Such flow-field dis-
tortion, along with conditions that promote mass failure of 
channel banks (e.g., toe erosion and elevated water tables), 
causes lateral bank erosion, which in turn introduces addi-
tional sediment to the river and increases sediment flux. As a 
result, the river channel remains dynamic and can maintain 
lateral migration (Dunne et al. 2010). Eventually, the devel-
oped floodplain becomes sufficiently wide and the active 
channel sufficiently narrow that the river only rarely flows 
against valley walls. By then, vegetation can stabilize chan-
nel banks, and the river mainly reworks its bed and flood-
plain within a zone of fairly consistent channel width. 
Gradually, channel mobility and sediment flux decrease until 
the system achieves a state of dynamic equilibrium (Wickert 
et al. 2013). In the case of volcanically disturbed river sys-
tems, and as is evident at Mount St. Helens, this state of equi-
librium can take decades, perhaps centuries, to achieve (Gran 
et al. 2011; Pierson et al. 2011; Meadows 2014; Pierson and 
Major 2014).

Although the debris-avalanche deposit provides an enor-
mous source of erodible sediment to North Fork Toutle 
River and its headwater tributaries, most of that sediment is 
sequestered from erosion. As of 2010, only about 20% of 
the planimetric area of the avalanche deposit had been 
modified by riverine and local mass-failure processes 
(Table 2.1), and only about 13% of the deposit volume had 
been eroded. Most likely, sediment outside the narrowly 
focused corridor that North Fork Toutle River and its head-
water tributaries occupy will remain in place as channel 
mobility diminishes, floodplains develop, and forest and 
riparian vegetation recolonize the deposit and floodplain 
surfaces. Comparison of the 1987–1999 and 1999–2009 
DoDs shows the overall position and shape of the river cor-
ridor has changed little in the second and third decades fol-
lowing the 1980 eruption.

2.7  Conclusions

More than 30 years after the 1980 eruption of Mount St. 
Helens, high sediment load continues to be released from 
Toutle River basin. Nearly all elevated load comes from 
persistent channel erosion across the debris-avalanche 
deposit that fills upper North Fork Toutle River valley. 
Sediment discharge by Green River, from a catchment hav-
ing hillsides deforested and thinly draped with volcanic 
sediment by the blast PDC, returned to pre-eruption levels 
within 5 years after the eruption. Sediment discharge by 
South Fork Toutle River, reamed by a large (14 million m3) 
lahar, has fluctuated greatly over three decades since the 
eruption. Although its sediment discharge may still be above 
pre-eruption levels, its average annual discharge has been 
within the range of variation of western Cascade Range riv-
ers since 2000. Measurements of suspended-sediment dis-
charge along North Fork Toutle River below a massive 
sediment-retention structure (SRS) and along lower Toutle 
River show that average sediment yield from North Fork 
Toutle River catchment remains more than ten times greater 
than probable pre- eruption level even with the presence of 
upstream mitigation measures.

Since the mid-1980s, channel change across the debris- 
avalanche deposit has been dominated by lateral channel 
adjustments. Although channel-bed incision has persisted 
within and upstream of a valley constriction near Elk Rock 
(20 km downstream of the volcano), the rate of bed-elevation 
change has diminished, and magnitudes of lateral erosion 
have generally outpaced those of incision.

Comparisons of digital elevation models from 1987, 1999, 
and 2009 reveal patterns of topographic changes across the 
debris-avalanche deposit in the second and third decades after 
the 1980 eruption. A digital elevation model of topographic 
difference (DoD) shows that channel erosion during the sec-
ond decade after eruption (1987–1999) was strongly focused 
along a 6-km-long channel reach at and upstream of the valley 
constriction near Elk Rock and in the channels of Castle Creek 
and Coldwater Creek. During the third decade after eruption 
(1999–2009), a DoD shows erosion was more spatially distrib-
uted throughout the channel system. In conjunction with chan-
nel cross sections that show diminishing channel incision 
above Elk Rock and channel-bed  aggradation below, those 
DoDs show large fractions of topographic changes resulted 
from lateral erosion owing to mass failure of tall banks.

Net erosion from the debris-avalanche deposit from 1999 to 
2009 was about 40% less than that from 1987 to 1999. However, 
unlike the second decade after the eruption, when only about 
15% of eroded sediment passed the SRS, nearly 70% of eroded 
sediment passed the SRS from 1999 to 2009, because by 1999, 
sediment fill behind the SRS had reached its spillway. 
Comparison of a morphological sediment budget developed 
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from the 1999–2009 DoD with measured suspended- sediment 
discharge downstream of the SRS indicates that sediment 
bypassing the SRS (largely sand) may have moved downstream 
as unmeasured bedload and some suspended sediment may 
have been stored along the channel or on the floodplain between 
the SRS and lower Toutle River valley.

The active river corridor has sculpted only about 20% of 
the surface of the debris-avalanche deposit. Because of the 
vertical depth of that corridor, large areas of the avalanche 
deposit will remain sequestered from fluvial processes. 
Diminishing topographic changes in areas affected by fluvial 
processes indicate that parts of the drainage network across 
the deposit are stabilizing.
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Glossary

Blast pyroclastic density current A form of pyroclas-
tic density current initiated by rapid decompression of 
lava domes or cryptodomes (magma bodies cooled high 
within a volcanic edifice) owing to sudden collapse. 
Rapid decompression results in a directed explosion that 
initially impels the current laterally before it becomes 
a gravity-driven flow [Sources: a generalized defini-
tion based on definitions of PDCs provided in Pierson 
and Major 2014, Sigurdsson et al. (2015)]. In the case 
of the Mount St. Helens 1980 eruption, failure of the 
volcano’s north flank unroofed pressurized magma and 
superheated water. Rapid exsolution of magmatic gases 
and conversion of superheated water to steam produced 
a laterally directed blast, which formed a density current 
that flowed across rugged topography. The current con-
tained fragmented rock debris as well as shattered forest 
material (Lipman and Mullineaux 1981).

Debris avalanche A rapid granular flow of an unsaturated 
or partly saturated mixture of volcanic rock particles 
(± ice) and water, initiated by the gravitational collapse 
and  disintegration of part of a volcanic edifice. Debris 
avalanches differ from debris flows in that they are not 
water saturated. Although debris avalanches commonly 
occur in association with eruptions, they can also occur 
during periods when a volcano is dormant. Sources: 
Pierson and Major (2014), Sigurdsson et al. (2015).

Lahar An Indonesian term for a rapid granular flow of 
a fully saturated mixture of volcanic rock particles (± 
ice), water, and commonly woody debris. A lahar that 
has ≥50% solids by volume is termed a debris flow; one 

that has roughly 10–50% solids by volume is termed a 
hyperconcentrated flow. Flow type can evolve with time 
and distance along a flow path as sediment is entrained or 
deposited. Sources: Pierson and Major (2014), Sigurdsson 
et al. (2015).

Pyroclastic density current (PDC) Rapid flow of a dry 
mixture of hot (commonly >700 °C) solid particles, 
gases, and air, which can range in character from a dense, 
ground-hugging flow (pyroclastic flow) to a turbulent, 
low-density cloud of mostly fine ash and superheated air 
(pyroclastic surge). A single PDC commonly involves 
both flow types as a result of gravitational segregation. 
Flows are generally gravity driven but may be acceler-
ated initially by impulsive lateral forces of directed vol-
canic explosions. Flows typically move at high velocity 
(up to several hundred km h−1). Source: Pierson and 
Major (2014).

Pyroclastic flow See pyroclastic density current (PDC).
Tephrafall A rain of volcanic particles to the ground follow-

ing ejection into the atmosphere by an explosive eruption. 
Tephra is a collective term for particles of any size, shape, 
or composition ejected in an explosive eruption. Sources: 
Pierson and Major (2014), Sigurdsson et al. (2015).
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3.1  Introduction

Volcanic eruptions can impose overwhelming changes on 
landscapes, and responses to those changes can play out over 
decades as recently deposited volcanic sediment, mobilized 
older sediment, and large wood are routed through drainage 
basins. Disturbances to and subsequent responses of hill-
slopes, stream channels, and depositional landforms set the 
physical template for trajectories of terrestrial, riparian, and 
aquatic ecosystem evolution. The 18 May 1980 eruption of 
Mount St. Helens, which altered a broad swath of landscape, 
consisted of an ensemble of volcanic processes that included 
a large rockslide–debris avalanche, a devastating laterally 
directed pyroclastic density current (commonly called the 
lateral blast and herein called the blast PDC), lahars (volca-
nic debris flows), localized pumiceous pyroclastic flows, and 
widespread fall of volcanic ash (tephrafall) downwind of the 
volcano (Lipman and Mullineaux 1981; see also Pierson and 
Major 2014 for volcanic process terminology). Numerous 
studies document the intensities, distributions, and time 
trends of subsequent geomorphic responses, including hill-
slope erosion (Collins et al. 1983; Swanson et al. 1983; 

Collins and Dunne 1986, 1988; Leavesley et al. 1989), drain-
age development (Rosenfeld and Beach 1983; Janda et al. 
1984; Collins and Dunne 1986; Simon 1999), evolution of 
channel morphology (Lisle et al. 1983; Janda et al. 1984; 
Meyer and Martinson 1989; Lisle 1995; Simon 1999; 
Hardison 2000; Frenzen et al. 2005), sediment yield (Lehre 
et al. 1983; Smith and Swanson 1987; Dinehart 1998; Major 
et al. 2000; Major 2004), and peak runoff (Major and Mark 
2006).

This eruption provides an exceptional opportunity to 
observe and document responses to types of disturbances 
and their gradients of intensity that extend away from a vol-
cano, and the propagation of those disturbances downstream 
by fluxes of sediment and wood. Disturbance gradients 
caused by the blast PDC, lahars, and tephrafall are well rep-
resented in the Muddy River drainage basin, which has head-
waters that lie east–northeast of the volcano (Figs. 3.1 and 
3.2). There, these processes deposited only tens of centime-
ters to a few meters of sediment on the landscape, compared 
with the tens to hundreds of meters of fill deposited in the 
adjacent Toutle River basin by the debris avalanche and sub-
sequent pyroclastic flows and lahars (Voight et al. 1981; 
Janda et al. 1981; Rowley et al. 1981; Fig. 3.2). Thus, 
responses to disturbances caused by the eruption in the 
Muddy River basin may be more representative of the after-
math of eruptions elsewhere, in which volcanic deposits are 
relatively thin (≤5 m).

This chapter reports on geomorphic change in the Muddy 
River basin over the first 20 years following the 18 May 1980 
eruption. In the Muddy River basin, transport and deposition 
of sediment and wood were great enough during this period 
to reveal the salient behaviors of the primary components of 
the sedimentary system, a system that consists of an array of 
sediment sources and temporary storage reservoirs con-
nected by transport pathways having various lengths and 
degrees of connectivity. Fluxes of sediment and wood were 
contingent initially on an altered flow regime, and later on 
the timing and magnitude of large floods as well as on evolv-
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Fig. 3.1 Pre-1980 topographic map of the Mount St. Helens area showing the fill of volcaniclastic sediment that has subdued the rugged topogra-
phy atop which the volcano has grown. Locations of study reaches in the Clearwater Creek catchment and sites of cross sections in the Smith Creek 
and Muddy River corridors are shown. 1 Clearwater #1. 2 Clearwater #2. 3 Clearwater #3. 4 Clearwater #4. LC lower Clearwater. Swift Reservoir 
is not shown because the map predates construction of Swift Dam.
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ing geomorphic and vegetative conditions after the initial 
disturbance. What makes this study particularly interesting is 
(1) the influence of gradients of eruptive disturbance on 
channel response and (2) the occurrence of an intense storm 
and large flood 16 years after the eruption. That storm and 
flood accelerated geomorphic processes in the sedimentary 
system, interrupted the recovery trajectories of channels and 
riparian ecosystems, and highlighted influences on sediment 
routing that were inherent in the physiography of the basin.

A broad overview of physical mechanisms causing land-
scape disturbance and of interactions between geomorphic 
and ecological responses in the entire area affected by the 18 
May eruption from 1980 to 2004 is provided by Swanson 
and Major (2005). Here we focus on responses in the Muddy 
River basin, which includes five major tributary catchments 
(Muddy River, Smith Creek, Bean Creek, Clearwater Creek, 
and Clear Creek) that are arrayed normal to a southeast-to- 
northwest trending gradient of primary volcanic disturbance 

(Figs. 3.1 and 3.2). The types and degrees of disturbance in 
these catchments affected hydrologic and geomorphic pro-
cesses that governed the subsequent flux and storage of sedi-
ment, which in turn affected valley-floor ecosystems. The 
eruption activated basin-scale responses in the sedimentary 
system which can be explained by considering basin physi-
ography. At the reach scale, hydrogeomorphic responses to 
eruptive disturbances created contrasting conditions and tra-
jectories of change for aquatic and riparian ecosystems.

In this chapter, we provide a broad description of the 
study area and the primary effects of the eruption on catch-
ments within the Muddy River basin. We then provide 
sources and methods of data collection, and describe post-
eruption changes in each of the catchments. Finally, we inte-
grate results by considering landscape geography as a 
template that influences geomorphic disturbance and the tra-
jectory of geomorphic response. We also highlight the influ-
ence of stochastic events and touch on the consequences of 

Fig. 3.2 Schematic depiction of distribution of volcanic deposits and disturbance zones of the 18 May 1980 eruption (adapted from plate 1 in 
Lipman and Mullineaux 1981). Box outlines the area shown in Fig. 3.1. Gauging stations (e.g., MUD) indicate sites where the USGS made sedi-
ment and water discharge measurements.
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physical changes for aquatic and riparian ecosystems. We 
close with an evaluation of trajectories of geomorphic pro-
cesses in the study area.

3.2  Study Area

Mount St. Helens is the most active volcano of the Cascade 
Range, and its edifice is a relatively youthful feature on the 
landscape (Mullineaux and Crandell 1981; Clynne et al. 
2008). Over the last 4000 years, the volcano has entered sig-
nificant eruptive periods about every two to seven centuries. 
The last eruption prior to 1980 occurred in the early half of 
the nineteenth century.

The volcano sits on a deeply eroded terrane of gently 
folded and altered volcanic and plutonic rocks (Fig. 3.1; 
Evarts et al. 1987; Evarts and Swanson 1994). Close to the 
volcano, fragmental deposits of eruption products that flow 
from the cone, such as debris avalanches, pyroclastic flows, 
and lahars, have accumulated thickly along drainages and 
buried much of the rugged topography. Deposits of other 
products of explosive eruptions, such as tephrafalls and 
highly mobile PDCs, are thinly draped over a wider area. 
The majority of the Muddy River basin, including the catch-
ments of Smith Creek, Bean Creek, Clearwater Creek, and 
Clear Creek, is unburied and deeply carved into the old vol-
canic terrane (Fig. 3.1).

The Muddy River basin extends 20 km from Mount St. 
Helens. (Fig. 3.1). The rugged basin topography has been 
modified by volcanism and glaciation. Elevation ranges from 
315 to 1500 m. Most drainages heading above 900 m were 
glaciated (Mundorff 1984), which created a stepped topogra-
phy composed of shallow-gradient reaches hosting alluvial 
deposits, interspersed with steeper-gradient reaches. The 
topography is somewhat muted by accumulated tephra 
deposits, except for close to the volcano where valleys are 
thickly buried in volcanic sediment. Coniferous forest, 
including large mature stands and young conifers that were 
planted following clearcutting, dominated the landscape 
before the eruption; deciduous trees were prevalent in both 
riparian and disturbed areas (Swanson et al. 2005).

3.2.1  Basin Physiography

Owing to variations in basin topography, contrasting tenden-
cies to transport or store sediment set the stage for different 
responses to eruption impacts. Volcanic processes transport-
ing sediment down the flanks of the cone generally spread 
sediment widely over fans at the base of the edifice (Fig. 3.1). 
Subsequent reworking of that sediment is commonly con-
fined to a small portion of the original depositional surface. 
In contrast, sediment-transport pathways in the older more 

dissected terrain, which includes our main study area, are 
concentrated in narrow valleys (Fig. 3.1) where a greater 
proportion of deposited sediment is subject to reworking. In 
this dissected terrain, channels and adjacent hillslopes are 
strongly coupled, allowing sediment to move directly from 
hillslopes to channels. In reaches where channels are incised 
into broad valley floors, sediment inputs from hillslopes as 
well as from channels upstream are buffered from entering 
the channel, because adjacent floodplains, terraces, and fans 
offer ample space for sediment storage.

3.2.1.1  Smith Creek–Muddy River Corridor
The Smith Creek–Muddy River corridor (Fig. 3.1) has been 
formed in deposits of lahars and pyroclastic flows (Crandell 
1987). A fan of sediment deposited by Muddy River at the 
confluence of Smith Creek constricted the valley bottom and 
created a swampy, low-gradient reach upstream. The valley 
bottom between the Muddy River fan and Cedar Flats is 
250–400 m wide. It is formed on a fill of pre-1980 pyroclastic- 
flow and lahar deposits tens of meters thick (Crandell 1987) 
and contains terraces, floodplains, channels with multiple 
threads, and alluvial fans. The channel at Cedar Flats had 
incised into the thick fill of pre-1980 deposits at the junction 
of Pine Creek and Muddy River and had locally scoured to 
bedrock, creating a narrow valley bottom 5–250 m wide 
(Hardison 2000). Valley gradients immediately above Cedar 
Flats and the Muddy River fan at Smith Creek are shallower 
than those farther upstream.

3.2.1.2  Bean Creek–Clearwater Creek Corridor
The Bean Creek and Clearwater Creek corridors (Fig. 3.1) 
show greater contrasts in sediment-routing characteristics 
than does the Smith Creek–Muddy River corridor. Bean 
Creek consists of a gently sloping upper catchment having 
high sediment-storage potential. The upper catchment emp-
ties into a bedrock gorge (2.2 km long) which leads into 
another depositional reach (2.2 km) between steep valley 
walls. This lower depositional reach connects to a longer 
gorge (2.5 km) that feeds into the junction with Clearwater 
Creek (Fig. 3.1). These gorges afford direct connectivity 
between sediment sources on the steep valley walls and the 
channel. Because the Bean Creek channel is generally steep 
and confined, it transmits most of its sediment directly to 
lower Clearwater Creek.

The broad catchment of middle Clearwater Creek valley 
upstream of Paradise Falls (Fig. 3.1) has a large storage 
capacity. An active floodplain commonly several channel- 
widths wide is bounded by terraces and alluvial fans. High- 
gradient tributaries drain the steep valley walls. However, 
extensive sediment-storage capacity of the channel bars, 
floodplain, and alluvial fans buffers the channel from direct 
sediment inputs from hillslopes and tributaries. Sediment 
tends to be spread among a variety of storage reservoirs and 

T.E. Lisle et al.



49

does not transit rapidly through the system. The channel in 
this reach is sinuous and has an alluvial bed and banks. Large 
individual pieces of wood and wood jams influence the for-
mation and location of bars and pools. The lower Clearwater 
Creek valley downstream of the junction with Bean Creek is 
also broad and has a high potential for storage of wood and 
sediment.

3.2.2  Climate

The climate in the Pacific Northwest is maritime, with gener-
ally wet winters and dry, cool summers. Mean annual pre-
cipitation at Mount St. Helens is approximately 3000 mm, 
with 75% falling between October and April. Much of the 
precipitation above 1000 m in elevation falls as snow. Typical 
snowpack is 2–3 m thick, and the area above 1000 m is under 
snow cover for about 6 months each year. The largest floods 
are produced by intense atmospheric rivers of tropical water 
vapor directed at the region (Neiman et al. 2011) and by rain- 
on- snow events in winter; snowmelt produces moderate 
peaks and sustained recessional flows in late spring.

3.3  Primary Effects of the 1980 Eruptions

The 18 May 1980 eruption consisted of an ensemble of vol-
canic processes that caused a variety of disturbances among 
several watersheds (Fig. 3.2). Details of the eruption are pro-
vided in Lipman and Mullineaux (1981). Here, we briefly 
summarize the events. The eruption began with a massive 
failure of the volcano’s north flank, which triggered an enor-
mous rockslide–debris avalanche (Voight et al. 1981). That 
debris avalanche deposited 2.5 km3 of rock, ice, soil, and 
organic debris in the upper North Fork Toutle River valley, 
Spirit Lake, and South Coldwater Creek valley (Fig. 3.2). 
Furthermore, it suddenly released pressure on the magma 
that had intruded high into the volcano. Unroofing of that 
magma and consequent release of volatiles in the magmatic 
system and flashing of the hydrothermal system triggered an 
energetic pyroclastic density current (blast PDC) that devas-
tated ~570 km2 of rugged, forested landscape in a roughly 
180-degree arc north of the volcano (Fig. 3.2). That PDC 
stripped vegetation and soil from the landscape close to the 
volcano and toppled mature forest farther out. It also blan-
keted the landscape with as much as 1.5 m of graded gravel 
to silty sand, including organic debris; locally, some of the 
deposit slid off steep hillslopes and onto valley floors (Hoblitt 
et al. 1981; Waitt 1981; Brantley and Waitt 1988). Extensive 
lahars followed the blast PDC, swept all major channels 
draining the volcano (Fig. 3.2), and deposited tens to hun-
dreds of centimeters of gravelly sand on valley floors and 
floodplains (Janda et al. 1981; Pierson 1985; Scott 1988). 

Tephrafall from a billowing eruption plume, which devel-
oped shortly after the onset of the eruption, blanketed proxi-
mal areas east–northeast of the volcano with a layer of ash 
(particles ≤2 mm) and gravelly pumice as thick as tens of 
centimeters (Waitt and Dzurisin 1981). Beyond about 15 km 
east of the volcano, accumulations of tephrafall constituted 
the primary landscape disturbance in many catchments.

Disturbances caused by the eruption east of the volcano 
varied by catchment (Fig. 3.2). The Muddy River and Smith 
Creek catchments were affected by the blast PDC, lahars, 
and tephrafall. The Bean Creek and Clearwater Creek catch-
ments were affected only by the blast PDC and tephrafall. 
They were not affected by lahars, but were affected by 
sediment- laden water flows triggered by snowmelt. Of the 
570 km2 of landscape ravaged by the blast PDC, 20% lies 
within the Muddy River basin. The blast PDC extended over 
about 70% of the Smith Creek catchment, 100% of the Bean 
Creek catchment, and about 45% of the Clearwater Creek 
catchment above the Bean Creek confluence (Fig. 3.2). It 
uprooted and broke trees in a complex, topographically 
influenced pattern and introduced large volumes of wood to 
stream channels as mature trees toppled. Its deposits mantled 
hillslopes and are as thick as 60–70 cm in upper Smith Creek, 
more than 50 cm thick in the headwaters of Bean Creek, and 
less than 1 cm thick near their northeastern limit in Clearwater 
Creek catchment (Hoblitt et al. 1981; Lipman and Mullineaux 
1981; Moore and Sisson 1981).

During and shortly after the eruption, fresh blast-PDC 
and tephrafall deposits blanketing the landscape were shed 
locally from steep (>70%) slopes by shallow-seated land-
slides (Hoblitt et al. 1981; Brantley and Waitt 1988). Deep 
landslides that mobilized more than the new surficial sedi-
ment and the immediately underlying soil formed in older 
tephrafall deposits were rare (Swanson et al. 1983; Smith 
and Swanson 1987). Most new landslides identified in June 
1980 aerial photographs of the upper Green, Quartz, Smith, 
Bean, and Clearwater Creek catchments appear to have been 
triggered by groups of root-thrown trees blown over on steep 
slopes by the blast PDC (Swanson et al. 1983).

Except for the Smith Creek and Muddy River valleys, 
channels in catchments affected by the blast PDC were inun-
dated by moderate, sediment-charged floods triggered by 
eruption-induced snowmelt or during rainfall events soon 
afterward. Sediment transported by these floods was depos-
ited in channels, on floodplains, and in alluvial fans, com-
monly around trees toppled by the PDC. Moderately to 
poorly sorted sand deposits usually <2 m thick and having 
weak horizontal bedding suggest that the sediment-charged 
floods may have been hyperconcentrated flows (Pierson 
2005).

Tephrafall from the billowing eruption column blanketed 
much of the Muddy River, Smith Creek, Bean Creek, and 
Clearwater Creek catchments with ash and pumice gravel. 

3 Geomorphic Response of the Muddy River Basin to the 1980 Eruptions of Mount St. Helens, 1980–2000



50

This tephra deposit is distributed more uniformly across the 
watersheds than the deposit from the blast PDC, but it ranges 
in thickness from only about 2 to 40 cm (Waitt and Dzurisin 
1981). The plume from another major eruption on 22 July 
1980 followed approximately the same downwind trajectory 
across the Muddy River basin as did the 18 May plume 
(Waitt et al. 1981). Similar to the tephrafall deposit of 18 
May, the 22 July deposit is composed of ash and pumice 
gravel, but is no more than 10 cm thick.

3.3.1  Smith Creek–Muddy River Lahars

High-velocity lahars were triggered in the Muddy River 
catchment during the first few minutes of the eruption when 
the blast PDC scoured, entrained, and melted snow and ice 
on the volcano’s eastern flank (Janda et al. 1981; Pierson 
1985; Brantley and Waitt 1988). A notably large lahar 
(approximately 107 m3 in volume) swept through the Muddy 
River corridor and reached Swift Reservoir (Pierson 1985); a 
smaller lahar swept down Smith Creek (Brantley and Waitt 
1988) (Fig. 3.2).

In Smith Creek valley, the eruption left a complex suite of 
PDC, lahar, and secondary pyroclastic-flow deposits 
(Brantley and Waitt 1988). The blast PDC was followed, 
within minutes, by snowmelt-triggered lahars that swept 
down steep tributaries and coalesced into a single flow that 
moved down valley. The lahar deposit on the valley floor 
overlies the blast-PDC deposit but is mixed with and overlain 
by deposits of secondary pyroclastic flows shed from valley 
walls when unstable blast-PDC deposits on steep slopes 
were rapidly remobilized (Brantley and Waitt 1988). On the 
valley floor of Smith Creek, this complex, intricate suite of 
deposits, as thick as 15 m, shows that concurrent processes 
affected the landscape.

Lahars triggered by the blast PDC entered the Muddy 
River corridor along four different tributary channels, 
coalesced, and surged down the Muddy River channel as the 
Muddy River lahar (Janda et al. 1981; Pierson 1985). Peak 
flow along the channel ranged from 10 to 20 m deep, and it 
moved at peak velocities of 3–23 m s−1 (Pierson 1985). Once 
coalesced, peak discharge, velocity, and depth of the lahar 
attenuated downstream: maximum discharge decreased from 
22,000 m3 s−1 to 5000 m3 s−1 in the 7-km reach from the con-
fluence with Clearwater Creek to the confluence with Clear 
Creek (Fig. 3.2; Pierson 1985). The deposit of this lahar is 
typically less than 0.5 m thick along the flow margin and 
1–2.5 m thick along the channel axis (Janda et al. 1981; 
Pierson 1985). The thickest channel deposits are found 
behind valley bedrock constrictions (Hardison 2000). A 
tongue of the Muddy River lahar traveled 400 m up 
Clearwater Creek, deposited 1–2.5 m of coarse sandy sedi-
ment behind a wood-laden front (Janda et al. 1981), and 

raised the base level of the alluvial reach of lower Clearwater 
Creek, which became a study reach for this investigation. 
The lahar scoured vegetation and some upper soil layers 
from the broad fan separating Pine Creek and Muddy River, 
2–4 km from the crater rim (Figs. 3.1 and 3.2), where its 
peak velocity was perhaps 30 m s−1 or more (Pierson 1985). 
Along the margins of inundated areas, riparian vegetation 
was toppled and some was abraded; in contrast, trees closer 
to the main axis of flow were sheared off and transported 
along the advancing flow front as a massive log jam, much of 
which was deposited at Cedar Flats downstream of Clear 
Creek (Figs. 3.1 and 3.2; Janda et al. 1981). Much wood was 
deposited on surfaces that were isolated from later channel 
processes. The lahar scoured the channel to bedrock in places 
in the vicinity of Cedar Flats. Deposits of smaller lahars trig-
gered later in the day locally overlie the principal lahar 
deposit.

3.3.2  Sediment-Laden Flows in the Bean 
Creek–Clearwater Creek Catchments

No lahars occurred in the Bean Creek or Clearwater Creek 
catchments, but large volumes of ash, blast-PDC sediment, 
and pumice gravel entered Clearwater Creek directly from 
volcanic processes and by subsequent fluvial transport. The 
head of middle Clearwater Creek valley received the largest 
volume of fluvial sediment, which was contributed by 
steeper, more confined tributary channels upstream. Despite 
the occurrence of large inputs of wood and sediment (mostly 
sand, along with fine lithic and pumiceous gravel), and flood 
levels that were elevated by these inputs during and shortly 
after the eruption, streambanks were not eroded immediately 
nor were channel patterns affected substantially.

3.4  Data Collection

Our studies of post-eruption geomorphic changes were 
informed by repeated measurements of water and sedi-
ment discharges, channel and floodplain morphology, bed- 
material size, and wood delivered to channels. Measurements 
of water and sediment discharges were obtained from US 
Geological Survey (USGS) records at gauges operated on 
the Muddy River upstream of Lewis River (#14216500, 
drainage area 350 km2) since 1982 and on Clearwater Creek 
below Bean Creek (#14216300, drainage area 85 km2) from 
water years1 1982 to 1989. Other data reflect a mix of our 
own measurements and those of the US Forest Service and 
USGS.

1 A water year runs from October 1 to September 30.
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3.4.1  Smith Creek–Muddy River

We focus our investigation of channel changes in the Smith 
Creek–Muddy River corridor on the main valley above and 
below the confluence of Muddy River with Smith Creek. 
Multiple cross sections were established in September and 
October 1980 to monitor geomorphic change and channel 
adjustments along Smith Creek and Muddy River (Martinson 
et al. 1984). Cross sections were established in clusters of 
two to six in order to be able to link changes in riparian con-
ditions, channel slope, channel pattern, and changing sedi-
ment caliber with changes in channel geometry (Martinson 
et al. 1984). Several cross sections, one per cluster, were des-
ignated as “indicator” cross sections, which were surveyed 
after significant storms (Martinson et al. 1986). The network 
of cross sections was resurveyed annually through 1985. 
Indicator cross sections were resurveyed in 1994, and a more 
thorough resurvey of many cross sections was done in 1995 
(Hardison 2000). Several cross sections were resurveyed in 
1996 following the meteorological flood of record on the 
Muddy River, and limited resurveys were done in 2002.

3.4.2  Clearwater Creek

The US Forest Service established three study reaches (mid-
dle Clearwater #1, middle Clearwater #4, and lower 
Clearwater) along Clearwater Creek in summer 1980 
(Fig. 3.1). Reaches were chosen to observe changes in chan-
nel morphology and sediment storage along various 
sediment- storage reservoirs. Study reaches were established 
in the area affected by the blast PDC (middle Clearwater #1 
and #4) and downstream where sediment eroded from dis-
turbed areas of Clearwater and Bean Creek catchments was 
expected to accumulate (lower Clearwater). Clustered cross 
sections and longitudinal channel profiles were monumented 
and surveyed. Surveys were repeated annually with few 
exceptions until 1990, and again in 2000 or 2001.

Two additional monitoring reaches (middle Clearwater #2 
and #3; Fig. 3.1) were established in 1982 to monitor effects 
of experimental removal of wood on channel morphology 
(Lisle 1995). At that time, middle Clearwater reaches #1 and 
#4 were also extended downstream. Each of the reaches was 
adapted for experimentation to include three sub-reaches: (1) 
an upstream control sub-reach where all wood was retained, 
(2) a sub-reach where all wood was removed, and (3) a sub- 
reach where only some wood was removed, according to 
guidelines for commercial salvage. Those guidelines recom-
mended removing wood more than 3 m long and 0.3 m in 
diameter but not embedded in the channel. Wood removal 
began in 1982, after an annual survey, and continued episodi-

cally through 1985. These reaches were surveyed on the 
same schedule as that of the earlier established reaches.

Other data including wood volume and location, particle- 
size distributions of bed material, the area of channel bed 
covered with sand, and bedload transport rate were collected 
occasionally. Photos were taken repeatedly at cross sections, 
although vegetation growth limited comparisons at many 
locations.

Repeated channel surveys of Bean Creek are limited 
owing to its remote location. However, the USGS monitored 
cross sections in two reaches of Bean Creek from November 
1981 to June 1984 (Martinson et al. 1984, 1986). Broader 
observations of geomorphic change, sediment input, and 
changes in storage within the catchment relied on air photo 
interpretation.

3.4.3  Clear Creek

Clear Creek represents the outer limit of catchments in this 
study affected directly by the eruption. It lies outside the area 
affected by the blast PDC, but it received limited tephrafall 
consisting of ash and pumice gravel. Five channel cross sec-
tions were monumented and surveyed by the US Forest 
Service in summer 1980, and resurveyed in summer 1981. In 
1980, much of the pre-eruption gravel bed was covered by a 
thin layer of mobile sand and pumiceous gravel. In 1981, more 
of the pre-eruption gravel bed was exposed, and transport of 
remobilized sand and pumiceous gravel had diminished. 
Because the cross-section surveys showed little topographic 
change at that time, subsequent surveys were discontinued.

3.4.4  Landslide History from Aerial 
Photographs

Landslide history in Bean Creek and upper Clearwater Creek 
was constructed from aerial photographs. These catchments 
were chosen for landslide inventories to investigate down-
stream effects of large sediment inputs in channels not 
affected by lahars. Photographs, commonly at a scale of 
1:9600, were obtained beginning about 1 month after the 
eruption and were acquired annually through 1986. 
Additional photography was flown in 1995, 1996, and 1998. 
Aside from the first suite, photographs were commonly 
obtained during lowest flow in September or October; some 
were obtained following winter high flows in the first few 
years after the eruption. Areas of individual landslides 
greater than 100 m2 in these catchments were measured, and 
the total area of landslides obtained from photographs taken 
in 1981, 1985, 1995, and 1998 was summed for each year.
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3.5  Post-eruption Geomorphic Response: 
1980–2000

3.5.1  Changes in Runoff, Flow Routing, 
and Erosion

In the aftermath of the 1980 eruptions, the landscape in the 
upper Muddy River basin was largely deforested and  blanketed 
by unconsolidated deposits of blast PDC and  tephrafalls. As a 
result, rates of runoff, erosion, and suspended-sediment yield 
increased abruptly and then diminished over the following 
several years.

Runoff increased as a result of loss of foliar interception 
of rainfall and snow, reduced evapotranspiration, and the low 
infiltration capacity of tephra-deposit surfaces (Swanson 
et al. 1983; Leavesley et al. 1989; Major and Mark 2006; 
Pierson and Major 2014). The potential increase in precipita-
tion reaching the ground surface owing to loss of foliar inter-
ception can be roughly estimated from interception rates of 
other forests, such as an advanced second-growth redwood 
forest in north coastal California (Reid and Lewis 2009). 
There, interception rates averaged 15–20% during prolonged 
rainstorms and did not vary significantly with rainfall inten-
sity or storm duration. Equivalent increases in stream dis-
charge after clearcut logging have been detected over a 
broad range of flow magnitudes. Those observations suggest 
that destruction of a broad swath of forest by the 18 May 
eruption could have significantly increased the amount of 
precipitation reaching the ground surface in catchments 
affected by the blast PDC. Forest destruction also greatly 
reduced evapotranspiration, which allowed subsurface sedi-
ment to remain wetter than usual. Infiltration capacities of 
new tephra deposits measured at various locations near 
Mount St. Helens (<10 mm h−1) were an order of magnitude 
lower than capacities typical of forest soils (Swanson et al. 
1983; Leavesley et al. 1989) and less than the intensities of 
frequent, low-magnitude rainfalls. As a result, atypical over-
land flow occurred even under common, low-intensity 
rainfalls.

Atypical overland flow provided abundant direct runoff 
from hillslopes to channels. Exceptional runoff, combined 
with changes in the hydraulic efficiency of channels and 
finer-grained bed material, promoted larger, more erosive 
floods moving through the affected catchments (Major and 
Mark 2006; Pierson and Major 2014). Increased peak dis-
charges are attributed to increased flow volume reaching 
channels and to higher flow velocities that concentrated 
flood waves. Flow velocities were increased by a loss of 
hydraulic friction caused by: (1) straightening and smooth-
ing of channels by the 1980 lahars; (2) deposition of sand 
from lahars, the blast PDC, and tephrafalls; and (3) persis-
tent high concentrations of fine sediment, which reduced 
turbulent resistance within flows (Janda et al. 1984; Coleman 

1986; Cloutier et al. 2006; Major and Mark 2006; Gran 
et al. 2006).

Changes in runoff and flood routing triggered significant 
sediment erosion in basins affected by the eruptions. 
Extensive rilling and gullying developed on hillslopes 
affected by the blast PDC and tephrafall during the first rainy 
season after the eruption (Swanson et al. 1983; Collins and 
Dunne 1988; Swanson and Major 2005). In addition, large 
amounts of sediment were eroded from channels signifi-
cantly affected by the eruptions (e.g., Janda et al. 1984; 
Meyer and Martinson 1989; Simon 1999; Major et al., Chap. 
2, this volume). Exceptional amounts of both hillslope and 
channel erosion triggered sediment yields from disturbed 
basins that exceeded probable pre-eruption yields by several 
orders of magnitude (Dinehart 1998; Major et al. 2000).

In general, changes to the hydrological regimes of dis-
turbed basins were short lived compared with the duration of 
the sediment-erosion response. Within a few years, hillslope 
infiltration increased as fine tephra at the ground surface was 
winnowed and the surface was churned by salvage logging, 
burrowing animals, frost action, vegetation growth, and 
trampling by large animals (Lehre et al. 1983; Swanson et al. 
1983; Collins and Dunne 1988; Major and Yamakoshi 2005). 
As a result, the landscapes in the disturbed catchments were 
able to absorb the intensities of most rainfalls, and infiltration- 
excess overland flow greatly diminished. Consequently, rills 
and gullies stabilized and began to fill within a few tens of 
months, even before areas became significantly vegetated, 
and sediment delivery from hillslopes diminished sharply 
(Collins and Dunne 1986, 1988; Major et al. 2000). Recovery 
rates of evapotranspiration and foliar interception have pro-
ceeded more slowly as vegetation has become reestablished, 
and these slower rates of recovery have influenced occur-
rences of landslides in several catchments. Prolonged sedi-
ment runoff owing to altered channel hydraulics and channel 
erosion, however, has persisted much longer and declined 
more gradually over the decades since the cataclysmic erup-
tion (e.g., Major et al. 2000; Major 2004). Similarly rapid 
peaks and declines of hillslope and initial channel erosion 
followed by more prolonged channel adjustments have been 
documented following other large volcanic eruptions (e.g., 
Gran et al. 2011; Pierson and Major 2014).

Although infiltration rates increased rapidly after the 
eruptions and erosion from rills and gullies swiftly declined, 
landslides episodically delivered hillslope sediment for sev-
eral years. Soil stability was reduced by the loss of root 
strength, first by root-throw of trees toppled by the blast PDC 
and later by root decay. At four study sites at the heads of 
landslides, Swanson et al. (1983) found that root-thrown 
trees accounted for 57–76% of the total diameter-at-breast- 
height of the stand, evidence of a large loss of soil root 
strength. With the death of forests in the area affected by the 
blast PDC, root decay further reduced soil strength even as 
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roots from successional vegetation gradually developed and 
expanded (Swanson and Major 2005). Measurements from 
similar forest types following logging suggest that root 
strength may have decreased to a minimum 7–10 years after 
the eruption, and would have increased gradually thereafter, 
depending on vegetation type and rate of growth (Ziemer 
1981; Roering et al. 2003). Simultaneously, recovering infil-
tration capacity and depressed rates of evapotranspiration 
from new, non-mature vegetation allowed for increased soil 
moisture. The loss of root strength and gradual increase of 
soil moisture thus provided a window of increased vulnera-
bility to mass failure of the soil mantle and underlying, pre- 
1980 tephra in the Muddy River basin in the late 1980s–1990s.

An analysis of mean annual flow shows that a period of 
relatively dry climatic conditions from 1980 to the mid- 
1990s preceded a period of wetter-than-average conditions 
in the mid-to-late 1990s (Major 2004). During the wetter 
period, shallow landsliding increased in the Muddy River 
basin (as described in a later section) and suspended- 
sediment yields in all gauged rivers draining the areas 
affected by the 1980 eruptions increased. Annual peak flows 
since 1975 have varied widely with no clear trends (Fig. 3.3), 
but in early February 1996, record floods were recorded at 
gauging stations on Muddy River below Clear Creek (USGS 
#14216500, 1984–2013), East Fork Lewis River (USGS 
#14222500, 1930–2013), and Cispus River (USGS 
#14231900, 1930–2013).

3.5.2  Geomorphic Change in the Smith 
Creek–Muddy River Catchment

3.5.2.1  Post-eruption Adjustments Along Smith 
Creek

Post-eruption geomorphic change in the Smith Creek–
Muddy River corridor was dominated by changes in channel 
morphology and particularly in bed elevation in Smith Creek 
(Hardison 2000). As in other catchments, the greatest geo-
morphic changes occurred swiftly after the eruption and then 
slowed considerably. Along the Smith Creek valley floor, 
channel changes began immediately after the eruption dur-
ing summer low flows. In upper Smith Creek above the con-
fluence with Ape Canyon Creek (Fig. 3.1), short, steep 
channel reaches (knickpoints) associated with rapid incision 
formed and migrated upstream during low flow. Incision 
owing to knickpoint migration locally accounted for up to 
half of the incision measured in the first 6 years after the 
eruption (Hardison 2000). Once autumn rains began in ear-
nest in November 1980, very rapid channel incision (up to 
several meters) and widening (many tens of meters) ensued 
(e.g., SM030, Figs. 3.1 and 3.4). Beginning in water year 
1982, channel changes slowed dramatically (Martinson et al. 
1984; Hardison 2000), but persisted for several years, with 

rejuvenated incision recurring 3–6 years after the eruption. 
Along lower Smith Creek (below the Ape Canyon Creek 
confluence), summer low flow immediately after the erup-
tion did not significantly modify the valley floor. The first 
high flows that began in November 1980 reworked the valley 
floor in that reach, and until April 1981, the channel along 
lower Smith Creek mostly aggraded and widened (e.g., 
SM080, SM100, Figs. 3.1 and 3.4). The valley floor immedi-
ately upstream of the Ape Canyon Creek confluence 
responded in a similar manner (SM060, Figs. 3.1 and 3.4). 
By September 1981, parts of lower Smith Creek had achieved 
maximum aggradation—up to 8 m—whereas other parts of 
the valley (e.g., SM080, Figs. 3.1 and 3.4) did not achieve 
maximum aggradation until several years later (Martinson 
et al. 1984; Hardison 2000). Approximately 2 years after the 
eruptions, much of the channel along lower Smith Creek 
began to incise, and a pattern of alternating incision and 
aggradation accompanied by continued widening persisted 
for several years. By the mid-1980s, the bed surface had 
changed from one dominated by sand to one armored with 
gravel and structured with frequent steps formed of cobbles 
and boulders (Hardison 2000).

3.5.2.2  Post-eruption Adjustments Along Muddy 
River

In contrast to the geomorphic response observed along 
Smith Creek, where knickpoint migration caused progres-
sive upstream erosion and consequent downstream aggrada-
tion, channel adjustments along Muddy River were initiated 
simultaneously along the entire valley length (Hardison 
2000). Those adjustments began immediately after the erup-
tions. After passage of the large lahar, the Muddy River 
below Smith Creek was a braided channel. During subse-
quent summer low flow, however, valley-wide incision of 
the Muddy River channel ensued. For the first few years fol-
lowing the 1980 eruptions, the channel bed locally aggraded 
or incised but largely maintained elevation. During water 
year 1981, about half of the cross sections monitored 
showed as much as 1–3 m of incision; the others generally 
maintained bed elevation or slightly aggraded (Fig. 3.5). 
During the same period, the channel widened and cross-
sectional areas increased by a few tens to a few hundreds of 
square meters. These variations in incision and aggradation 
were due in part to subsidiary channels in braided reaches 
capturing flow and enlarging, leaving other channels less 
active. By the mid- 1990s, moderate incision accompanied 
by as much as tens of meters of widening persisted locally 
(Fig. 3.5). Similar to adjustments along Smith Creek, those 
along Muddy River occurred swiftly and slowed rapidly 
after the eruptions.

Despite the delivery of the large pulse of sediment from 
Smith Creek, no discrete sediment wave was observed to 
spread or translate down the Muddy River corridor. Channel 
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bed aggradation followed by degradation did not migrate 
progressively downstream past cross sections along the 
Muddy River valley. Instead, channel changes along Muddy 
River were influenced more by tributary sediment inputs and 
spatial relationships with slope and valley constrictions than 
by advancement of a pulse of sediment from Smith Creek 
(Hardison 2000).

The 1996 flood, despite being the flood of record (1950–
2000 for the Muddy River gauge, excluding a data gap from 
1974 to 1981), caused only a modest degree of change along 
the Smith Creek–Muddy River corridor (Figs. 3.4 and 3.5). 
Between 1986 and 1996, the Smith Creek channel widened 
by only a few meters to a few tens of meters (e.g., SM030, 
Fig. 3.4) and mostly exhibited meter-scale incision, although 

Fig. 3.3 Annual peak discharge measured at various regional USGS gauging stations. Muddy River below Clear Creek (#14216500), East Fork 
Lewis River near Heisson (#14222500), and Cispus River near Randle (#14231900) in the Cowlitz River basin north of the study area.
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Fig. 3.4 Example cross sections measured along Smith Creek corridor. See Fig. 3.1 for section locations.
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Fig. 3.5 Example cross sections measured along Muddy River corridor. See Fig. 3.1 for section locations.
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some cross sections exhibited meter-scale aggradation. 
Locally, the flood triggered significant bank erosion and 
reworking of the floodplain surface along the lower Muddy 
River valley (e.g., MD180, Fig. 3.5; Frenzen et al. 2005), but 
overall geomorphic changes caused by the flood were rela-
tively minor compared with initial changes caused by much 
lower-magnitude flows in the first few years following the 
eruptions.

3.5.3  Geomorphic Changes in the Bean Creek 
and Clearwater Creek Catchments

3.5.3.1  Landslides
Landsliding in the Clearwater Creek catchment in the first 
year after the eruption was limited primarily to layers of 
1980 tephra and to small slides associated with toppled trees. 
In Boomer Creek (Fig. 3.1), a tributary to the middle 
Clearwater Creek valley which lies within the area affected 
by the blast PDC, shallow landsliding removed layers of 
1980 tephra averaging 0.34 m thick from many slopes steeper 
than 70% (Smith and Swanson 1987). Even though several 
slides deep enough to remove trees and stumps occurred 
elsewhere in the Muddy River basin, they commonly were 
less than 100 m2 in area and were difficult to discern from 
aerial photographs. Swanson et al. (1983), however, mea-
sured slides smaller than 100 m2 in the blast-PDC area east 
of the Toutle drainage, including in the Smith, Bean, and 
Clearwater Creek catchments, from aerial photographs taken 
in June–August of 1967, 1979, 1980, and 1981. These areas 
included clearcuts as well as unlogged forests. They found a 
moderate increase in slide frequency (0.19 slides per square 
km per year) in the period bracketing the eruption. Landslide 
frequency was greater in downed forests, where small slides 
were apparently triggered by trees blown off steep slopes 
with shallow soils, than in areas clearcut before the eruption 
(Swanson and Major 2005). Most sediment mobilized by 
landslides and by rill and sheet erosion in Boomer Creek 
remained in storage on hillslopes below breaks in slope and 
behind fallen wood (Smith and Swanson 1987). The location 
of this sediment since the study was conducted is unknown, 
but sediment retention has probably diminished as wood 
decays.

The frequency and size of shallow landslides (less than 
about 2 m in depth) generally increased after 1981 (Fig. 3.6) 
but varied geographically. Landslides were nearly absent in 
the glaciated topography of the upper Clearwater and upper 
Bean Creek catchments, despite those areas being affected 
by the blast PDC. Landslide areas increased for each photo 
period in the middle Clearwater Creek valley, and particu-
larly so in middle Bean Creek valley, but were negligible in 
lower Clearwater Creek valley, which was outside of the 
blast-PDC area. By 1998, approximately 3% of the 

Clearwater catchment upstream of the junction with Bean 
Creek was affected by landslides.

Particularly intense precipitation in the headwaters of 
Clearwater Creek and nearby catchments in February 1996 
triggered several landslides. Large, planar landslides typi-
cally a few meters thick were released from the valley walls 
of middle Clearwater Creek valley (Fig. 3.7) and entrained 
abundant ash and pumice gravel deposited by the 1980 and 
earlier eruptions. Most landslide material was distributed 
across the valley floor without reaching the channel. 
Differences in landslide susceptibility after the 1980 and ear-
lier eruptions may explain the occurrence of the large planar 
failures after 1980 (Fred Swanson, pers. comm., 2014): 
Tephrafalls from earlier eruptions were deposited in standing 
forests, whereas sediment from the 1980 blast PDC and 
tephrafalls was deposited among and atop trees toppled or 
killed during the 18 May eruption. If we assume that forests 
largely survived tephrafalls from earlier eruptions, then liv-
ing roots would have helped bind shallow soil layers and 
reduce the propensity for landsliding. In contrast, most root 
strength was lost after the 18 May eruption owing to forest 
mortality, thereby increasing the propensity for landslides 
that incorporated 1980 and older tephra deposits. Unlike the 
Clearwater Creek catchment, where little landslide debris 
reached the channel, widespread landsliding and debris flows 
in the lower Bean Creek catchment contributed large vol-
umes of sediment directly to the channel (Fig. 3.8).

3.5.3.2  Middle Clearwater Creek
Tributaries from steep valley sides transported large volumes 
of sediment into middle Clearwater Creek valley in 1980. 
Despite this abundant sediment input, most of the newly 
deposited tephra was not mobilized, and much of what was 

Fig. 3.6 Time series of landslide area as function of drainage area in 
the Clearwater and Bean Creek catchments as measured from aerial 
photographs. Landslide area increases sharply where the drainage area 
of Clearwater Creek includes the Bean Creek catchment.
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mobilized did not reach middle Clearwater Creek. For exam-
ple, of the 960 × 103 t of sediment deposited in the 2.4-km2 
catchment of Boomer Creek, 88% remained on hillslopes, 
6% was stored in channels, and 6% was exported to 
Clearwater Creek after 1 year (Smith and Swanson 1987). 
Despite the small fraction of sediment reaching Clearwater 
Creek, the yield (24 000 t km−2) was still an order of magni-
tude greater than the upper limit of ambient suspended- 

sediment yields (~1000 t km−2) of Cascade Range basins 
(Major et al. 2000). Sediment inputs from Boomer Creek 
declined sharply by 1982, as hillslope erosion declined and 
the channel became armored and stabilized over log steps.

Abundant fine sediment (mostly sand with small fractions 
of fine lithic and pumiceous gravel) was flushed from the 
gravel-bed channel of middle Clearwater Creek as the chan-
nel stabilized around new wood (Lisle 1995). In summer 

Fig. 3.7 Landslides in the middle Clearwater Creek valley. Photograph taken August 2001 (T. Lisle). Clearwater Creek channel is located at “C”.

Fig. 3.8 Landslide and debris-flow scars in lower Bean Creek valley. Photograph taken August 2001 (T. Lisle). Examples of shallow landslides 
(LS) and debris-flow tracks (DF) are labeled.
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1980, fine sediment covered all but the riffles and was trans-
ported as bedload during base flow throughout the middle 
Clearwater Creek valley. Within a few years, much of this 
sediment had flushed from the main channel, but it remained 
in pools, backwaters, and bars. By 1986, most of the bed 
surface became paved with pebbles and cobbles. This pave-
ment of coarse sediment reemerged in areas where fine sedi-
ment was winnowed from the preexisting substrate, and 
developed in areas where the channel scoured and filled 
around wood.

The middle Clearwater Creek channel remained largely 
stable up to the 1996 flood because most large wood that 
influenced flow and channel morphology remained in place 
until then (Lisle 1995). Channel banks remained strong and 
cohesive because new tephrafall was shed from steep stream-
banks, allowing remnant riparian shrubs and herbs to sprout 
and grow soon after the eruption. Therefore, root strength 
was retained. Red alder (Alnus rubra), green alder (Alnus 
viridis), and willow (Salix spp.) sprouted on fresh bar sur-
faces by 1982, and stands became dense by 1990 (Lisle 
1995). This vegetation stabilized new riparian surfaces and 
increased hydraulic friction. As a result, bank erosion was 
limited.

Wood in the Clearwater Creek channel is abundant, large, 
and influential on channel morphology and sediment rout-
ing (Lisle 1995). Prior to the 1980 eruptions, the catchment 
was forested by old-growth conifers or regenerated species 
following clearcut logging. Old-growth forests along the 
main stem of Clearwater Creek were dominated by enor-
mous Douglas-fir (Pseudotsuga menziesii) and western 
 redcedar (Thuja plicata). The blast PDC toppled large trees 
into the channel (Fig. 3.9a) (Lisle 1995). Some pieces (many 
>60 m long) spanned the channel (having an average bank-
full width of 15–25 m) and had maximum diameters (~1 m) 
roughly equal to the mean bankfull depth (1.0–1.2 m). 
Because of their size, large pieces of wood remained as they 
fell until the 1996 flood, which transported large wood in 
some reaches (described below). Wood loadings measured 
in 1982 in a 1.8-km-long reach of middle Clearwater Creek 
ranged from 280 to 650 m3 ha−1, which is in the upper range 
of loading in Douglas-fir–dominated forests in the Cascade 
Range (Lisle 1995).

Commercially valuable wood was salvaged from the 
channel and floodplain of much of middle Clearwater Creek 
and upper Bean Creek from 1982 to 1984. Most salvaged 
wood consisted of trunks of large trees that were not embed-
ded in the channel, and salvage operations generally caused 
little disturbance to the bed and banks (Lisle 1995). 
Experimental removal of wood revealed the strong influence 
wood had on channel morphology and sediment storage 
(Lisle 1995). Total wood removal decreased pool volume 
and frequency, and reduced the amount of fine sediment in 
the bed. Partial wood removal typical of commercial opera-

tions, however, had no detectable effect on channel morphol-
ogy or sediment storage.

Topographic surveys of the Clearwater Creek channel 
from 1980 to 1990 reveal that shifting wood and occasional 
debris flows produced only moderate changes in channel 
morphology (Fig. 3.10; Lisle 1995). Debris flows entered the 
Clearwater #1 and Clearwater #3 reaches (Fig. 3.1) between 
1984 and 1986 and created debris jams that trapped sediment 
and raised local base levels. Elsewhere, large wood forced 

Fig. 3.9 Wood loading in Clearwater Creek valley. a Middle Clearwater 
reach #2 in 1982. b Lower Clearwater Creek in 2000. c Channel incised 
in former floodplain of lower Clearwater Creek in 2000. (Photos by 
T. Lisle).
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profile undulations that are generally shorter than the com-
mon pool-riffle spacing of about five channel widths (Keller 
and Melhorn 1978), and shifting wood forced local changes 
in thalweg elevation. Most cross sections showed net fill in 
the first year after the eruption, followed by net scour by 
1990. Most change occurred in the bed, as banks remained 
relatively stable.

The 1996 flood produced channel changes in middle 
Clearwater Creek valley that were unprecedented since the 
18 May 1980 eruption (xs-2 Fig. 3.10). This is partly because 
the flood entrained some large wood that had not moved 
since that eruption. For example, sediment deposition 
upstream of a large log jam that formed in the Clearwater #4 
reach in 1996 represented some of the greatest morphologi-

cal change measured among cross sections since the eruption 
(xs-2, Fig. 3.10). Although most cross sections along this 
reach aggraded from 1990 to 2001, those not affected by 
wood movement generally showed little effect of the 1996 
flood. Elsewhere in the middle Clearwater Creek valley, 
channel changes were punctuated by episodic sediment 
inputs. Deposits from a debris flow buried the channel (and 
survey monuments) behind a wood jam in the Clearwater #1 
reach (Fig. 3.1) and rerouted the channel across the valley 
flat. A landslide buried the channel in the Clearwater #2 
reach (Fig. 3.1) and caused a new channel to incise around its 
terminus. Local deposition was observed upstream of debris 
jams, landslide deposits, aggraded tributary junctions, and 
beaver dams.

Fig. 3.10 Selected cross sections (above) and longitudinal profiles of middle Clearwater Creek reach #4. Locations of the cross sections are 
marked above the profiles. The undulations in the profiles are shorter than the common bar–pool spacing of 5 channel widths owing to local scour 
around wood.
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3.5.3.3  Bean Creek
Bean Creek received large sediment inputs from steep valley 
walls during and after the 1980 eruptions and transmitted 
large volumes of sediment downstream to Clearwater Creek. 
Most fine sediment introduced to Bean Creek during the 18 
May eruption was evacuated from in-channel storage within 
2 years (Meyer and Martinson 1989). The channel subse-
quently received large volumes of landslide material, com-
posed of a broad range of particle sizes, from steep valley 
walls. Much of that landslide debris was coarser than the 
sediment delivered by the 18 May eruption. In the first year 
after the eruption, sediment was contributed from shallow, 
planar landslides off the steepest slopes and from rills and 
gullies on gentler slopes. Cross-section surveys upstream of 
the Bean Creek gorges show thalweg incision of approxi-
mately 1 m or less from 1981 to 1984 (Martinson et al. 1984, 
1986). Debris flows and deeper landslides occurred along the 
gorges downstream in the late 1980s, particularly during the 
1996 event (Fig. 3.8). Aerial photographs and field inspec-
tions indicated that these landslides involved 1980 volcanic 
deposits, older tephras, and weathered bedrock, the latter 
containing substantial gravel-sized particles. Landslides and 
debris flows also incorporated large volumes of wood, which 
formed massive debris jams between the gorges. Large 
inputs of sediment and wood that were routed through the 
steep, storage-limited section of Bean Creek directly above 
lower Clearwater Creek (Fig. 3.1) provide evidence that 
Bean Creek has contributed much greater volumes of mate-
rial to lower Clearwater Creek than has the much higher 
storage-capacity reach of middle Clearwater Creek.

3.5.3.4  Lower Clearwater Creek
Channel surveys show much greater changes in lower 
Clearwater Creek reach in the years following the eruptions 
than those in the middle Clearwater reaches, despite the fact 
that lower Clearwater was not directly affected by the blast 
PDC. In summer 1980, lower Clearwater Creek showed little 
overt sign of the 18 May eruption. Riparian vegetation, 
including red alder (Alnus rubra), big-leaf maple (Acer mac-
rophyllum), and large conifers (e.g., western hemlock Tsuga 
heterophylla, Pseudotsuga menziesii, Thuja plicata), was 
dusted with volcanic ash but was otherwise unaffected. Bar–
pool channel morphology was intact, but most of the cobble 
armor layer was covered with mobile, fine-grained volcanic 
sediment (80% of a 500-m section of the study reach).

During the first rainy season after the 18 May eruption, 
the lower Clearwater Creek valley floor was inundated with 
2–4 m of sand and fine gravel (Fig. 3.11). At that time, sand 
and pumice gravel covered 68% of the 500-m study section 
of channel, which had become a shallow and braided reach 
with little cross-sectional or longitudinal relief. Between 
summer 1980 and summer 1981, channel gradient decreased 
40%, from 0.59 m km−1 to 0.35 m km−1. During a visit in 

August 1981, fine sand and small pumice pebbles 
(D50 ~ 8 mm) were actively transported by summer base flow. 
Riparian trees were dead but standing, and new wood had not 
been transported into the reach.

The wedge of aggradation of this fine bed material 
extended 1100 m upstream of the lahar deposit that plugged 
the downstream end of Clearwater Creek. Deposition of that 
sediment is attributed in part to the rise in base level caused 
by the plug of laharic sediment. Elevated base level persisted 
for at least two cycles of aggradation, one beginning in 1980 
and another in 1996. The plug of debris was partly removed 
by wood salvage in 1984, but the Muddy River channel near 
the confluence with Clearwater Creek, which strongly influ-
enced base level in lower Clearwater Creek, showed little 
change in mean bed elevation from about 1981 until the mid- 
1990s (Martinson et al. 1986; Hardison 2000) and thus con-
tinued to influence sediment accumulation.

The lower Clearwater Creek channel degraded and coars-
ened between 1981 and 1989 (Fig. 3.11). Bar–pool topogra-
phy was partly restored and floodplain surfaces emerged as 
the active channel incised. By 1986, the channel had armored 
with large pebbles (D50 ~ 32 mm), and bedload transport dur-
ing base flow ceased. However, the area of the bed covered 
by fine sediment in the 500-m study section increased from 
18% in 1983 to 25% in 1989 as coarse and fine components 
of the bed material became more segregated. Local scour and 
deposition were enhanced by inputs of wood from dead 
riparian trees. Willows and alders colonized relatively stable 
mesic habitats in flood deposits.

A survey of lower Clearwater Creek in 2000 showed that 
sediment transported by the 1996 flood had accumulated and 
exceeded the level of aggradation achieved in 1981 by as 
much as 1–3 m (Fig. 3.11). Coarse gravel and large wood 
from Bean Creek were deposited as a wedge of sediment that 
extended into the lower Clearwater Creek study reach and 
increased its gradient to 0.79 m km−1, which is steeper than 
the post-eruption gradient measured in 1980 (0.59 m km−1). 
The steeper gradient following the 1996 flood suggests that 
this wedge of coarse sediment made a stronger contribution 
to sedimentation in the study reach than did the remnant 
wedge of fine material that extended upstream from the plug 
of laharic sediment near the lower end of the channel.

Abundant wood in a variety of configurations, including 
large jams (Fig. 3.9b), forced pronounced undulations in chan-
nel topography of lower Clearwater Creek. Wood jams forced 
the channel to wander from one side of the valley to the other. 
Channels that cut across the former floodplain became deep 
and narrow where they scoured around groves of large snags 
(Fig. 3.9c). As a result, the thalweg profile shows greater irreg-
ularity in 2000 than in any other survey, including that of 1980 
(Fig. 3.11). Valley-spanning jams, including one at the down-
stream end of the study reach, appear to be responsible for 
some of the increased storage of sediment. Alluvial deposits 
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ranged from those dominated by lithic gravel to those domi-
nated by sand, pumice gravel, and wood.

3.6  Discussion

3.6.1  The Landscape as a Template 
for Geomorphic Outcomes

The 1980 eruptions of Mount St. Helens disturbed the mobil-
ity and routing of water, sediment, and wood over large por-
tions of the Muddy River basin. Geomorphic responses to 
this disturbance were strongly influenced by hydrogeomor-
phic changes that affected the routing of sediment and wood 
through the basin and by linkages among sediment sources, 

pathways, and sediment reservoirs (Fig. 3.12). Imprinted on 
this template of linkages between landforms and the routing 
of sediment and wood were stochastic events (storm magni-
tudes and frequencies) that occurred across a landscape 
undergoing evolving geomorphic and vegetative conditions.

Effects of geomorphic responses to the 1980 eruptions on 
sediment reservoirs (e.g., channel bars, floodplains, and allu-
vial fans) were mediated by the relationships between vol-
umes of sediment input to the systems relative to reservoir 
storage capacity and by the distances over which sediment 
inputs were dispersed. For example, large landslides in Bean 
Creek in the late 1980s and 1990s contributed large volumes 
of coarse sediment to a channel having little storage capacity. 
Hence, that sediment was transported downstream to lower 
Clearwater Creek, where it inundated a wider valley bottom. 

Fig. 3.11 Selected cross sections (above) and longitudinal profiles of lower Clearwater Creek. Locations of the cross sections are marked above 
the profiles. The undulations in the profiles are shorter than the common bar–pool spacing of 5 channel widths owing to local scour around wood.

T.E. Lisle et al.



63

Fig. 3.12 Conceptual depiction of linkages among sediment sources, transport pathways, and sediment reservoirs in the Muddy River basin. 
These linkages influence interactions between evolving geomorphic and ecological trajectories following disturbances by the 1980 eruption of 
Mount St. Helens.

3 Geomorphic Response of the Muddy River Basin to the 1980 Eruptions of Mount St. Helens, 1980–2000



64

In contrast, sediment input to the middle Clearwater Creek 
valley encountered sediment reservoirs so vast that the lower 
portions of the valley were effectively buffered from  hillslope 
sediment input (landslides and debris flows). Here, the chan-
nel is dynamic primarily because of shifting wood, but that 
dynamism is chiefly lateral; channel-bed elevation has 
remained nearly static since fine sediment deposited by the 
eruptions was mostly winnowed away in the early 1980s. A 
low-gradient reach upstream of the Muddy River–Smith 
Creek junction became a major depositional zone for lahars 
and remobilized eruption deposits (e.g., SM060, SM080 in 
Fig. 3.4). Farther downstream in the Muddy River valley, the 
channel was apparently so overwhelmed by the 1980 lahar 
that subsequent hillslope–channel interactions and associ-
ated variations in valley erosion or deposition were relatively 
minor compared with the initial effects of the lahar.

3.6.2  Downstream Propagation 
of Disturbances

Primary eruption effects were strongly nonuniform and 
exhibited both radial (away from the volcano) and tangential 
(upstream to downstream from sources distributed radially) 
gradients (Fig. 3.2). Radial gradients in the Muddy River 
basin were expressed as diminishing types and intensities of 
primary effects away from the volcano normal to a generally 
southwest to northeast direction. For example, the headwa-
ters of Smith Creek and Muddy River catchments were 
affected by the blast PDC and tephrafall, and the Smith 
Creek–Muddy River valley floor was inundated by a major 
lahar and remobilized deposits from the blast PDC. The lahar 
overwhelmed the influence of all but the largest-scale mor-
phologic features of the valley (namely, valley constrictions) 
and completely changed the valley-floor morphology (Janda 
et al. 1981). Subsequent floods reworked the channel that 
had developed across the lahar deposit (Martinson et al. 
1984; Hardison 2000). In contrast, the Bean Creek and 
Clearwater Creek catchments were draped by thinner depos-
its of the blast PDC and tephrafall, but were not affected by 
lahars. Clear Creek basin received only minor tephrafall. 
Tangential gradients (generally trending north to south) were 
created by the distribution of the blast PDC. That event tran-
sected the upstream reaches of the catchments in the Muddy 
River basin and created upstream sources of sediment and 
wood that were subsequently routed downstream beyond the 
limit of the area of impact (Fig. 3.2).

Propagation of sediment pulses in all catchments led to the 
spreading of excess sediment along channels and across val-
ley floors without causing downstream migration of discrete 
sediment waves. This behavior is attributed to four factors:

 1. The overwhelming sediment load of the 1980 lahar in the 
Smith Creek–Muddy River corridor affected the entire 

length of the river system. Reaches upstream of constric-
tions (e.g., Muddy River fan at the Smith Creek conflu-
ence, Cedar Flats) aggraded preferentially, but initial 
streamwise contrasts in aggradation and degradation were 
not strong.

 2. High Froude numbers (>0.4) that characterize steep, 
gravel-bed channels during sediment-transporting flows 
suppress wave translation and promote dispersion (Cui 
and Parker 2005; Lisle 2008). Froude numbers <0.4 at 
discharges capable of transporting gravel generally occur 
only in channels with gradients much less than 1 m km−1 
(Grant 1997), a gradient that is approached or exceeded in 
several reaches of Muddy River (Hardison 2000) and 
Clearwater Creek (Lisle 1995).

 3. Valley slope along lower Smith Creek increased from 
0.7 m km−1 just above the confluence with Muddy River 
to 2.2 m km−1 just below the confluence (Hardison 2000). 
This change in gradient increased stream power, which 
increased the transport capacity of the river and likely 
kept sediment persistently mobile along the Muddy River 
corridor below Smith Creek.

 4. Sediment storage, particularly deposition on bars and 
floodplains, tends to disperse sediment pulses (Nakamura 
and Kikuchi 1996). Such storage reservoirs are prevalent 
along middle Clearwater Creek and lower Muddy River.

Despite the general tendency for sediment dispersion in 
the Muddy River basin, enhanced deposition occurred in 
some catchments far downstream of sediment sources, where 
reductions in transport capacity were forced by valley-scale 
features. For example, lower Clearwater Creek aggraded 
more than any other study reach in the Clearwater catch-
ment. This aggradation was triggered initially by a plug of 
sediment and wood emplaced in the downstream end of the 
valley by the Muddy River lahar. That plug of debris forced 
deposition of a wedge of sandy sediment, thinning upstream 
along Clearwater Creek. Subsequently, large fluxes of coarse 
sediment from Bean Creek accumulated in a wedge extend-
ing downstream from the Bean Creek confluence, as sedi-
ment encountered the decreased gradient and confinement of 
lower Clearwater Creek.

3.6.3  Stochastic Events: The Flood 
and Landslides of 1996

Climatic events acted on diverse landforms, gradients of 
eruption disturbance, and evolving geomorphic conditions, 
which affected runoff rates and sediment mobility on hill-
slopes and in channels. Both timing and magnitude of cli-
matic events influenced their effects. During early stages of 
response to the 1980 eruptions, rain storms were moderate in 
magnitude (Swanson and Major 2005). Nevertheless, 
enhanced runoff eroded hillslopes and routed large volumes 
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of fine sediment in channels. Surface runoff and hillslope 
erosion rates declined sharply within a few years after the 
1980 eruptions (Collins and Dunne 1986; Major and Mark 
2006) as tephra surfaces coarsened and infiltration capacity 
began to recover. However, sediment delivery remained 
higher than that typical of forested watersheds in the Cascade 
Range for several years after the eruptions (Major et al. 
2000). Soil strength in areas of heavy tree mortality declined 
and probably reached a minimum approximately a decade or 
more after the eruptions as roots of destroyed forest decayed. 
Depressed interception rates and soil strength in the 1990s 
set the stage for hillslope response to a major rainfall event in 
1996 in some sectors of the area affected by the blast PDC.

The atmospheric-river event of 1996 delivered intense 
rainfall to a geomorphically and ecologically evolving land-
scape. That event produced another major pulse of sediment 
and wood in the catchments of the Muddy River basin. The 
intensity and duration of rainfall during that event locally 
exceeded thresholds for hillslope stability. The greatest num-
ber of landslides and the highest river stages in the Muddy 
River basin since the eruptions occurred at that time. 
Significantly elevated suspended-sediment yield at the 
Muddy River gauging station during the consequent flood 
(~50% of the annual load transported in a single day) 
revealed that the landscape was still highly erosive (Major 
et al. 2000; Major 2004). However, changes in channel mor-
phology and bed elevation along the Muddy River were 
minor relative to changes caused by the 1980 lahar and by 
earlier smaller floods in the aftermath of eruptive distur-
bance. Only locally did the 1996 flood cause significant geo-
morphic and ecologic change (Frenzen et al. 2005). In 
contrast, in the Clearwater Creek and Bean Creek catch-
ments, the 1996 flood exceeded the 1980 events in flow mag-
nitude, and it caused the greatest change in channel 
morphology in many reaches since the eruptions (Fig. 3.10). 
Large wood was moved for the first time since its introduc-
tion to channels by the blast PDC, and its organization into 
channel-spanning jams disturbed floodplains and altered 
channel courses (Fig. 3.9). Likewise, the proportion of catch-
ment hillslopes destabilized by landslides peaked between 
1995 and 1998 (with many landslides observed following the 
1996 event) (Fig. 3.6). Those landslides incorporated soil 
and tephra layers below the 1980 tephra (Figs. 3.7 and 3.8), 
demonstrating that the response to the 1980 eruptions 
involved mobilization and routing of both new material and 
older sediment that had been stable for millennia.

3.6.4  Geomorphic Influences on Aquatic 
and Riparian Ecosystems

The 18 May 1980 eruption profoundly affected terrestrial, 
riparian, and aquatic ecosystems in the Muddy River basin 

and initiated new trajectories of geomorphic and ecologic 
processes that will evolve for years to come. Terrestrial eco-
systems were affected most by the blast PDC and to a lesser 
degree by tephrafall (Antos and Zobel 2005; Swanson and 
Major 2005). Aquatic and riparian ecosystems downstream 
of the landscape impacted by the blast PDC have been 
affected by the routing of sediment and wood from that dis-
turbed area. After 30 years, sediment yield from the Muddy 
River basin is similar to yields from some sediment-rich riv-
ers draining Mount Rainier, Mount Baker, and the North 
Cascades of Washington, but it exceeds those of most other 
basins in the Cascade Range (Major et al. 2000; Czuba et al. 
2011; Major et al., Chap. 3, this volume). High sediment 
concentrations probably influence the composition if not the 
productivity of benthic communities (Waters 1995).

Despite substantial dynamism, channels in the Muddy 
River basin appear to be maintaining generally single-thread 
meandering or wandering planforms while scouring, filling, 
and shifting their courses. This is due in large measure to the 
great reduction of sediment loading and to recovery of ripar-
ian vegetation. Locally, however, channel widening and 
deflection around log jams causes channel braiding. 
Influences of the competition between geomorphic rework-
ing and vegetative stability on channel form have been 
observed along many fluvial channels having variable sedi-
ment flux, including those responding to the 1991 eruption 
of Mount Pinatubo, Philippines (e.g., Corenbilt et al. 2009; 
Gran et al. 2015).

There are several indications of increased productivity 
associated with disturbed channels and new alluvial depos-
its. With the toppling of late-seral coniferous overstory, inso-
lation has increased in the blast-PDC area as well as in valley 
reaches downstream that had experienced disturbance of 
valley-floor forests. Although regrowth of successional spe-
cies is restoring some shade, these changes in vegetative 
structure can be expected to increase primary productivity 
and summer water temperatures in streams. Most of the suc-
cessional species that are replacing coniferous forest include 
deciduous trees and shrubs (e.g., alders and willows). These 
species contribute litterfall that yields nutrients and organic 
matter that are more readily available to aquatic and riparian 
food webs than that derived from litterfall from conifer for-
ests (Petersen and Cummins 1974; Cummins et al. 1989). 
Prevalent orange-stained seeps along new bar margins high-
light emerging and oxidizing constituents that are mobilized 
by anaerobic conditions in the substrate. These biotic condi-
tions are widespread in the channel systems of the Muddy 
River basin and will remain so as long as channels remain 
highly dynamic, and non-coniferous, early-seral plant com-
munities dominate riparian areas.

Large wood that was introduced to channels by the 18 
May eruption, subsequent landsliding, and channel migra-
tion enhances channel complexity and the diversity of aquatic 
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habitats. Wood jams, herbivory, and post-eruption perturba-
tions by floods have maintained a ribbon of diversity in ripar-
ian corridors through conifer plantations in the middle 
Clearwater Creek valley. Dense streamside stands of alder, 
willow, and cottonwood (Populus spp.) that established by 
1990 were thinned by beavers by 2000; browsing by elk has 
further influenced plant community structure. Punctuated 
floodplain disturbance caused by shifting wood jams has cre-
ated new surfaces for riparian succession. Residual pool 
depths in middle Clearwater Creek decreased to a minimum 
by 1985 as a result of wood salvaging but recovered by 1990 
(Lisle 1995). In lower Clearwater Creek, channel relief was 
greatest in 2000 when the channel was at its highest level of 
aggradation and wood loading was at its peak.

3.6.5  Trajectories of Change

Assessments of trajectories of geomorphic and ecological 
change rely partly on trends in geomorphic stability thresh-
olds. Vegetation growth continues to gradually raise thresh-
olds of slope instability by replacing lost root strength in 
soils and by increasing foliar interception. However, the 
most severely disturbed catchments where natural forest 
growth (as opposed to growth of commercial plantations) is 
slow remain in a highly active condition that may persist for 
decades.

Geomorphic stability of channels is influenced by topo-
graphic linkages. Reaches of channel unbuffered from ongo-
ing landslides and erosion of large gravel stores, such as 
Bean Creek and lower Clearwater Creek, will remain highly 
mobile. In buffered reaches, such as middle Clearwater 
Creek, gravel movement has decreased to levels that main-
tain channel stability. Depositional landforms downstream of 
large sediment stores and recovering hillslopes are likely to 
undergo episodic disturbance. Reworking of volcanic depos-
its in Smith Creek and Muddy River continues to furnish 
large supplies of a wide range of sediment sizes. These dif-
ferences in the frequency, extent, and intensity of disturbance 
can be expected to strongly influence aquatic and riparian 
ecosystems.

Trajectories of geomorphic processes are also influenced 
by the magnitude and timing of hydrologic (and volcanic) 
events that exceed or reset geomorphic thresholds. As new 
forests grow, the potential impact of another storm of magni-
tude similar to that of 1996 should diminish, although stabil-
ity thresholds may still be widely exceeded. Some projections 
of climate change in this region, which include decreased 
snow cover, increased mean annual precipitation, increased 
frequency of heavy precipitation, increased runoff, and 
increased frequency of rain-on-snow events, indicate that the 
frequency of large floods may increase (Milly et al. 2002; 
Hamlet and Lettenmaier 2007).

Even without large sediment inputs, wood-rich reaches of 
Clearwater Creek will remain dynamic as peak flows act on 
large pieces of decaying wood that date from 1980. Breakup, 
entrainment, and aggregation of logs into jams can be 
expected to diversify the distribution of wood by flushing it 
from some reaches and concentrating it in others, as has been 
observed elsewhere after large inputs of wood (e.g., Bryant 
1980; Ulloa et al. 2015). Over the coming decades, the sizes 
and volumes of wood in channels will decrease as the large 
1980 wood decays and new wood from younger and smaller 
riparian and terrestrial sources replaces it. However, land-
slides from forested slopes still have the potential to locally 
augment wood loading.

3.7  Conclusions

The 18 May 1980 eruption of Mount St. Helens produced a 
mosaic of primary landscape disturbances that decreased in 
intensity away from the volcano. East of the volcano, that 
mosaic of disturbances initiated contrasting responses in the 
catchments of Muddy River, Smith Creek, Bean Creek, and 
Clearwater Creek. A devastating pyroclastic density cur-
rent—here called the blast PDC—swept across headwaters 
of these catchments, toppled mature forest, and mantled hill-
slopes with as much as 70 cm of graded gravel- to silt-size 
sediment. Rapidly melted glaciers and snowfields on the edi-
fice of the volcano produced lahars (volcanic debris flows) 
that coursed down Smith Creek and Muddy River, routed 
large volumes of wood and sediment down the entire lengths 
of the systems, and draped the channels and floodplains with 
up to 3 m of gravelly sand. No lahars occurred in Bean Creek 
or Clearwater Creek. Instead, floods bearing large loads of 
sand deposited sediment in channels and on floodplains. 
Tephrafall from the billowing eruption column that followed 
the blast PDC subsequently blanketed the catchments with 
2–40 cm of ash and pumice gravel.

Subsequent geomorphic responses to these landscape dis-
turbances were influenced by evolving hillslope and channel 
conditions that affected fluxes of water, sediment, and wood, 
as well as by stochastic occurrences of exceptional storms. 
These fluxes moved from the area affected by the blast PDC 
to downstream reaches where, except in lahar-affected areas, 
primary eruption disturbances were minor or insignificant. 
The initial highly erosive conditions in the area of the blast 
PDC, caused by loss of foliar interception and deposition of 
silty sediment that significantly reduced surface infiltration 
rates, were ameliorated somewhat in the first years after the 
eruption as the fresh tephra surface coarsened through a vari-
ety of processes and infiltration increased. During the fol-
lowing decades, increased infiltration into hillslopes and loss 
of soil strength owing to root decay lowered the threshold for 
landsliding, and landslide area increased sharply during an 
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exceptional rainstorm in 1996. Owing partly to this enhanced 
susceptibility to landsliding, and to persistent channel 
reworking, sediment yield has remained high in the Muddy 
River basin for more than two decades after the eruption. 
These results demonstrate that under evolving conditions, 
the timing as well as the magnitude of hydrologic events 
influences fluxes of sediment and wood from disturbed 
terrains.

The progression of change in river corridors in the decades 
after the eruption has differed strongly between the Smith 
Creek–Muddy River and Bean Creek–Clearwater Creek 
catchments owing to differences in topography, primary dis-
turbances, and magnitudes of subsequent hydrogeomorphic 
response processes. The following contrasts in initial impacts 
and subsequent channel responses were observed:

• Lahars in the Smith Creek–Muddy River catchments 
inundated a large fan on the southeast flank of the volcano 
(Pine–Muddy fan) and valley bottoms downstream with 
coarse gravelly sand. An emergent large lahar resulting 
from coalescence of smaller lahars moving down multiple 
tributaries stripped riparian corridors and locally obliter-
ated the preexisting channel. In contrast, preexisting 
channels in the Bean Creek–Clearwater Creek catchments 
remained essentially intact after the eruption because 
sand and pumice gravel from the blast PDC and subse-
quent tephrafall only temporarily buried gravel beds and 
floodplains with much shallower thicknesses of sediment 
than did the lahar along the Smith Creek–Muddy River 
corridor.

• Most of the large wood introduced or entrained in the 
Muddy River corridor was swept by the lahar from the 
active channel and floodplain into marginal deposits and a 
large jam that temporarily spanned the channel at Cedar 
Flats. In contrast, most large trees toppled by the blast 
PDC into Clearwater Creek lay as they fell throughout the 
channel system, owing to the absence of lahars and the 
large size of fallen trees relative to channel dimensions.

• Only a fraction of the large volume of sediment intro-
duced to the Muddy River was reworked and redeposited 
or carried out of the system within a few years after the 
eruption. Post-eruption changes had less geomorphic 
impact on the Muddy River corridor than did the eruption- 
triggered lahar. Nevertheless, the volume of sediment 
eroded from the Smith Creek–Muddy River corridors 
after the eruption exceeded that eroded from the Bean 
Creek–Clearwater Creek corridors. Although reworking 
of the valley fill in the Smith Creek–Muddy River corri-
dor led to incision and widespread lateral erosion of new 
channels in the first few years after the eruption, the over-
all post-eruption channel patterns were a product of 
changes caused by deposition of a thick fill of blast-PDC 
sediment and the lahar. In contrast, the impacts of the 

eruption on Clearwater Creek were more limited and tem-
porary. Most of the sediment that initially covered the 
channel bed was winnowed rapidly, exposing the pre- 
eruption gravel bed. Channel banks remained intact and 
little lateral erosion occurred.

• Wood had little effect on post-eruption channel changes 
along the Muddy River corridor because most had been 
swept away by the lahar or deposited on surfaces isolated 
from later channel processes. In contrast, new wood intro-
duced to Clearwater Creek frequently modified local 
channel morphology in the area affected by the blast-PDC 
by forcing new zones of scour and deposition. That scour 
and deposition of sediment occurred despite the fact that 
in most reaches, channel dimensions and patterns have 
remained essentially constant. Wood continues to be a 
major driver of channel change in the Bean Creek and 
Clearwater Creek catchments as it gets concentrated in 
log jams.

A large storm and flood in 1996 tested the resilience of 
recovering catchments across the mosaic and gradients of 
geomorphic disturbance in the Muddy River basin. The flood 
reworked some of the blast PDC- and lahar-affected areas of 
Smith Creek and Muddy River, but did not accomplish as 
much geomorphic work as did much smaller floods during 
the first few years after the eruption. In the Bean Creek and 
Clearwater Creek catchments, the 1996 event triggered 
numerous shallow landslides and mobilized large wood that 
had not moved since the 18 May eruption. Although no sig-
nificant reach-scale bed-elevation change occurred, transport 
and deposition of wood locally modified channel morphol-
ogy more than did the disturbance by the 18 May eruption. 
Widespread landsliding in Bean Creek ultimately resulted in 
deposition of coarse sediment and wood in lower Clearwater 
Creek. Aggradation in lower Clearwater Creek in 1996 
exceeded the levels observed 1 year after the eruption, when 
fine bed material that had accumulated behind a blockage 
caused by the Muddy River lahar buried the lower 2 km of 
the channel and floodplain. Steering of the channel by wood 
jams altered the channel form across the entire valley bot-
tom. Although much of the change wrought by the 1996 
flood can be attributed to conditions set up by the 1980 erup-
tions, the changes observed in the Clearwater Creek catch-
ment after the 1996 flood were comparable to or locally 
greater than those observed in 1980.

Geomorphic change and biotic activity in the Muddy 
River basin continue to interact in terrestrial, riparian, and 
aquatic ecosystems, and in many cases diversify ecosystem 
conditions. New tephra remains in place over most of the 
area affected by the 1980 eruptions, but older soil and tephra 
layers have been exposed by surface erosion, landsliding, 
and bioturbation. This exposure has promoted the spread and 
growth of vegetation, especially of deciduous species that 
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support a more diverse food web than the conifer species that 
dominated forests before the eruption. Fluvial activity cre-
ates variations in age and characteristics of channel and 
floodplain surfaces that diversify riparian plant communities. 
Abundant fine sediment will continue to affect benthic com-
munities in streams (e.g., Waters 1995), but channel wood 
will steer hydraulic forces that diversify streambed condi-
tions. Wood will also have a persistent effect on aquatic habi-
tats, especially in the Clearwater Creek catchment. There, 
wood contributed by the 18 May eruption and a cascade of 
post-eruption processes continues to be routed in dynamic 
and complex arrangements.
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Glossary

Blast pyroclastic density current A form of pyroclastic 
density current initiated by rapid decompression of lava 
domes or cryptodomes (magma bodies cooled high within 
a volcanic edifice) owing to sudden collapse. Rapid 
decompression results in a directed explosion that initially 
impels the current laterally before it becomes a gravity- 
driven flow. In the case of the Mount St. Helens 1980 
eruption, failure of the volcano’s north flank unroofed 
pressurized magma and superheated water. Rapid exso-
lution of magmatic gases and conversion of superheated 
water to steam produced a laterally directed blast, which 
formed a density current that flowed across rugged topog-
raphy. The current contained fragmented rock debris as 
well as shattered forest material.

Debris avalanche A rapid granular flow of an unsaturated 
or partly saturated mixture of volcanic rock particles (± 
ice) and water, initiated by the gravitational collapse and 
disintegration of part of a volcanic edifice. Debris ava-
lanches differ from debris flows in that they are not water-
saturated. Although debris avalanches commonly occur 
in association with eruptions, they can also occur during 
periods when a volcano is dormant.

Lahar An Indonesian term for a rapid granular flow of 
a fully saturated mixture of volcanic rock particles (± 
ice), water, and commonly woody debris. A lahar that 
has ≥50% solids by volume is termed a debris flow; one 
that has roughly 10–50% solids by volume is termed a 
hyperconcentrated flow. Flow type can evolve with time 
and distance along a flow path as sediment is entrained or 
deposited.

Pyroclastic density current (PDC) Rapid flow of a dry 
mixture of hot (commonly >700 °C) solid particles, 

gases, and air, which can range in character from a dense, 
ground-hugging flow (pyroclastic flow) to a turbulent, 
low-density cloud of mostly fine ash and superheated air 
(pyroclastic surge). A single PDC commonly involves 
both flow types as a result of gravitational segregation. 
Flows are generally gravity driven but may be accelerated 
initially by impulsive lateral forces of directed volcanic 
explosions. Flows typically move at high velocity (up to 
several hundred km/hr).

Pyroclastic flow See pyroclastic density current (PDC).
Tephrafall A rain of volcanic particles to the ground fol-

lowing ejection into the atmosphere by an explosive erup-
tion. Tephra is a collective term for particles of any size, 
shape, or composition ejected in an explosive eruption.

Thalweg The trajectory of the connection of lowest points 
of the channel bed along the length of a stream channel. 
The thalweg marks the natural direction of a watercourse.
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4.1  Introduction

Biologically, chemically, and physically, Spirit Lake was 
radically transformed by the 1980 eruption of Mount St. 
Helens and the concurrent landslide that inundated and bur-
ied the former lake and created a new one in its place. A 
powerful pyroclastic density current (blast PDC) physically 
removed or leveled the forest surrounding Spirit Lake, and 
the debris avalanche generated a tsunami that deposited 
many of these felled trees into the lake (Dahm et al. 2005), 
where they have formed a floating log mat that covers close 
to one-fifth of the lake surface even 35+ years after the blast 
(Fig. 4.1). With the natural outflow of the lake blocked by the 
debris-avalanche deposit, an outlet tunnel (2600 m long, 
3.3 m diameter) connecting the lake to the North Fork of the 
Toutle River was completed by the Army Corps of Engineers 
in 1985 to provide a new outlet for Spirit Lake and to prevent 
catastrophic breaching of the debris dam.

The massive changes to the lake ecosystem immediately 
after the eruption have been well documented (Larson and 

Geiger 1982; Wissmar et al. 1982a, b; Larson and Glass 
1987), and subsequent, less intensive studies through 2005 
provide additional insights into post-eruption lake responses 
(Larson 1993; Dahm et al. 2005; Larson et al. 2006). 
However, recent regrowth of terrestrial vegetation in the 
watershed and internal changes in the lake itself, such as 
development of extensive littoral vegetation and the contin-
ued existence and colonization of the log mat, continue to 
alter the biogeochemistry of Spirit Lake but have not been 
well documented.

Our study’s objectives were as follows: (1) to add to the 
extant body of knowledge about the lake’s responses to the 
1980 eruption by extending the record of measurements 
through 2014, (2) to establish a better understanding of the 
processes that govern lake productivity by developing hydro-
logic and nutrient mass balance models for the lake, and (3) to 
compare recent measurements of lake productivity and chem-
istry to pre- and early post-eruption data. This first attempt to 
quantify nutrient reservoirs and fluxes in the lake will serve as 
a baseline for future tracking of changes to the ecosystem.

4.2  Methods

4.2.1  Water-Column Methods

Beginning in 2008, researchers from the University of 
Washington Tacoma (UWT) began intensive summer 
through autumn (June through October) sampling of Spirit 
Lake and its catchment, including physical, chemical, and 
biological parameters. They made single trips to Spirit Lake 
in August 2005, September 2007, and October 2013, and 
they undertook multiple sampling trips each year from 2008 
through 2011, and in 2014. Water-column measurements and 
samples were collected from both the east and west arms of 
the lake (Fig. 4.2) when possible, allowing for the position of 
the floating log mat.

Glossary terms appear in bold italic face.

mailto:jimgawel@uw.edu
mailto:ccrisafulli@fs.fed.us
mailto:richm@pdx.edu


72

Temperature, dissolved oxygen, pH, and specific conduc-
tivity were measured in situ using a multiparameter water- 
quality probe (Hydrolab Quanta) calibrated each day at 
altitude before use. Water transparency was measured using 
a Secchi disk. Long-term water-temperature measurements 
were also collected in the lake using a temperature data log-
ger suspended from an imbedded tree 1 m below the lake 
surface at the time of deployment (Fig. 4.2). Changing water 
levels in the lake, however, resulted in variable measurement 
depths throughout each year, generally ranging between 1 
and 3 m in depth.

Samples for the analysis of nutrients, alkalinity, chloro-
phyll, and phytoplankton were collected at 5-, 15-, and 25-m 
depths using a Niskin bottle. Nutrient samples (nitrate/nitrite, 
ammonia, total N, orthophosphate, and total P) were col-
lected in acid-washed Nalgene bottles, either filtered on site 
(dissolved fraction, 0.4-μm syringe filter) or unfiltered 
(total). Samples for alkalinity and chlorophyll were collected 

in Nalgene bottles (125 mL and 250 mL, respectively). 
Phytoplankton samples were collected in 250-mL brown 
Nalgene bottles and fixed with 1% Lugol’s solution. 
Zooplankton samples were collected by vertical tows of 5, 
15, and 25 m using an 80-μm mesh plankton net (30.5-cm 
diameter). The net was rinsed thoroughly to transfer organ-
isms into the sample cup, and the samples were then pre-
served in 70% ethanol in 250-mL Nalgene bottles. All 
samples were placed on ice and transported to UWT.

Water samples for the analysis of total N and P were 
digested by alkaline persulfate digestion (Standard Methods 
4500-P J). Filtered and digested unfiltered nutrient concen-
trations in water samples (total N and P, soluble reactive 
phosphorus, nitrate/nitrite, and ammonia) were determined 
by standard wet chemical methods using either a flow- 
through autoanalyzer (Technicon AA-II, 2008–2009, 
University of Washington Marine Chemistry Laboratory; 
Valderrama 1981) or a discrete autoanalyzer (SmartChem 

Fig. 4.1 Aerial photo of 
Spirit Lake showing 
wind-packed log mat. This 
image was used to estimate 
the surface area of the log mat 
for biofilm calculations.
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Fig. 4.2 Spirit Lake and surrounding watershed, showing sampling locations for water-column measurements, long-term temperature sensors, 
insect emergence traps, wells, streams, aquatic macrophytes, and sediment traps. (Cartography by Kathryn Ronnenberg, USDA Forest Service, 
Pacific Northwest Research Station).

4 The New Spirit Lake: Changes to Hydrology, Nutrient Cycling, and Biological Productivity
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200, 2010–2011 and 2014 UWT, Standard Methods 4500-P 
E and 4500-NH3 G and EPA 353.2).

Total alkalinity was determined by Gran titration. 
Chlorophyll a concentrations were determined using the 
method of Strickland and Parsons (1972). Generally, sam-
ples were filtered onto glass-fiber filters (Whatman GF/F), 
extracted in 90% acetone, and sonicated to disrupt the cells. 
Samples were then centrifuged, and the fluorescence of the 
supernatant was measured before and after addition of acid.

Phytoplankton samples were counted and identified by 
Aquatic Analysts Inc. (taxonomist Jim Sweet). Microscope 
slides were prepared from each sample by filtering an ali-
quot of the sample through a 0.45-μm membrane filter 
(APHA 1992, 10200.D.2; McNabb 1960), after which a sec-
tion of the filter was cut out and placed on a glass slide. 
Immersion oil was added to make the filter transparent, fol-
lowed by placing a cover slip on top. Algal units (defined as 
discrete particles—cells, colonies, or filaments) were 
counted along a measured transect of the microscope slide 
with a Zeiss standard microscope (1000×, phase contrast). 
Only those algae that were believed to be alive at the time of 
collection (intact chloroplast) were included, with a mini-
mum of 100 algal units counted (APHA 1992, 10200.F.2.c.). 
Average biovolume for each taxon was estimated from mea-
surements of each species. The number of cells per colony, 
or the length of a filament, was recorded to calculate biovol-
ume per unit alga.

Zooplankton samples were analyzed by ZP’s Taxonomic 
Services (taxonomist Allan Vogel), who counted and identi-
fied zooplankton to the lowest possible taxonomic level. 
Zooplankton counts were conducted using standard methods 
under a dissecting microscope (32×). Samples were split to 
obtain a count of 400 (±5%) arthropods (macrozooplankton). 
All microzooplankton (rotifers and protozoans) were then 
analyzed in this split if 400 (±5%) or fewer organisms were 
present; otherwise, a subsplit was made to reach that number 
before counting.

4.2.2  Hydrology Budget Methods

To quantify the flux of nutrients into and out of Spirit Lake 
requires a hydrologic budget. From 2008 to 2011, and again 
in 2014, UWT researchers collected velocity and cross- 
sectional data to calculate the discharge from the major 
streams in the watershed (Fig. 4.2) from early summer to 
early autumn. Local rainfall and regional evaporation rates, 
lake levels, and outflows through the lake’s engineered outlet 
tunnel were determined from data available online 
(U.S. Geological Survey 2016). Easily accessible streams 
flowing north from the Pumice Plain into Spirit Lake and the 

stream entering the northeast arm of the lake near Harmony 
Falls were usually measured at least once a month from June 
to October. Other streams at the north end of both the west 
and east arms of Spirit Lake were measured only when the 
position of the log mat allowed.

Cross-sectional area for each stream was measured along 
relatively straight reaches within approximately 100 m of the 
lake shore. Stream depths and velocities were measured at 
3–10 evenly spaced positions across the stream channel 
(depending on stream width) using either a SonTek 
FlowTracker acoustic flowmeter (2008) or a Swoffer flowme-
ter (2009–2011 and 2014). A calibration curve relating stream 
catchment area to discharge was established for the sampled 
streams, which accounted for approximately 44% of the catch-
ment area. This relationship was used to estimate flow from 
areas of the catchment for which direct measurement was not 
feasible (e.g., where streams dropped off lake shore cliffs in 
inaccessible parts of the drainage basin—approximately 
56%).

Changes in water storage in the lake were calculated 
using lake elevation changes recorded at the outflow tunnel 
multiplied by the lake surface area measured by Portland 
State University (methods as described in Sect. 4.2.3.7 for 
macrophyte nutrient estimate). Discharge from the lake 
through the tunnel was estimated from lake surface elevation 
using a rating curve developed for the tunnel (Christine 
Budai, U.S. Army Corps of Engineers, 2010, personal 
communication).

Precipitation was estimated from recorded rainfall at the 
Spirit Lake SNOTEL station located ~500 m southwest of 
the lake (USDA-NRCS 2016), and evaporation from the lake 
surface was estimated using regional average values for 
Bumping Lake (the nearest monitoring station, ~100 miles 
[~160 km] NE of Spirit Lake) published by the Western 
Regional Climate Center (2016). Groundwater inflows were 
calculated by the difference between other inflows (stream 
discharge and rainfall), outflows (evaporation and tunnel dis-
charge), and lake storage changes. No attempt was made to 
separate shallow (interflow) from deep groundwater inputs.

4.2.3  Nutrient Budget Methods

For the nutrient mass balance model, the Spirit Lake water 
column was taken as the control volume, and all fluxes into 
and out of this reservoir were estimated by various methods. 
In addition, standing stocks of several nutrient reservoirs 
within the lake were also estimated to examine their relative 
importance in nutrient storage within the control volume. 
The basic conceptual nutrient mass balance model is shown 
in Fig. 4.3.
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4.2.3.1  Advection
Nutrient inflows from surface- and groundwater into Spirit 
Lake were estimated by multiplying average total N and P 
concentrations, determined by measurement, by total flow 
rates on a monthly basis for the June–October season (load-
ing rate = concentration x discharge). Samples for nutrient 
analysis were collected from streams monthly, concurrent 
with discharge measurements. Groundwater samples were 
collected monthly from six hand-driven (30.5 cm screen 
length, 2.1–2.4 m belowground), stainless-steel piezometers 
near the southern shore of the lake (Fig. 4.2). The piezome-
ters were first pumped at low flow rates to evacuate stagnant 
water. Samples for total N and P were stored in acid-washed 
Nalgene bottles on ice for transport to UWT and then frozen 
prior to analysis.

Nutrient outflow through the tunnel was estimated 
using average epilimnetic total N and P concentrations 
and tunnel discharge. Total atmospheric deposition (wet + 
dry) for nitrogen was taken from an average of estimates 
calculated by the West-Wide Jumpstart Air Quality 
Modeling Study (Western Regional Air Partnership 2013) 
for White Pass and Mount Rainier National Park (70 km 
NE and 70 km NNE of Spirit Lake, respectively). Total 
atmospheric phosphorus deposition was calculated using 
North American average measured loading rates (Tipping 
et al. 2014). All nutrient inputs to the lake calculated on 
an areal basis were multiplied by a constant lake surface 
area measured by the authors in 2009–2010 as described 
in Sect. 4.2.3.7.

4.2.3.2  Insects
Nutrient loss as a result of insect emergence was estimated 
using floating emergence traps built by UWT undergradu-
ate Cameron Marshall or modified from purchased traps 
(BugDorm amphibious emergence trap). Traps consisted of 
a white mesh tent with a collection bottle containing sus-
pended insecticide vapor strips. Trap tents were secured to 
water-tight 1-m2 floating, black polyvinyl chloride (PVC) 
frames tethered in place in the lake using an anchor, float, 
and nylon line (Fig. 4.4a). Floating emergence traps are 
preferable to benthic traps in lakes with dense aquatic mac-
rophyte growth (Cushman 1983), such as in the Spirit Lake 
nearshore area, and efficiency of capture is comparable to 
or better than submerged traps (Davies 1984). Traps were 
located along the south shore of Spirit Lake at a water depth 
of 1–4 m and deployed for 24–72 h. Insect samples were 
sorted into broad (typically ordinal) taxonomic groups, 
dried, and analyzed for total N and P using standard meth-
ods (CHN analysis, Method 29-2, Weaver 1994, and ICP-
OES, EPA 365.4, University of Washington Analytical 
Service Center). Total insect nutrient flux from the lake was 
determined by multiplying the average trap flux over the 
sampling season (g N or P m−2 day−1) by the area of the 
lake less than 10 m in depth (i.e., the depth of the average 
thermocline in Spirit Lake from 2008 through 2011) and 
the length of the sampling season. The use of this depth as a 
cutoff was based on the work of Winnell and White (1985), 
who found that insect emergence in Lake Michigan was 
very low below the thermocline.

Fig. 4.3 Conceptual nutrient 
mass balance model for Spirit 
Lake. Arrows denote fluxes; 
black arrow is estimated 
atmospheric deposition from 
literature.
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4.2.3.3  Sedimentation
Nutrient loss to the sediments was estimated from sediment 
traps. Sediment traps were constructed from 61-cm-long 
(24 in), 10-cm (4 in) diameter black acrylonitrile butadiene 
styrene (ABS) pipe with a conical funnel glued to the bot-
tom, fitted with a removable 125-mL acid-washed Nalgene 
bottle. Sediment traps were suspended ~2 m above the lake 
bottom attached to nylon line anchored to the bottom and 
buoyed by near-surface floats (to avoid damage by the 
 floating log mat). In 2014, sediment traps were located near 
embedded logs and tethered to the logs for increased likeli-
hood of recovery. Sediment samples collected were filtered 
(0.4 μm), dried, and analyzed for total N and P as described 
for insects in Sect. 4.2.3.2.

4.2.3.4  Log Mat/Biofilm
In 2014, we made the first estimates of the nutrient flux from 
the floating log mat to the Spirit Lake water column. To do 
this, we suspended sediment traps (constructed as described 

in Sect. 4.2.3.3) approximately 1.5–3.0 m below three ran-
dom large logs floating in the lake (Fig. 4.4b). The logs were 
marked with 1.5-m-tall flags for visibility, and the traps trav-
eled within and under the log mat for 1–2 months before the 
accumulated material was collected for analysis. We assumed 
that the nutrients collected were primarily from biofilm pro-
duction subsequently shed by the grinding action of the log 
mat. The total flux of nutrients from the log mat was calcu-
lated using the average flux of nutrients into the traps, and 
the total area of the log mat was calculated from a recent 
aerial photo (Fig. 4.1). This two-dimensional estimate for 
surface area of the log mat underestimates the three- 
dimensional surface of the logs below the water line.

4.2.3.5  Amphibians
We also estimated the loss of nutrients by amphibian emigra-
tion. To derive biomass estimates for amphibians leaving 
Spirit Lake, we sampled recently metamorphosed population 
segments in replicated plots during late summer 2010. Nine 
15 × 50-m plots were installed in the riparian zone immedi-
ately adjacent to the shoreline. The long axis of each plot 
(50 m) was positioned parallel to the shoreline and extended 
from the current waterline 15 m inland. The rationale for 
using a 15-m band from the water edge was based on pre- 
dispersal habitat use by recently metamorphosed amphibians 
at Spirit Lake (Crisafulli et al. 2005). The corners of each 
750-m2 plot were marked with rebar, and a measuring tape 
was stretched taut around the corner bars to delineate the plot 
boundaries. Plots were sampled on three occasions between 
19 August and 10 September. We selected the sampling date 
that yielded the greatest cumulative amphibian biomass in 
nine plots, based on the schedules of species metamorphosis 
derived from sampling at Spirit Lake and other lakes at 
Mount St. Helens from 1981 through 2010 (Crisafulli et al. 
2005). This method results in a minimum estimate of the 
actual population observed at the sites and provides the best 
estimate of amphibian biomass leaving the lake. Within each 
plot, researchers carefully searched the ground surface, veg-
etation, and beneath cover objects (tree boles and fragments) 
for amphibians, which were captured, identified to species, 
weighed to the nearest 0.01 g, measured (snout-vent and 
total length, mm), and placed in a bucket until plot sampling 
was complete. All animals were released back to their exact 
point of capture. Sampling generally occurred from 0900 to 
1600 h. Mean daily air temperature on the 3 days surveyed 
was 7.7 °C (±0.95 standard deviation), and conditions lead-
ing up to and on the first two survey days were dry. On the 
day preceding the last survey day, 2.5 mm of rain fell, but the 
day of survey was dry. During the last sampling effort, a sub-
sample of individuals of each species was retained, eutha-
nized by either pithing or freezing, weighed for wet weight, 
and oven-dried at 45 °C for 48 h. To extrapolate sample esti-
mates to the entire lake, a GIS (geographic information 

Fig. 4.4 Field photos of (a) floating insect emergence trap (BugDorm) 
in 2010 on Spirit Lake and (b) sediment trap (white arrow) suspended 
from a floating log in the log mat on Spirit Lake in 2014.
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system) was used to measure the length of shoreline that 
contained suitable amphibian habitat (e.g., shallow littoral 
zone) and avoided steep topography such as cliffs and where 
water depth increased precipitously. There were 4083 m of 
shoreline with suitable amphibian habitat, and we then mul-
tiplied this value by 15 to correspond to the width of our 
study plots, yielding a total estimated suitable habitat area of 
61 245 m2. Representative samples of amphibian species 
were ground and analyzed for total N and P as described for 
insects in Sect. 4.2.3.2.

4.2.3.6  Water Column, Benthic Sediment, 
and Plankton Reservoirs

Standing-stock reservoirs of nutrients estimated in Spirit 
Lake include the water column, benthic sediments, phyto-
plankton, zooplankton, aquatic macrophytes, fish, and bio-
film growing on the floating log mat. We estimated the 
reservoir of nutrients in the water column by using the aver-
age total N and P concentrations measured over the sampling 
season and multiplying by the lake volume as calculated by 
Portland State University (methods as described in Sect. 
4.2.3.7 for macrophytes).

We collected benthic sediments in 2010–2011 from 24 
random locations spaced throughout the lake using a hand- 
hauled petit ponar dredge (Wildco). Samples were homoge-
nized on the boat and a subsample collected and stored on ice 
prior to processing. Sediments were dried for 3 days at 80 °C, 
homogenized in a Wiley mill, and analyzed for total N and P 
by the University of Washington Analytical Service Center 
(see details in Sect. 4.2.3.2). We estimated the total reservoir 
of nutrients in the sampled layer (approximately 10 cm) of 
benthic sediments using the average sediment concentration 
and the area of the lake.

As described in Sect. 4.2.1, we estimated nutrient mass in 
phytoplankton from biovolume measurements of samples 
collected. We multiplied average phytoplankton biovolume 
per liter by the volume of the lake photic zone (estimated by 
thermocline depth) and converted to total N and P using pub-
lished values for the relationship between biovolume and dry 
weight (0.1 g dry wt cm−3 biovolume; Wilson 2003) and 
between the N and P content by dry weight for phytoplank-
ton (5.5% N and 1.14% P by dry weight; Duarte 1992).

On 14 September 2010, we determined zooplankton 
nutrient mass per organism by collecting zooplankton 
samples from triplicate 25-m tows. One replicate was 
stored in ethanol and counted as described in Sect. 4.2.1. 
We filtered the other two replicates onto 0.45-μm polycar-
bonate filters, dried and analyzed them for total N and P as 
outlined for insects in Sect. 4.2.3.2. We established an 
average mass of N and P per organism and calculated the 
total mass of N and P in zooplankton in the lake by multi-
plying this conversion factor by the number of organisms 
per tow area and the total lake area.

4.2.3.7  Macrophyte Reservoir
We estimated aquatic macrophyte biomass by diver surveys 
and acoustic vegetation mapping. In both 2009 and 2010, 
divers collected macrophyte samples along three transects 
from the southern shore of Spirit Lake (Fig. 4.2). Macrophytes 
were sparse in less than 2 m of water in Spirit Lake owing to 
the scouring action of the log mat, and only patchy periphy-
ton were found below 8-m depth as a result of light limita-
tion. We collected triplicate samples from randomly placed 
900-cm2 quadrats near the center line of each transect at 
approximately 3-, 5-, and 7-m depths. We estimated total 
sample biovolume in situ from average plant height and 
quadrat area for each sample (to be used with acoustic map-
ping), then removed aboveground biomass, dried samples at 
60 °C for 3 days, and analyzed them for total N and P con-
tent. We applied average areal biomass measurements from 
the areas surveyed in 2009 and 2010 to the entire lake area 
from 2 to 8 m in depth.

In 2010, we also estimated total biovolume of macro-
phytes in Spirit Lake by acoustic mapping. We carried out 
bathymetric and aquatic-plant coverage surveys on 24–27 
August 2009 and 17–18 July 2010, using a Biosonics DE 
Scientific Echosounder equipped with a 420-kHz, narrow- 
beam (8° beam width) transducer. Persistent logs along the 
western shore of the northeastern arm of the lake and the 
eastern shore of the northwestern arm prevented collection 
of hydroacoustic data in those areas. We collected additional 
data in shallow areas along the southern shore with dense 
aquatic vegetation. We integrated and saved location data 
and hydroacoustic return signal data stronger than −147 dB 
using Biosonics Visual Acquisition software.

Based on characteristics of each acoustic ping, we used 
Biosonics Visual Analyzer software to determine the vertical 
location of the top of the macrophyte canopy and the sedi-
ment/water interface. In areas with very dense aquatic plants 
and abundant submerged logs, we adjusted the bottom track 
in Visual Analyzer to correct for strong return signals off 
objects above the sediment surface. We calculated sediment 
elevations from depth recordings, taking into account trans-
ducer face depth and the water-surface elevation at the lake 
outlet (USGS site number 14240304), obtained for each 
sample date.

We combined the resulting sediment elevation points with 
LIDAR elevation points (EarthData International of 
Maryland 2003) within 10 m of the lake shoreline and inter-
polated a bathymetric surface and aquatic-plant canopy 
height from the points using the ArcGIS Geostatistical 
Analyst kriging algorithm (ESRI 2001). Based on diver tran-
sect/quadrat vegetation data (described in the first paragraph 
of this section) as well as inspection of the acoustic signal, 
data suggested that plant canopy points at depths greater than 
8 m were signals from submerged logs rather than aquatic 
plants and thus we did not include them in interpolations. We 

4 The New Spirit Lake: Changes to Hydrology, Nutrient Cycling, and Biological Productivity



78

calculated surface area and volume estimates at 0.1-m verti-
cal intervals from the interpolated surfaces using the ArcGIS 
“Surface Volume” tool. Using diver-collected samples from 
2010 (described above, this section), we converted plant bio-
volume to N and P mass.

4.2.3.8  Log-Mat Biofilm Reservoir
We estimated the nutrient mass in the biofilm growing on 
the floating log mat in 2010, 2011, and 2014. Because logs 
of any appreciable size in the mat are waterlogged and sta-
ble, with little to no change in the side submerged, biofilm 
has established on the submerged portion of each log. We 
sampled random logs during August each year by flipping 
the log and cutting out 5 × 5 × 0.5-cm wood samples with a 
vibrating saw. Samples were placed in plastic bags and 
stored on ice for transport. In the lab, samples were trans-
ferred into glass jars and dried for 3 days at 80 °C, homog-
enized in a Wiley mill, and analyzed for total N and P. We 
calculated the total mass of nutrients in the biofilm on the 
log mat by multiplying the average mass per sample area by 
the total area of the log mat determined from a recent satel-
lite image.

4.2.3.9  Fish Reservoir
During the summer months from 2008 through 2011, we sam-
pled rainbow trout (Oncorhynchus mykiss), the only fish spe-
cies known to inhabit post-eruption Spirit Lake, using hook 
and line. It is believed that all fish in Spirit Lake perished dur-
ing the 1980 eruption and that rainbow trout were illegally 
introduced to the lake by an unknown party in the early 1990s 
(Bisson et al. 2005). Sampling was focused in Duck Bay in the 
southeast portion of the lake (Fig. 4.2), where we captured 904 
fish, processed them for snout-fork length, mass, sex, and 
reproductive status, and then fitted them with a Floy tag and 
released them. To estimate the rainbow trout population size, 
we used a closed population, multiple capture–recapture anal-
ysis (Schnabel 1938). We summarized recapture data by total 
captures (n), recaptures (m), marked fish extant in population 
(M), and the number of marked fish returned to the population 
after each survey (R). We used the mrClosed vignette in the 
FSA package built under R version 0.4.44 (Ogle 2015) to cal-
culate population estimates and 95% confidence intervals. 
Tagged fish were never recaptured more than 3 years after the 
original marking date; therefore, we used only individuals 
marked between 2008 and 2011 to calculate the number of 
marked individuals in the population. For nutrient assays on 
10 September 2010, we retained and euthanized a male trout 
that was kept on ice until transferred to a freezer within 24 h. 
This individual had a snout- fork length of 438 mm and wet 
weight of 950 g. The fish was later thawed at room tempera-
ture, cut into small pieces (~1 cm3) and placed in a drying oven 
for 48 h at 45 °C. Dried tissue was analyzed for total N and P 
as described for insects in Sect. 4.2.3.2.

4.3  Lake Conditions Prior to the 1980 
Eruption

Spirit Lake was not well studied prior to the 1980 eruption, 
although some scant and basic chemistry, biology, and 
bathymetry data were gathered in 1974 (Dion et al. 1976) 
and again on 4 April 1980, just prior to the eruption (Wissmar 
et al. 1982a). Spirit Lake’s relatively small drainage basin 
(roughly seven times the lake surface area) was densely for-
ested with mixed conifer species, suggesting that few nutri-
ents were available for mobilization into the lake (Vitousek 
et al. 1979). Pre-eruption Spirit Lake was steep-sided and 
deep (Dion et al. 1976), with mean and maximum depths of 
37 m and 58 m, respectively (Table 4.1 and Fig. 4.5).

Nutrient concentrations in Spirit Lake were low before 
the eruption: total nitrogen was <170 μg L−1 and total phos-
phorus was <12 μg L−1 in near-surface waters (Table 4.2; 
Dion et al. 1976). In general, water-quality parameters in 
Spirit Lake were similar to other forested montane lakes in 
Washington’s Mount Rainier National Park, where average 
values ranged from 13 to 181 μg L−1 for total N, 5–47 μg L−1 
for total P, 4.3–57.9 μS cm−1 for conductivity, and 8–409 μeq 
L−1 for alkalinity (Larson et al. 1994).

Water clarity was high in pre-eruption Spirit Lake but 
variable throughout the summer, with Secchi depths ranging 
from 7 to 14 m (Fig. 4.6; Dion et al. 1976). Chlorophyll a 
concentrations were less than 1.3 μg L−1 (Table 4.2; Dion 
et al. 1976). Based on Secchi depth and chlorophyll a, the 
lake’s trophic state index (TSI) was less than 30 (Table 4.3) 
and would have been categorized as oligotrophic (Carlson 
1977).

Because of the lake’s steep-sided and deep bathymetry 
and because it was largely shaded along the shoreline by 
both cliffs and forest cover, emergent and submergent plants 
covered less than 1% of the lake area (Dion et al. 1976). In 
June 1974, the main rooted aquatic plant observed was 
Sphagnum moss, and the phytoplankton community was 
described simply as “diatoms, greens, and yellow-browns” 
(Dion et al. 1976).

Other interesting pre-eruption data include the dissolved 
oxygen and temperature profiles collected in 1974 (Dion 
et al. 1976). Maximum surface temperature in August 

Table 4.1 Spirit Lake morphometry and watershed area before and 
after the 1980 eruption of Mount St. Helens.

Prior to 1980 
eruption

After 1980 
eruption

Percent 
change

Surface area (km2) 5.3 11.0 +108

Volume (m3) 1.97 × 108 2.56 × 108 +30

Mean depth (m) 37 23 –38

Max depth (m) 58 39 −33

Drainage area (km2) 38.6 26.4 −32

Data from Dion et al. 1976, or this study collected in 2009–2010.
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Fig. 4.5 Bathymetric maps of Spirit Lake (a) prior to (Dion et al. 1976) and (b) after the 1980 eruption of Mount St. Helens.

Table 4.2 Historic Spirit Lake surface water-quality data compared to current study. Where multiple months were sampled and results were vari-
able, the range of values (low–high) is given.

Dates measured

Dissolved N: 
NO3

− + NO2
− + NH3  

(μg N L−1)

Particulate 
organic N  
(μg N L−1)

Dissolved 
PO4

3—P  
(μg P L−1)

PTOT  
(μg P L−1)

ALK  
(μeq L−1)

SpC  
(μS cm−1)

Chlorophyll a  
(μg L−1)

June–October 1974a 10–40 30–130 0–3 2–12 260 19–27 0.3–1.3

4 April 1980b,c 2.38 47 0.93 7.12 139 NM NM

30 June 1980b,c 18.63 70 230 236 3010 NM NM

August 1980d >2000 NM 250 260 3400 793 NM

August 1985e 3 NM 5 24 1702 690 NM

September 2004f NM NM 5 13 768 250 0.26–0.34

31 August 2005f 2 NM <1 16 726 236 2.1–17.2

4 August 2005 NM NM NM NM NM 221–232 NM

11 September 2007 NM NM NM NM NM 200–202 NM

June–October 2008 0.9–9.1 NM 0.5–1.2 NM NM 150–165 0.175–14.7

June–October 2009 3–1613 NM <2 11 305–611 159–181 0.144–3.21

June–October 2010 NM NM <9 11 438–586 150–171 0.178–5.26

June–October 2011 27–1545 NM <2.8 14 375–627 126–157 0.174–1.60

12 October 2013 NM NM NM NM NM 111–117 NM

June–October 2014 3–1003 NM 0–32 11 375–501 100–108 NM

NM not measured.
Sources: aDion et al. (1976), bWissmar et al. (1982a), cLarson (1994), dLarson and Geiger (1982), eLarson and Glass (1987), and fLarson et al. 
(2006). Discrepancies were noted in Larson (1994) reporting of Wissmar et al. (1982a) data.
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reached 16 °C, whereas dissolved oxygen concentrations at 
the bottom of the lake dropped below 2 mg L−1. The low 
oxygen concentrations suggest that there was significant 
sediment oxygen demand before the eruption owing to 
organic-rich sediments. Moreover, it is likely that the sedi-
ments became anoxic during the summer in pre-eruption 
Spirit Lake, as evidenced by higher dissolved PO4-P, Fe, and 
Mn, as well as elevated specific conductivity in the bottom 
waters (Dion et al. 1976).

4.4  Changes in Lake Properties 
After Eruption, 1980–2005

4.4.1  Water Clarity

Immediately following the 1980 eruption, Secchi depth was 
greatly reduced to “a few centimeters” by avalanche deposits 
and charred forest debris that entered the lake and anaerobic 
microbial production of metal–sulfide particulates (Larson 
and Glass 1987). Water clarity improved steadily thereafter, 
reaching 9 m by 1987 (Fig. 4.6). Secchi depth in July 1994 
was similar to 1987 (Larson 1994), but measurements made 
in 2004 and 2005 (Larson et al. 2006) varied seasonally 
between 10 and 15 m, which were similar to those reported 
prior to the 1980 eruption (Fig. 4.6).

4.4.2  Nutrient Concentrations

Shortly after the eruption in June 1980, dissolved and total P 
concentrations skyrocketed (Table 4.2) as a result of the 
combined effects of P-enriched volcanic material and charred 
forest debris (Dahm et al. 1983). Dissolved PO4-P concentra-
tions increased approximately 80 times above pre-eruption 

Fig. 4.6 Secchi depth recorded from 1974 through 2014.

Table 4.3 Trophic state index (TSI) calculated for Spirit Lake prior to 
and after the 1980 eruption of Mount St. Helens using summertime 
average Secchi depth and chlorophyll a concentrations as productivity 
indicators.

TSI based on indicator
Year Secchi depth (m) Chlorophyll a
1974a pre-eruption 25 27

2005b 23 43

2008 28 37

2009 27 33

2010 24 34

2011 27 31

Sources: aDion et al. (1976) and bLarson et al. (2006).
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levels, and total P concentrations were 20 times greater 
(Dion et al. 1976; Larson and Geiger 1982). By August 1980, 
dissolved inorganic N concentrations had also increased dra-
matically, reaching levels 50 times higher than pre-eruption 
levels. This increase was short-lived as N and P concentra-
tions fell to near pre-eruption levels by 1985, although total 
P and orthophosphate concentrations remained slightly ele-
vated (approximately twofold higher than pre-eruption lev-
els) until 2004 (Larson et al. 2006).

4.4.3  Dissolved Oxygen

The large influx of organic matter and reduced chemical 
compounds immediately after the eruption fueled intense 
microbial activity. A combination of abiotic redox reactions 
and accelerated aerobic respiration (owing to warmer water 
temperatures and an abundance of organic matter) depleted 
oxygen in all but the top 1 or 2 m of the water column, where 
dissolved oxygen concentrations were 2–3 mg L−1 during 
summer 1980 (Dahm et al. 2005). By 1983, however, inflows 
of fresh water, the infusion of oxygen by wind mixing, and a 
decrease in organic matter (as a result of oxidation by 
microbes and the settling of suspended solids) resulted in an 
increase in dissolved oxygen concentrations in the lake 
(Dahm et al. 2005). Water-column profiles in 1986 showed 
continued oxygen demand below the thermocline, with dis-
solved oxygen concentrations ranging between 1 and 2 mg 
L−1 from below the thermocline to near the lake bottom at 
30 m (Dahm et al. 2005).

4.4.4  Alkalinity

Total alkalinity increased by a factor of 10 or more immedi-
ately after the eruption and has decreased more slowly than 
many other water-quality parameters since the eruption 
(Table 4.2). Alkalinity in 2005 was still almost three times 
greater than pre-eruption levels.

4.4.5  Temperature

Surface temperatures in post-eruption Spirit Lake spiked 
immediately after the eruption in May 1980 to ~34 °C 
(Wissmar et al. 1982b), before decreasing to around 17 °C by 
August 1983 (Dahm et al. 2005).

4.4.6  Chlorophyll

Post-eruption chlorophyll a concentrations, not measured 
until September 2004 (Larson et al. 2006), were similar to 
pre-eruption values (Table 4.2). Concentrations measured in 

2005 were more than ten times pre-eruption levels. Pre- and 
post-eruption comparisons are questionable since pre- 
eruption data are sparse and chlorophyll concentrations can 
vary greatly from year to year (as may have occurred between 
2004 and 2005) and even within a season (Knowlton and 
Jones 2006).

4.4.7  Trophic Status

Since summer 1980, Spirit Lake has evolved from a hyper-
eutrophic system to one that can be regarded as oligotrophic 
(Table 4.3). This has resulted partly from the steady decline 
in nutrient concentrations, especially nitrogen and phospho-
rus. Further evidence of the lake’s recovery are current 
Secchi depths, which can reach pre-eruption levels. In 2005, 
however, chlorophyll a concentrations were quite a bit 
higher, resulting in TSI values ranging from 23 to 43 
(Table 4.3), suggesting the lake may now be more produc-
tive, at least periodically, compared with its oligotrophic pre- 
eruption state.

4.5  The New Spirit Lake: 2005–2014

4.5.1  General Characteristics of the Water 
Column

Spirit Lake was stratified by the time we arrived in June of 
each year and remained stratified into October (2009 shown 
in Fig. 4.7a as an example). Judging from the generally weak 
stratification on 22 June 2011 (data not shown) and the deep-
ening and weakening of the thermocline at the end of 
September and the beginning of October 2008, 2010, and 
2011 (data not shown), we assume that the lake began to 
stratify in late May–early June and that autumn turnover 
occurred in late October–early November. The long-term 
temperature data collected in the lake (Fig. 4.8) show that 
surface water temperatures below 4 °C (the temperature of 
maximum water density) were reached during winter, 
 resulting in inverse temperature stratification with water 
<4 °C at approximately 1–5-m depth. Therefore, although 
we do not have direct observations that the lake was ice-cov-
ered in winter (access to Spirit Lake in winter is very diffi-
cult, requiring either a full-day ski through avalanche-prone 
terrain or a helicopter flight), the lake can be classified as 
dimictic (having two separate mixing periods—autumn and 
spring). The thermocline was situated around 7–9-m depth 
each year, with epilimnetic (warmer surface layer of the 
lake) temperatures reaching 21 °C in late July 2009 and 
hypolimnetic (cold bottom layer of the lake) temperatures 
averaging between 4 and 7 °C.

Dissolved oxygen profiles indicate a regularly occurring 
summertime oxygen maximum in the metalimnion, most 
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Fig. 4.7 Water-column profiles for (a) temperature, (b) dissolved oxygen, (c) specific conductivity, and (d) pH in the west arm of Spirit Lake in 2009.
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likely resulting from a combination of higher numbers of 
phytoplankton, lower temperatures, and a more stable water 
column (2009 data shown in Fig. 4.7b as an example). The 
metalimnion is the middle layer of the lake where the tem-
perature changes rapidly from warmer to cooler. The lowest 
dissolved oxygen concentration we recorded was 2.0 mg L−1 
in October 2009 near the lake bottom, although the mini-
mum concentration stayed above 3.3 mg L−1 from 2010 
through 2014. Hypolimnetic oxygen concentrations showed 
oxygen depletion during the summer, although oxygen 
demand was less than that recorded in the 1980s. In 2010 
and 2011, the areal hypolimnetic oxygen deficit (AHOD)—
the rate of oxygen consumption by biotic and abiotic pro-
cesses in the lower layer of the stratified lake—for Spirit 
Lake was 0.88 and 0.76 g O2 m−2 day−1, respectively, a 
12–24% reduction from 1986 (Larson and Glass 1987). 
This AHOD is in the same range as a set of 11 eutrophic 
lakes measured in a Swiss study, where the authors found 
an average range of 0.90 ± 0.30 g O2 m−2 day−1 (Müller 
et al. 2012). However, it has been shown that a thicker 
hypolimnion may artificially indicate a more productive 
lake than is justified by other measures, suggesting a prob-
lem with the application of AHOD as a comparative mea-
sure of trophic status across lakes with different 
morphologies (Cornett and Rigler 1980).

Specific conductivity—a measure of dissolved ions in the 
water—in Spirit Lake has continued to decline since the 
eruption (2009 shown in Fig. 4.7c as an example). 
Measurements throughout the water column declined 
steadily from a maximum value of 202 μS cm−1 in 2007 to 
108 μS cm−1 in 2014, much lower than values recorded in 
1986 (range 375–550 μS cm−1) and lower even than 2005, 
when values were recorded in the 220–240 μS cm−1 range by 

UWT and Dahm et al. (2005) (Table 4.2). As mentioned by 
Larson and Glass (1987), conductivities continue to be 
higher in the hypolimnion than in the epilimnion by 
10–20 μS cm−1. The conductivity profiles we measured in the 
lake (Fig. 4.7c) suggest a hypolimnetic source of dissolved 
ions via mineral-laden groundwater entering the lake below 
the thermocline, rather than the diffusion of dissolved ions 
from anoxic sediments.

From 2008 through 2014, water-column profiles of pH 
ranged from 6.1 to 8.0 (2009 shown in Fig. 4.7d as an exam-
ple). The highest pH values were generally found in the met-
alimnion, coinciding with higher dissolved oxygen, 
suggesting photosynthetic depression of CO2 as the source of 
higher pH. Our more recent pH measurements exhibited a 
greater range and reached more acidic levels than in 1986 
(pH 7.0–8.0) but were similar to 1983 and within the range 
of values recorded in the pre-eruption lake in 1974 (Larson 
and Glass 1987).

From 2008 through 2011, maximum chlorophyll concen-
trations decreased from 14.7 to 1.6 μg L−1 (Table 4.2). 
Concentrations varied by depth and date, with lower values 
generally found in the epilimnion (5 m) and the highest val-
ues found just below the metalimnion at 15 m or occasion-
ally as deep as 25 m (Fig. 4.9). The highest recorded 
chlorophyll concentration in our study was 14.7 μg L−1 mea-
sured in 2008; this falls in the range measured in 2005 by 
Larson et al. (2006). Although we measured higher chloro-
phyll concentrations from 2008 through 2010 than were 
found prior to the 1980 eruption, concentrations in 2011 
were lower than the 3 previous years and again in the con-
centration range recorded in 1974 (Table 4.2). Using  average 
summer chlorophyll values from our study, Spirit Lake’s 
trophic state index (TSI) fluctuated year to year between 31 

Fig. 4.8 Monthly minimum and maximum temperature recorded in Duck Bay surface water from 2006 through 2015.
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and 37, placing the lake in the lower mesotrophic to upper 
oligotrophic range (Table 4.3).

Secchi-depth values continued to fluctuate throughout the 
summer season from 2007 to 2014, ranging from a low of 
7.7 m to a high of 14.9 m (Fig. 4.6). This range is almost 
identical to the range recorded prior to the eruption in 1974 

(Dion et al. 1976). If Secchi depth can be used as a measure 
of phytoplankton densities in Spirit Lake, our measurements 
from 2008 through 2014 show that algal densities were often 
highest during June and July, usually lower in August and 
September, and then higher again in October during autumn 
turnover. Average Secchi-depth values decreased slightly 

Fig. 4.9 Chlorophyll a (μg L−1) in the west arm of Spirit Lake, 2008–2011. Bars represent single measurements at each depth for each sampling date.
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from 2008 to 2011, with a corresponding decrease in calcu-
lated TSI (Table 4.3). TSI (Secchi) places the lake in the oli-
gotrophic range across all years.

Alkalinity has continued to decrease after the eruption 
from over 3000 μeq L−1 in August 1980 to 747 μeq L−1 in 
2004–2005 to an average of 461 μeq L−1 in 2009–2014 
(Table 4.2). Alkalinity in 2014 (375–501 μeq L−1) was within 
a factor of two of pre-eruption levels (260 μeq L−1 in 1974). 
This decrease in alkalinity suggests that dissolved carbonate 
concentrations, noted by Wissmar et al. (1990) to dominate 
alkalinity in Spirit Lake by 1981, are continuing to decline in 
hydrologic inputs to the lake. Alkalinity was almost always 
greater at depth, although the difference from top to bottom 
was generally less than 20% (data not shown). The higher 
alkalinity measured in the hypolimnion may again result 

from mineral-laden groundwater inflows entering the lake 
below the thermocline, as suggested by specific conductivity 
profiles (Fig. 4.7c). In comparison, alkalinity measured in St. 
Charles and Meta Lakes, two lakes in close proximity to 
Spirit Lake not affected by the debris avalanche, was 179 μeq 
L−1 for both lakes in early October 2014.

4.5.2  Biological Characteristics

Most of the efflux of insect biomass, and thus nutrients, 
was concentrated in July and August of all years sampled 
(e.g., 2009, Fig. 4.10a), with year-to-year estimates varying 
by about 30% from the averages of 144 kg P and 1682 kg 
N. Our insect data showed a predominance in numbers and 

Fig. 4.10 Insect emergence 
biomass from 2009 shown as 
(a) average total biomass 
(error bars are ±1 standard 
deviation) and (b) % of total 
biomass by order.
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biomass of Diptera species emerging from Spirit Lake in 
all years (2008–2011), followed in biomass by Trichoptera 
(caddisflies), then Ephemeroptera (mayflies), and Odonata 
(dragonflies and damselflies) (e.g., 2009, Fig. 4.10b). 
Other orders identified as minor contributors to insect bio-
mass were Hemiptera, Lepidoptera, Hymenoptera, and 
Coleoptera. In 2009, Diptera dominated early emergence 
in June and early July and then contributed about half of 
the biomass throughout the rest of July and into September. 
Ephemeroptera emerged primarily in late July and August; 
Odonata emerged in July and early August; and Trichoptera 
emerged throughout the whole sampling period from June 
through September.

Phytoplankton trends were complex, as there were differ-
ences with depth, month, and year, and even occasionally 
from the west arm to the east arm of the lake on the same day. 
However, a few general noteworthy patterns are described 
here. Maximum biovolumes from 2008 through 2010 
(Table 4.4) fell within the range previously recorded for 
Spirit Lake after the eruption, although falling short of the 
maximum biovolume recorded in 1983 (Larson et al. 2006). 
Plankton densities in 2008–2010 reached higher maximum 
numbers than seen in the 1990s and early 2000s, with values 
comparable to those recorded in 1983 and 1986.

Comparing 2008–2010 samples collected from 15-m depth 
(depth of highest phytoplankton density and biovolume) with 
samples collected from 2005 and earlier, Rhodomonas minuta, 
Cryptomonas erosa, and Asterionella formosa continued to be 
sizable components of the plankton community. These three 
species have been identified in Spirit Lake almost every year 
since 1983 (Larson et al. 2006). However, we also found some 
new species dominating (both in density and biovolume) the 
phytoplankton community in certain years, including 
Ochromonas sp., Glenodinium sp., and Dinobryon sertularia 
(e.g., 2010, Fig. 4.11). All of these species had been noted in 
the plankton community prior to our work in 2008 (Larson 
et al. 2006), but they had never been noted as dominant. 
Ochromonas sp. was found only one other year (1985), and 
Glenodinium sp. was only found a few times sporadically in 
the past. Dinobryon sertularia had become a regular member 
of the plankton community before our sampling began having 
been detected continuously since 1994.

Other notable events included a cyanobacteria bloom in 
September 2010, when Aphanizomenon flos-aquae reached a 
density of 220 cells mL−1 and a biovolume of 235 318 μm3 
mL−1 at 5 m in the east arm of Spirit Lake. This species dom-
inated the sample at 5 m in 2010 after having been recorded 
only one other time, in 2005. Gloeotrichia echinulata, 
another species of cyanobacteria, was also found at a high 
biovolume in 2010, when it was recorded at 281 123 μm3 
mL−1 at 25 m in the west arm in August. This was the first 
time this species had been identified in Spirit Lake (Larson 
et al. 2006).

Overall in 2008–2010, Copepoda and Cladocera gener-
ally dominated the zooplankton community in the epilim-
nion (0–10 m) but also occurred throughout the water 
column. In contrast, Rotifera were the dominant taxa near 
the bottom of the lake (20–25 m) and also had the highest 
density of all zooplankton (data not shown). The maximum 
densities of zooplankton from 2008 through 2010 were 
higher than values recorded from 1986 through 2005 
(Table 4.4), and in 2008 the maximum density approached 
the highest value recorded in 1983 (Larson et al. 2006).

Daphnia pulicaria by far dominated the cladoceran taxa 
all months and years, whereas Leptodiaptomus tyrrelli, diap-
tomid copepodites, and copepod nauplii dominated the 
copepod taxa throughout the 3 years sampled (Table 4.4). 
The rotifer community was more diverse than the cladocer-
ans and copepods, with Polyarthra doliochoptera, Gastropus 
stylifer, Keratella quadrata, Keratella cochlearis, and 
Conochilus unicornis all showing dominance at different 
times and depths. Gastropus stylifer, a species not identified 
before 2008, was present in almost all samples and domi-
nated the Rotifera more often than any other species.

4.5.3  Hydrologic Mass Balance Model

Although some year-to-year variation was seen from 2008 
through 2014, in general precipitation and evaporation were 
almost equal during June–October (Table 4.5). Over that 
timeframe, outflows exceeded inflows, and therefore lake 
volume decreased by approximately 1.3–2.4 × 107 m3. 
Surface inflows were generally lower than groundwater 
inflows by a factor of two to three times, except in especially 
wet years. Total precipitation from January to May in 2011 
and 2014 was 140–142 cm (55–56 in), or 10–30% greater 
than in other years sampled (Table 4.6). This pattern was 
reflected in the greater surface inflows in 2011 and 2014 
compared with 2008–2010 (Table 4.5). Note that precipita-
tion levels during the June–October sampling season did not 
necessarily reflect winter–spring patterns.

The dominant role of groundwater in terms of hydrologic 
inputs to Spirit Lake was expected given the exceedingly high 
permeability and hydraulic conductivity of the material depos-
ited by the 1980 eruption and the enormous quantity of water 
stored and released from the edifice and crater glacier. Also, 
our methods for estimating stream discharge may have overes-
timated summertime streamflow from areas of the drainage 
basin not directly measured, because many of these small sub-
watersheds would be expected to have little capacity for water 
storage, would lack a residual snowpack, and would not be 
connected to localized groundwater sources (e.g., springs and 
seeps). On the other hand, our monthly frequency of  streamflow 
measurements may have underestimated total stream dis-
charge, as storm flows may have been inadequately sampled, 
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possibly adding significant stream discharge in discrete events. 
We do not know how these water fluxes change in the winter 
and early spring because we have not been able to access the 
lake when roads are impassable because of snow.

4.5.4  Nutrient Mass Balance Model

4.5.4.1  Inflows
For nutrient inputs to Spirit Lake (Table 4.7), surface water 
generally carried higher concentrations of phosphorus than 

groundwater (average 52 μg P L−1 in streams and 24 μg P L−1 
in groundwater). On the other hand, groundwater carried 
higher concentrations of nitrogen than streams (average 
254 μg N L−1 in groundwater and 134 μg N L−1 in streams). 
As the water flows were similar in magnitude for the two 
sources, the total influx of P into Spirit Lake was greater 
from surface waters (1147 kg P from groundwater and 
635 kg P from streams), and the total influx of N was greater 
from groundwater (6664 kg N from streams and 2349 kg N 
from groundwater). The uncertainty in measuring total 
stream discharge discussed in Sect. 4.4.3 also created 

Fig. 4.11 Dominant phytoplankton species density in (a) cells mL−1 and (b) % of total, and biovolume in (c) μm3 mL−1 and (d) % of total for 
samples collected 8 July 2010. The top six species by biovolume are graphed individually, with remaining species grouped together as “Other”.

Table 4.5 Hydrologic budget calculated for Spirit Lake showing total flux (m3) for June–October for each year measured.

2008 2009 2010 2011 2014
Tunnel outflow 6.58E + 07 5.35E + 07 6.69E + 07 7.44E + 07 5.90E + 07

Surface inflow 1.05E + 07 1.20E + 07 1.72E + 07 3.65E + 07 3.34E + 07

Precipitation 4.50E + 06 5.06E + 06 6.34E + 06 4.16E + 06 6.26E + 06

Evaporation 5.55E + 06 5.55E + 06 5.55E + 06 5.55E + 06 5.55E + 06

Lake volume change −2.35E + 07 −1.68E + 07 −1.34E + 07 −1.34E + 07 −1.34E + 07

Groundwater inflow 3.29E + 07 2.52E + 07 3.55E + 07 2.58E + 07 1.14E + 07
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 uncertainty in our estimates of total N and P fluxes in stream 
water and groundwater for the nutrient budget. In order to 
improve these estimates, it would be necessary to install an 
automated system for recording stream discharge and col-
lecting water samples, a difficult task in a system with 
dynamic channel migration and multiple inflows into the 
lake.

Although we did not directly measure the flux of N and P 
into Spirit Lake by atmospheric deposition, the estimated 
magnitude of N loading via the atmosphere (1937 kg N from 
June through October) was similar in magnitude to other 
hydrologic inputs (e.g., 2349 kg N from streams). 
Atmospheric loading of P (133 kg P from June through 
October), on the other hand, was almost five times less than 
the smallest hydrologic source (635 kg P from groundwater) 
but of similar magnitude to some other fluxes, including 
insect losses (144 kg P). However, given that atmospheric 
deposition of nitrogen varied by at least a factor of two for 
nearby locations (Western Regional Air Partnership 2013; 
Tipping et al. 2014), we recommend that deposition samples 
should be collected directly at the lake to improve the model. 
The nutrient influx to the lake from dry deposition may be 
higher than wet deposition, considering the windblown dust 
and arthropods transported from the Pumice Plain and depos-
ited on the lake, as we witnessed regularly in the summer. 
For example, Edwards and Sugg (1993) estimated that from 
1983 through 1985 the mean summer season deposition of 
wind-deposited N and P was 81.8 mg m−2 and 5.5 mg m−2 
based on terrestrial arthropod collectors located on the adja-
cent Pumice Plain. Based on Edwards and Sugg’s measure-
ments from the early 1980s, the arthropod contribution alone 

could be 900 kg N and 61 kg P. Such a contribution would 
increase the estimate of the aerial deposition of nutrients to 
the lake by approximately 46% for both N and P and account 
for some of the discrepancy between measured sediment-
loading rate and the load calculated by difference (Table 4.7). 
In addition, a sizable contribution from plants (foliage, seeds, 
spores) and inorganic materials (soil and dust) is likely added 
to the lake each summer. Moreover, wind-borne loading to 
the lake by arthropods and plant materials is likely much 
higher than that calculated by Edwards and Sugg (1993) in 
the 1980s because of the increased vegetative cover in the 
contributing airshed 30+ years later (Dale et al. 2005). 
Therefore, direct measurements of aerial inputs to Spirit 
Lake in the future could substantially reduce the consider-
able uncertainty in our current estimates, which likely under-
estimate the influx of nutrients from aerial deposition.

The log-mat biofilm input to the lake was estimated at 
184 kg P and 1596 kg N over the 5-month period. This input 
was of the same order of magnitude as the atmospheric input 
estimates. Moreover, these quantities may be an underesti-
mate of nutrient inputs from the log mat. In summer, the log 
mat regularly drifted over one stationary sediment trap 
anchored near the steep, rocky shore in the east arm of Spirit 
Lake; that trap received 2.5–42 times the total mass input per 
day compared with the floating traps attached to the under-
side of logs drifting away from shore (data not shown). This 
observation suggests that abrasion of the log mat against the 
rocky substrates present along a large portion of the lake’s 
shoreline may result in even larger inputs of nutrients from 
the log mat to the lake.

What is not known at this time is whether the log mat is a 
source of new nutrients to the lake through release of nutri-
ents stored in the logs and/or N2-fixation in the biofilm, or 
whether inputs from the log mat are just a recycling of nutri-
ents taken up by the biofilm from nutrients already present in 
the epilimnion. If inputs from the log mat are a significant 
source of new nutrients into the lake, this result may have 
important implications for management of large woody 
debris in Spirit Lake and other nutrient-poor lakes common 
in the Cascade Range and elsewhere. If left in place, floating 
woody debris could increase N inputs to oligotrophic lakes 
and therefore increase primary productivity and fish bio-
mass. We plan to conduct a more intensive study of the log 
mat in the future, including an examination of δ15N values to 
determine the source of nitrogen incorporated into the 
biofilm.

4.5.4.2  Outflows
Nutrient outflows from the water column of Spirit Lake 
included losses resulting from insect emergence, amphibian 
emigration, sediment losses, and lake outflows through the 
tunnel (Table 4.7). Sampling for amphibians yielded 233 
individuals representing five lentic-breeding species: north-
western salamander (Ambystoma gracile), rough-skinned 

Table 4.6 Precipitation data (including snow–water equivalent) from 
the SNOTEL site located on the pumice plain near Spirit Lake from 
November 2007 through October 2014 (http://www.wcc.nrcs.usda.gov/
nwcc/site?sitenum=777&state=wa).

Precipitation (cm)
Month 2008 2009 2010 2011 2014
November of 
previous year

21.1 34.8 40.6 34.3 22.9

December of 
previous year

56.9 26.9 16.8 40.1 24.6

January 26.4 39.9 29.7 31.2 27.2

February 19.8 7.9 20.6 23.4 31.5

March 29.5 27.7 23.6 39.9 43.2

April 16.3 15.7 28.4 30.2 21.6

May 16.3 18.0 24.1 18.0 17.0

Total Jan–May 108.3 109.2 126.4 142.7 140.5
June 13.5 7.9 22.1 10.4 12.2

July 2.5 0.0 0.5 2.0 2.8

August 7.1 6.1 1.0 0.3 2.5

September 2.0 10.7 13.7 6.4 8.1

October 15.7 21.8 20.3 18.8 31.2

Total June–Oct 40.9 46.5 57.7 37.8 56.9
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Table 4.7 Nutrient mass balance model for Spirit Lake using data collected in 2008–2014. Aqueous concentrations (white cells at top) and nutri-
ent budget fluxes and reservoirs (gray cells) are based on total P or N. Additional data (white cells at bottom) based on average values above.

Phosphorus Budget Nitrogen Budget

2008 2009 2010 2011 2014 P average 2008 2009 2010 2011 2014 N average
Epilimnetic avg (µg L-1) NM 11 11 14 11 12 NM 347 104 0 73 131

Streams avg (µg L-1) NM 57 74 30 46 52 NM 310 121 20 86 134

Groundwater avg (µg L-1) NM 23 42 9 21 24 NM 470 292 107 145 254

Water column avg (µg L-1) NM 7 14 11 8 10 NM 326 140 8 95 142

Atmospheric deposition (kg) 133 133 133 133 133 133 1937 1937 1937 1937 1937 1937 

Tunnel outflow (kg) NM 588 736 1041 649 753 NM 18 554 6956 0 4305 7454 

Surface inflow (kg) NM 683 1269 1096 1537 1147 NM 3717 2076 731 2873 2349 

Groundwater inflow (kg) NM 580 1486 232 240 635 NM 11 849 10 388 2760 1659 6664 

Insect flux (kg) 210 96 110 158 NM 144 2519 1113 1272 1823 NM 1682 

Log mat flux (kg) NM NM NM NM 184 184 NM NM NM NM 1596 1596 

Total sediment flux (kg) NM NM 6033 3574 1607 3738 NM NM 32 439 10 594 16 414 19 816 

Amphibian flux (kg) NM NM NM NM 0.012 a 0.012 NM NM NM NM 0.1 a 0.1 

Fish reservoir (kg) NM NM 56 NM NM 56 NM NM 370 NM NM 370 
b Water column reservoir (kg) NM 1795 3590 2821 2051 2564 NM 83 592 35 898 2051 24 360 36 475 

Phytoplankton reservoir (kg) 26 20 45 NM NM 30 127 98 219 NM NM 148 

Zooplankton reservoir (kg) 258 71 65 NM NM 131 1947 535 488 NM NM 990 

Aquatic macrophyte reservoir
(kg)

NM 136 218/364 c NM NM 177 NM 1233 1424/2446 c NM NM 1329 

Biofilm reservoir (kg) NM NM 29 124 43 65 NM NM 1451 1459 779 1230 

Benthic sediment reservoir (kg) NM NM 736 853/633 821 d NM 736 853 NM NM 763 000/595 000 d NM 763 000 

Phosphorus Budget Nitrogen Budget

Total nutrient influx into lake basin 2098 kg 12 546 kg

Total nutrient efflux from lake basin 897 kg 9136 kg

Calculated flux to sediments
(by difference)

1201 kg 3411 kg calculated

Measured flux to sediments 3738 kg 19 816 kg measured

Ratio measured/calculated 3.1 times 5.8 times

Reservoir total 2863 kg 39 404 kg

Turnover rate
(reservoir total/(total outflows+sediment flux))

1.6 times per sampling period 0.7 times per sampling period

Biotic reservoir (% total reservoir) 16 % 10 %

N:P molar ratio in biota 19.6

N:P molar ratio in inflows 13.2

a Measured in August 2013.
bIncludes plankton.
cSecond estimate using sonar data.
dSecond estimate uses kriging to spatially average N and P.
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newt (Taricha granulosa), Pacific treefrog (Pseudacris 
regilla), western toad (Anaxyrus boreas), and Cascades frog 
(Rana cascadae). The maximum biomass of amphibians was 
0.159 g wet wt m−2, which resulted in an efflux of 9.73 kg 
wet weight when adjusted for the available amphibian habi-
tat in Spirit Lake. Based on the average nutrient content of 
35.7% C, 8.3% N, and 1.0% P (dry mass) for amphibians, 
these values represented an efflux of 100 ± 45 g N and 12 ± 
5 g P. Although we likely have underestimated the amphibian 
biomass produced and exported from the lake, we believe 
that the relative contribution of amphibians to the total efflux 
of nutrients from the lake is minor given the limited suitable 
habitat, largely confined to small segments of the south shore 
and the very distal ends of the two northern arms, and the 
presence of predatory fish.

We estimated that insect emergence from Spirit Lake 
removed on average 144 kg P and 1682 kg N (Table 4.7). 
This outflow value may be an underestimate for several rea-
sons. First, it has been shown in the literature that floating 
emergence traps are preferentially avoided by some insect 
species during emergence, including some Ephemeroptera 
and Diptera species (Malison et al. 2010). Second, we col-
lected samples only from open water away from the floating 
log mat (Figs. 4.1 and 4.2). We suspect that the log mat 
increases emergence densities and possibly expands the lake 
area where significant insect emergence occurs. Anecdotally, 
our team encountered large numbers of remnant insect exo-
skeletons and live dragonfly larvae on floating logs while 
collecting biofilm samples. Our team will attempt to target 
insect emergence from the log mat in the future.

Overall, the average total P influx to the lake over our 
5-month sampling period was approximately 2100 kg P 
(groundwater, surface water, precipitation, and log mat), 
whereas approximately 900 kg P was lost via the tunnel and 
insect emergence, leaving 1200 kg P (calculated by differ-
ence) to be removed to the sediments (Table 4.7). This efflux 
of P to the sediments is approximately three times less than 
the estimated flux of 3740 kg P based on empirical data. For 
N, the average total influx was approximately 12 500 kg N; 
the average lost was 9100 kg N, with 3400 kg N estimated to 
be removed to the sediment. This flux of N to the sediments 
is approximately sixfold lower than the measured flux of 
19 800 kg N.

We suspect that the source of this discrepancy in balanc-
ing the nutrient budget resulted from underestimating nutri-
ent inputs rather than outflows. This is because we have 
greater confidence in the accuracy of the output estimate, 
for the tunnel outflow was continuously monitored, the 
nutrient concentration in the epilimnion was nearly con-
stant, and losses associated with insect and amphibian emi-
gration were small. Although transport of nutrients 
associated with the removal of aquatic biota (i.e., fish, 
amphibians, and aquatic plants) by semiaquatic and 

 terrestrial herbivores (e.g., waterfowl and beaver [Castor 
canadensis]) and predators (e.g., mink [Neovison vison], 
otters [Lontra canadensis], waterfowl, and raptors) was not 
quantified, we estimate that this flux would have been small, 
given the small biomass of fish, amphibians, and aquatic 
plants (Table 4.7).

Conversely, estimates for inflows rely on the assumption 
that stream discharges and concentrations measured in a few 
locations accurately represent the entire catchment. It is pos-
sible that stream discharge and nutrient concentrations are 
heterogeneous across the post-eruption landscape. This 
would introduce a large bias into our inflow estimates. The 
other sizable influx with suspected greater uncertainty is 
atmospheric deposition, including wet and dry deposition 
(i.e., arthropods, plant matter, and inorganic dust). Reducing 
this uncertainty will require the direct collection of wet and 
dry deposition samples from the lake.

4.5.4.3  Reservoirs
Nutrient reservoirs quantified in Spirit Lake included water, 
plankton, aquatic macrophytes, log-mat biofilm, sedi-
ments, and fish. In general, the size of the total reservoirs of 
N and P was within a factor of two of the measured outflows. 
We calculated a nutrient turnover rate of 0.7 and 1.6 times 
per 5-month sampling period for N and P, respectively 
(Table 4.7), suggesting a high turnover rate for all reservoirs 
of nutrients in the system.

By far the biggest reservoir of nutrients was in the lake 
water, but the total N and P concentrations were very dilute. 
The total nutrients in the water column (approximately 
2400 kg P and 35 300 N) were judged to be mostly in non- 
planktonic (organic and inorganic) particulate form, as total 
N and P water-column estimates far exceeded the reservoir 
estimated in the phytoplankton (30 kg P and 148 kg N) and 
zooplankton (131 kg P and 990 kg N), and dissolved nitrate, 
ammonia, and orthophosphate were mostly undetectable. Our 
estimates showed greater nutrient biomass in zooplankton 
than in phytoplankton, which may be counter to ecological 
expectations if phytoplankton are the primary source of food 
for the zooplankton. It is possible that non-planktonic particu-
late matter or bacteria may be another source of food for zoo-
plankton. Alternatively, higher zooplankton biomass also 
may be indicative of high grazing rates commensurate with 
high primary production rates (e.g., Sommer et al. 2012). 
Estimates of primary production rates would be useful to 
assess these hypotheses in the future.

The nutrient reservoir in the aquatic macrophytes (177 kg 
P and 1329 kg N) was slightly larger than in the combined 
plankton (Table 4.7). The nutrient reservoir in the log-mat 
biofilm was similar to the macrophytes in magnitude for 
nitrogen (1230 kg N), but smaller for phosphorus (65 kg P). 
Comparing these three reservoirs of nutrients in primary 
 producers in the lake, we find that macrophytes and log-mat 
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biofilm increase available nutrients for grazers in the lake 
almost 200% over plankton alone (Table 4.7). Therefore, it is 
possible that Secchi-depth comparisons, which reflect plank-
ton abundance alone rather than overall lake productivity, 
may not accurately estimate changes in lake trophic status 
after the eruption.

The rainbow trout population was estimated at 13,005 
individuals (95% CI (confidence intervals), 8719–20,228), 
and the mean fish mass in Spirit Lake during 2011 was esti-
mated at 13,954 kg (95% CI, 9887–21 705 kg). Based on our 
lab assays, the fish contained 45.2% C, 12.9% N, and 1.9% 
P, which yielded a nutrient reservoir of 370 kg N and 56 kg 
P. This reservoir is two to three times less than the mass of 
nutrients in the zooplankton reservoir.

We do not have measurements for the reservoirs of nutri-
ents in fully aquatic arthropods (e.g., amphipods), amphibi-
ans, or benthic macroinvertebrates in the lake, which may be 
a sizable pool of importance to trophic transfer in the Spirit 
Lake ecosystem. We hope to fill this data gap in future work.

Together, the biotic reservoirs of nutrients contain approx-
imately 10% and 16% of the N and P, respectively, in the lake 
(Table 4.7). The N:P molar ratio in the biota was 19.6, but the 
ratio in the incoming waters was 13.2, suggesting a slight N 
deficiency in Spirit Lake. This measure is imperfect, as the 
bioavailable fraction in the incoming waters may vary sig-
nificantly from the total, but it does make some intuitive 
sense, allowing for the higher P content of the volcanic 
deposits and the low concentration of N in the surrounding 
watershed (e.g., soils and vegetation). This result also sug-
gests that additional N inputs from N2-fixation by the log- 
mat biofilm, if significant, could be important in the overall 
trophic status of this disturbed ecosystem.

Our physical and chemical data suggested that the sedi-
ment reservoir was a net sink, not a source, of nutrients. As 
bottom waters were sufficiently oxygenated (Fig. 4.7b), it 
was unlikely that redox conditions favored the release of P 
from the sediments through reductive dissolution. In addi-
tion, specific-conductivity measurements (Fig. 4.7c) did not 
suggest the diffusion of dissolved ions from the benthic sedi-
ments was significant. However, it is likely that benthic mac-
roinvertebrates and aquatic macrophytes in the nearshore 
region of the lake recycle some of the nutrients in this reser-
voir back into other reservoirs in the lake. An interesting spa-
tial pattern emerged from our data, showing higher N and P 
concentrations in the north ends of the east and west arms of 
the lake and in Duck Bay compared to the south end of the 
lake (Fig. 4.12). We know that the log mat is forced to the 
north end of Spirit Lake by prevailing winds during most of 
the summer. An analysis of the images taken in 2014 with a 
time-lapse camera, set to capture a view of most of the lake, 
showed that logs were present in the northeast arm of the 
lake 60–95% of the time and in the northwest arm 35–75% 

of the time from July through October (Fig. 4.13). The log 
mat spent little time along the southwest shore. This result 
suggests that the log mat may be responsible for the greater 
N and P in the north end of Spirit Lake. In contrast, Duck 
Bay is a long, narrow extension of the lake to the SE in which 
the log mat almost never concentrates; rather, this area has an 
extensive, shallow littoral zone with a dense macrophyte 
community. We hypothesize that the macrophytes contribute 
to the comparatively high nutrient concentrations in the sedi-
ments in this portion of the lake.

Fig. 4.12 Nutrient concentrations (ppm) in benthic sediments in Spirit 
Lake collected in 2010 and 2011.
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4.6  Conclusions

Comparing current conditions in Spirit Lake to what we 
know about the pre-eruption lake, we find that many param-
eters have returned to levels seen prior to 18 May 1980. 
Unfortunately, we only have significant summer data from 
1974 (Dion et al. 1976) to compare to, and it is impossible to 
know whether that year represents normal or anomalous con-
ditions for the pre-eruption lake. The maximum recorded 
temperature in Spirit Lake was 16 °C in August 1974, which 
is 5 °C lower than the maximum in 2009. More recent con-
tinuous temperature monitoring in the lake shows an increas-
ing temperature trend over the last 10 years (Fig. 4.8). This 
trend is supported by other lake research in the Pacific 
Northwest. Annual average water temperature in Lake 
Washington increased ~1.6 °F (0.9 °C) from 1964 to 1998 
(Arhonditsis et al. 2004). Higher temperatures can have 
significant effects on aquatic primary production and species 
composition. Therefore, the effects of climate change should 
be investigated in future Spirit Lake research.

Evidence from dissolved oxygen, phosphate, manganese, 
and iron measurements and specific conductivity values in 
the hypolimnion of Spirit Lake in 1974 (Dion et al. 1976) 
suggests the sediments in the pre-eruption lake may have 
gone anoxic in the late summer. Although we did record dis-
solved oxygen concentrations as low as 3.3 mg L−1 at 29 m 
depth in the water column in 2014, we did not see evidence 
of sediment anoxia either in dissolved phosphate concentra-
tions or specific conductivity values in the bottom waters. 
With the exception of Duck Bay, sediments in Spirit Lake at 

present are low in organic matter and therefore may not cur-
rently provide fuel for high levels of biological oxygen 
demand. This situation may change in the future as the sur-
rounding watershed continues to develop, potentially 
increasing allochthonous carbon inputs.

Both alkalinity and specific conductivity have continued 
to decrease in Spirit Lake 30+ years after the eruption 
(Table 4.2). These changes may both be related to decreasing 
weathering rates from geological parent material in the lake 
basin and the watershed. Values for alkalinity and specific 
conductivity are still 44% and 270% higher in 2014 than in 
1974 (Dion et al. 1976), but they are continuing to decline 
and may reach pre-eruption levels, barring significant addi-
tional disturbance in the near future.

Indicators of Spirit Lake productivity, Secchi depth 
(Fig. 4.6), total P and N, and chlorophyll a (Table 4.2) are 
now at levels comparable to those measured in Spirit Lake in 
1974. Thus, the TSI values calculated for the lake in 2011 are 
comparable to 1974 (Table 4.3). This suggests that plank-
tonic productivity has returned to pre-eruption levels. 
However, greater primary production by aquatic macro-
phytes and log-mat biofilm may mean greater lake produc-
tivity in the new Spirit Lake than in the pre-eruption lake, 
although we have no data for making such a conclusion for 
the pre-eruption lake.

This study serves as a baseline for understanding future 
changes in the hydrology, chemistry, and ecology of Spirit 
Lake. As vegetation in the watershed continues to expand 
and cover more of the landscape, surface and stream-channel 
erosion should decrease and organic matter should develop 
on the ground, increasing the retention of nutrients on land 
and potentially decreasing external nutrient inputs to the 
lake. In addition, as the vegetation matures and succession 
continues, the system should shift from wind-driven to 
gravity- driven, and there should be an associated decrease in 
aerially transported inputs. However, terrestrial grazing rates 
and the relative proportion of N2 fixed and exported by ter-
restrial plants will also affect the rate of this change. As ter-
restrial succession proceeds, we predict a decrease in N2 
fixed by plants, as the species responsible for these processes 
(Lupinus spp., Alnus spp.) require sunlight and do not occur 
in great abundance in the understory of forests. Moreover, 
effects of climate change, including temperature and precipi-
tation shifts, have the potential to alter the hydrology and 
ecology of the watershed, with unknown consequences for 
Spirit Lake ecosystem structure and functioning. Our future 
work aims (1) to continue long-term measurements of the 
physical, chemical, and biological properties of the lake, to 
establish a long-term data series, (2) to better understand the 
role of the log mat in the chemistry and ecology of the lake, 
and (3) to work with others to develop a coupled terrestrial/
aquatic nutrient model for the lake. Through this work we 
hope to chronicle the long-term response of the Spirit Lake 

Fig. 4.13 Analysis of time-lapse photos of log-mat position in Spirit 
Lake, June–September 2014.
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ecosystem to cataclysmic volcanism and to elucidate mecha-
nisms applicable to other disturbed systems in order to 
increase our understanding of basic science principles and to 
inform management decisions for the future. Our work 
shows the potential for floating logs to provide additional 
nutrients to oligotrophic lakes and therefore to increase fish 
biomass, a desired outcome for many lake managers.
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Glossary

Dimictic (adj) A lake having a pattern of stratification 
in which it undergoes two periods of mixing, one in the 
spring and one in the autumn.

Epilimnion (adj epilimnetic) The upper layer of a lake 
during thermal stratification, characterized by well-
mixed, well-illuminated warmer water.

Eutrophic (adj) The condition of water being rich in plant 
nutrients and the results of this condition.

Hypereutrophic (adj) The condition of water being 
extremely productive, with abundant nutrients and very 
high primary producer biomass.

Hypolimnion (adj hypolimnetic) The poorly illuminated 
lower region of a stratified lake, characterized by denser, 
colder water protected from wind action; lies below the 
metalimnion.

Mesotrophic (adj) The condition of water being only 
moderately rich in plant nutrients and the results of this 
condition.

Metalimnion (n) The central layer of a stratified lake 
between the epilimnion and the hypolimnion, character-
ized by rapid temperature change with depth; the region 
where the thermocline is found.

Nauplii (n pl), nauplius (sing) The earliest free-living 
stage in the development of most crustaceans, including 
Copepoda.

Oligotrophic (adj) The condition of water being poor in 
plant nutrients and the results of this condition.

Secchi depth (n) A measure of water clarity equal to the 
mean depth of the point where a weighted black and white 
checkered disk (20 cm in diameter) disappears when 
viewed from the shady side of a vessel and that point 
where it reappears upon raising it after it has been low-
ered beyond visibility.

Thermocline (n) The plane of maximum rate of decrease 
of temperature with respect to depth.
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Soil Carbon and Nitrogen and Evidence 
for Formation of Glomalin, 
a Recalcitrant Pool of Soil Organic 
Matter, in Developing Mount St. Helens 
Pyroclastic Substrates

Jonathan J. Halvorson, Kristine A. Nichols, 
and Charles M. Crisafulli

5.1  Introduction

Plant and soil community assembly on Mount St. Helens 
volcanic substrates has been a subject of considerable inter-
est for more than 30 years. Early colonists such as lupines 
(Lupinus latifolius and L. lepidus) were successful because 
local source populations possessed morphological and phys-
iological adaptations to harsh conditions (Braatne and Bliss 
1999), including the ability to fix atmospheric nitrogen via 
symbiosis with Rhizobium (Halvorson et al. 1992). Organic 
matter, nutrient concentrations, microbial biomass, and other 
indicators of soil development increased relatively rapidly 
under lupines. These factors, together with biotic interac-
tions such as competition with other plants or insect herbiv-
ory, abiotic erosive processes, and stochastic environmental 
drivers like the period of unusually wet conditions recorded 
for the pyroclastic site from 1995 through 1999, helped 
shape emerging patterns of plant community structure and 
soil characteristics (Bishop et al. 2005; Halvorson et al. 
2005; del Moral et al. 2012).

One unexpected observation of early studies was evi-
dence for significant accumulations of glomalin in pyroclas-
tic deposits, especially under lupines (Halvorson and Smith 
2009). Glomalin, produced by arbuscular mycorrhizal 
fungi (AMF), is thought to be an important pool of decom-
position-resistant organic matter (Wright and Upadhyaya 
1996, 1998; Treseder and Turner 2007; Singh 2012; Walley 
et al. 2013). As a mixture of compounds (Gillespie et al. 
2011), glomalin is a glycoproteinaceous material defined 
operationally by alkaline salt extraction at high temperature 
and pressure, which can be classified as Bradford-reactive 
soil protein (BRSP), glomalin- related soil protein (GRSP), 
total glomalin (TG), easily-extractable glomalin (EEG), 
immunoreactive TG (IRTG), immunoreactive EEG (IREEG), 
immunoreactive GRSP, or immunofluorescent material (e.g., 
Rillig et al. 2003; Lovelock et al. 2004b; Singh 2012; Koide 
and Peoples 2013; Nichols et al. 2013). Despite issues con-
cerning the exact molecular composition of glomalin, poten-
tial co- extractants measured during the protein analysis 
(Halvorson and Gonzales 2006; Gillespie et al. 2011), and 
variations in molecular structure with different arbuscular 
mycorrhizal species or decomposition processes in the soil, 
glomalin concentration is frequently correlated with water-
stable aggregation, mycorrhizal activity, and soil organic C 
and N concentrations (Nichols and Wright 2004, 2005; 
Treseder and Turner 2007; Koide and Peoples 2013).

Arbuscular mycorrhizal fungi (AMF) are often found in 
early primary-successional substrates (Kikvidze et al. 2010), 
including those deposited by the 1980 eruption of Mount St. 
Helens (Allen et al. 2005; Titus et al. 2007), but their role in 
soil ecosystem development and interactions with plants is 
likely to be complex and variable (Singh et al. 2011; Kardol 
et al. 2013) and is still incompletely understood (Dickie et al. 
2013). Diversion of photosynthate from growth to support 
the AMF-plant relationship may increase the availability of 
nutrients to plants (Van Der Heijden and Horton 2009; 
Neumann and George 2010). Mycorrhizal-plant associations 
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are often associated with phosphorus acquisition or avail-
ability (Richardson and Simpson 2011; Turner et al. 2013), 
but their role in nitrogen acquisition and cycling is increas-
ingly appreciated (Smith and Smith 2011; Veresoglou et al. 
2012; Hodge and Storer 2015). The efficiency of the trade- 
off of plant-derived carbon for mycorrhizally enhanced 
nutrient access has been used to differentiate whether AMF 
is a parasite or a mutualist (Johnson et al. 1997), but this 
distinction is still debated (Smith and Smith 2011). In several 
instances, AMF associations have produced no growth ben-
efits in early successional species (Titus and del Moral 1998; 
Sikes et al. 2012).

Less is understood about the nature and strength of feed-
backs between AMF, plants, and soil conditions. Fungal 
community structure has been found to develop along with 
aboveground vegetation, increasing in diversity with age of 
the terrain (Cutler et al. 2014) and affecting plant community 
composition and thus aboveground productivity (Rillig et al. 
2014). Other research suggests that fungal activity may 
respond more to soil conditions than to plant identity (Sikes 
et al. 2014).

Aside from a paucity of critical plant nutrients like nitro-
gen, the biggest barriers plants face in pyroclastic substrates 
are the lack of water and soil organic matter. Glomalin and 
glomalin-like biomolecules produced by AMF may be 
instrumental in surmounting these barriers (Wu et al. 2013; 
Miransari 2014). In addition to boosting nutrient retention by 
providing organic binding sites (González-Chávez et al. 
2002), the roles of these molecules in building soil structure 
and creating micro- and macro-sites for better water-holding 
capacity by stimulating aggregate formation may be critical 
to soil formation in pyroclastic substrates (Rillig and 
Mummey 2006; Nichols et al. 2013). As a glycoprotein, glo-
malin is hydrophilic, particularly where the glycosyl groups 
attach, but amino acid analysis plus water-stable aggregation 
analysis demonstrates that it has hydrophobic character as 
well, owing to more hydrophobic amino acids (K. Nichols, 
personal communication). Glycoproteins commonly exhibit 
different folding patterns, exposing hydrophilic sides in 
aqueous solutions and hydrophobic sides for binding and 
other activities. Glomalin may thus increase water repel-
lency in soils (Wright and Upadhyaya 1998; Rillig 2005; 
Young et al. 2012). Increased water repellency is often 
related to aggregate stability and may enhance water and car-
bon storage in pyroclastic soils and affect mineralization of 
soil organic matter (Atanassova et al. 2014). Glomalin pro-
duction may be stimulated in response to chemical, physical, 
or even biological soil factors (Purin and Rillig 2007). For 
example, Rillig and Steinberg (2002) observed less total 
hyphal length but more glomalin produced when roots were 
grown in small glass beads (<106 μm) simulating less- 
aggregated soil, compared with those grown in larger glass 
beads (710–1180 μm) simulating an aggregated soil. Changes 

in community structure of AMF and production of glomalin 
were induced as a response to toxic heavy metals like Al, Cr, 
or Cu, or to salinity (Na) (González-Chávez et al. 2004; 
Hammer and Rillig 2011; Seguel et al. 2013; Gil-Cardeza 
et al. 2014; Krishnamoorthy et al. 2014).

The objectives of this study were to gather information 
about organic matter that has accumulated in Mount St. 
Helens pyroclastic substrates since the 1980 eruption. This 
information is consistent with our long-term studies of soil 
development, and whereas previous studies emphasized 
simple binary comparisons between lupine-influenced zones 
and barren substrates, this work better reflects contemporary 
successional patterns across the landscape by comparing soil 
characteristics along a gradient of plant community com-
plexity. A further objective was to measure the quantity and 
distribution of BRSP, hereafter referred to as glomalin, both 
relative to depth and in association with different plant com-
munity types, and to estimate its contribution to total soil 
carbon and nitrogen pools. We suggest that glomalin forms 
relatively early during soil development, and that even small 
amounts of such microbially produced substances may have 
important effects on soil processes and thus vegetation devel-
opment prior to the accumulation of humified soil organic 
matter.

5.2  Materials and Methods

5.2.1  Site Descriptions and Sampling

We collected soil on the Mount St. Helens pyroclastic-flow 
deposits (Swanson and Major 2005) (46.23°N, 122.16°W) in 
September 2011 near study sites used extensively as part of a 
long-term investigation of small-mammal community reas-
sembly on the Pumice Plain (Crisafulli et al. 2005) (Fig. 5.1). 
We sampled from (1) herb-dominated upland areas that var-
ied in their abundance of bryophytes (mosses), grasses, and 
forbs, with diversity characterized as low (LDH), intermedi-
ate (IDH), or high (HDH), (2) dense shrub-dominated thick-
ets of upland green alder (Alnus viridis) (SDU), and (3) 
riparian areas supporting dense thickets of willow (Salix 
sitchensis) (SDR) (Fig. 5.2a–e). The LDH, IDH, and HDH 
communities occupy largely intact surfaces created during 
the eruption and are well represented in the majority of the 
landscape. The shrub-dominated communities are more 
 limited in their coverage, occupying areas adjacent to stream 
courses (shrub-dominated riparian, SDR) or areas subjected 
to post-eruption erosional processes with lower surface ele-
vations and high topographic moisture (shrub-dominated 
upland, SDU). Collectively, these two shrub community 
types occupy <10% of the Pumice Plain. Litter accumulation 
in the herb-dominated sites relates to overall plant cover and 
decreases from the HDH to the LDH community types. 

J.J. Halvorson et al.
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Distinct organic layers are present in both of the shrub com-
munity types.

We also sampled in two late-seral forest stands unaffected 
by the 1980 eruption and used these as reference sites to 
compare with the early primary-successional sites on the 
Pumice Plain. The reference sites are located in the Pacific 
silver fir zone (Franklin and Dyrness 1988) about 40 km 
northeast of Mount St. Helens, at 1120 m (ASL). Dominant 
overstory species in these stands are Abies amabilis and 
Tsuga heterophylla, with co-dominant Pseudotsuga menzie-
sii and Thuja plicata. Mean stem density and basal area per 
hectare are 625 and 145.7 m2, respectively. Understory com-
munity dominants are ericaceous shrubs (Vaccinium spp.) 
with high cover values (58%), Abies amabilis saplings, and a 

variety of herbs (e.g., Linnaea borealis, Cornus canadensis, 
Rubus lasiococcus).

These reference forest sites were selected because they 
were of similar age and vegetative structure to forest growing 
in the Spirit Lake basin (now the Pumice Plain) prior to the 
1980 eruption (USDA Forest Service, 1979 unpublished 
data) and had similar physical site characteristics, such as 
slope gradient, elevation, and climate. Based on these simi-
larities, we assume that these reference sites supported soils 
representative of our study area and more broadly similar to 
late-seral forest of the southern Washington Cascade Range, 
including the Mount St. Helens vicinity. Forest soils in this 
region are andisols of volcanic origin (Dahlgren et al. 2004), 
and a common feature of these soils is their development on 

Fig. 5.1 Locations of study sites where soil samples were collected. (Cartography by Kelly Christiansen, USDA Forest Service, Pacific Northwest 
Research Station).
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Fig. 5.2 Examples of (a) a low-diversity upland herb community (LDH) characterized by low species richness and cover values (5–10%) of forbs 
and grasses and an occasional small-stature shrub; (b) an intermediate- diversity upland herb community (IDH) characterized by moderate species 
richness and cover values (20–30%) of forbs and grasses and low shrub cover; (c) a high-diversity upland herb community (HDH) characterized 
by high species richness and cover values (~50%) of forbs and grasses with numerous scattered Salix sitchensis and Alnus viridis shrubs; (d) a 
shrub-dominated upland thicket (SDU) characterized by mesic upland sites that support dense monotypic stands of A. viridis; and (e) a shrub-
dominated riparian thicket (SDR) characterized by wet/mesic seep and streamside sites that support dense growth of S. sitchensis and A. viridis. 
For both SDU and SDR, canopy height of 2–5 m and cover >70% create heavily shaded understories with low-diversity herb communities and 
contribute to high litter accumulation. (Photos by C.M. Crisafulli).
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top of fresh volcanic surfaces. Indeed, soil pits at our refer-
ence forest sites reveal this typical pattern of tephra deposits 
interleaved with organic soils that developed between volca-
nic deposition events (see Fig. 11.5 in Allen et al., Chap. 11, 
this volume). Thus, our reference forest sites provide a rele-
vant comparison to evaluate differences in key soil metrics 
(i.e., nutrients, organic matter, and glomalin) between undis-
turbed late-seral forest soils typical of the region and those 
developing on the Pumice Plain. Finally, the potential natural 
vegetation of the Pumice Plain is coniferous forest, and we 
assume that in the absence of additional volcanic activity, 
both vegetation and soils on our site will eventually converge 
toward something roughly similar to pre-eruption condi-
tions, although this process could take centuries.

For each plant community, we collected mineral soil with 
a trowel at three depths (surface to 5, 5–10, and 10–20 cm) 
from three randomly located pits at two or three study sites. 
For SDU, we collected samples in nine randomly selected 
alder thickets. We also sampled the distinct organic layer 
present on top of the soil for SDU and SDR, but did not con-
sider these samples in our analyses. In the lab, we sieved 
samples (2 mm sieve), dried them to a constant mass at 
55 °C, and stored them at room temperature pending further 
analysis. Dried samples averaged less than 0.3% H20 by 
weight. We estimated particle bulk density as the average 
mass of both “freely settled” (poured) and “tapped” soil 
needed to fill a container of known volume (25 cm3).

5.2.2  Vegetation Structure

We distinguished vegetation structure at each study site 
using a modified “foliage height diversity” (FHD) method 
(MacArthur and MacArthur 1961). This method provides 
information on plant physiognomy by measuring the vertical 
distribution of vegetation by life form (see below). At each of 
our study sites, we arrayed nine transects at 15-m intervals. 
We fixed transect length at 30 m for LDH, IDH, and HDH 
sites, but varied the length at the SDR and SDU sites based 
on the width of those habitats (range 7.9–30 m). We placed 
FHD measurement stations (n = 66–144) every 2 m along 
each transect, and at each station we vertically positioned a 
3-m graduated PVC pole and assessed the presence (contact 
with pole) of bryophytes, graminoids, forbs, shrubs, and 
trees in each of the following height classes: 0–10 cm, 
11–25 cm, 26–50 cm, 51–100 cm, 101–150 cm, 151–200 cm, 
200–300 cm, and >300 cm. Thus, across sites there were 
between 582 and 1152 points in space where we assessed 
vegetation presence. At each site, we calculated the product 
of the number of FHD stations on each transect and the eight 
height classes to derive the total number of points sampled 
for vegetation. Then we summed the number of intercepts 

with vegetation present (positive hits). We divided the num-
ber of positive hits along each transect by the total number of 
possible points along that transect to calculate the proportion 
of vegetation present.

5.2.3  Total and Soluble Soil Carbon (C) 
and Nitrogen (N)

We determined total soil C and N after dry oxidation (Nelson 
and Sommers 1996) using a FlashEA 1112 NC Analyzer (CE 
Elantech, Lakewood, New Jersey, USA) with CE Elantech 
NC reference soil (3.5% C and 0.37% N) and K-factor cali-
bration with aspartic acid as a standard. We extracted water-
soluble organic carbon (WSC) and nitrogen (WSN) using a 
sequential cool- (23 °C) and hot-water (80 °C) extraction 
procedure and analyzed the solutions with a Shimadzu TOC-
VCPN analyzer equipped with a TNM-1 module (Shimadzu 
Scientific Instruments, Columbia, Maryland, USA) 
(Halvorson et al. 2013).

5.2.4  Glomalin (Bradford-Reactive Soil 
Protein)

We extracted subsamples (2 g) from each soil for glomalin 
with 100 mM tetrasodium pyrophosphate, pH 9.0, for 1-h 
cycles at 121 °C in an autoclave (Wright et al. 2006). We 
repeated the 1-h extraction cycle 2–15 (mean = 4) times until 
the extraction solution was colorless. After each 1-h extrac-
tion cycle, we centrifuged samples to pellet the soil and 
remove extract solution. We combined all extract solutions 
per subsample and measured the total volumes. We used the 
Bradford total protein assay as a measure of glomalin, with 
bovine serum albumin (BSA) as the standard (Bradford 
1976; Nichols and Wright 2004). We added an aliquot of 
100 mM tetrasodium pyrophosphate to the BSA standard to 
remove background cross-reactivity with the dye solution. 
We calculated total protein values as mg Bradford-reactive 
soil protein (BRSP) g−1 soil.

5.3  Data Analysis

5.3.1  Vegetation Structure

We examined the effect of site and plant community type on 
the mean proportion of vegetation using a two-way 
ANOVA. There was no site effect on the proportion of veg-
etation (P = 0.28), and there was strong evidence that the 
mean proportion of vegetation differed between at least two 
of the plant communities (P < 0.001 from a one-way ANOVA 
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F-test). This finding was our justification for pooling all sites 
for a given community type. We also summarized the mean 
proportion of vegetation for each life form. We calculated the 
mean using the proportion of each life form intersecting a 
transect at eight heights.

5.3.2  Soil

We conducted data analysis using SAS/STAT software, ver-
sion 9.2 of the SAS System for Windows (SAS Institute 
2002–2008). We used a linear mixed model with repeated 
measures (SAS PROC MIXED, SAS Institute, Cary, North 
Carolina, USA) to analyze patterns of total and soluble 
carbon and nitrogen and glomalin, and selected a model that 
contained both fixed (plant community) and random (sample 
location) effects, with depth as a repeated measure. We used 
the KR (Kenward-Roger) option to calculate degrees of free-
dom and selected covariance structures to minimize Akaike’s 
information criterion. We performed multiple pairwise com-
parisons of means using Fisher’s protected least significant 
difference test using a value of 5% (P < 0.05) as the mini-
mum criterion for significance unless otherwise noted. We 
evaluated assumptions of normality and identified appropri-
ate data transformations with SAS/ASSIST.

Using SAS PROC CORR, we characterized bivariate 
relationships between glomalin and the other soil properties 
by Spearman correlations. Unlike Pearson correlations, 
Spearman correlations do not assume bivariate normality 
and are less biased by outliers. Values given in text and 
graphs are the arithmetic mean ± the standard error of the 
mean expressed on an oven-dry soil basis.

5.4  Results and Discussion

Early work (through about 2005) was based on a simple 
binary sampling design comparing lupine-influenced zones 
to barren substrates. Beginning in 1990, living and dead 
lupines were delineated from each other and sample depths 
were standardized (0–5, 5–10 cm). By 2010, it was clear that 
there was a need to compare the initial herbaceous colonists 
(lupines) to other nitrogen-fixing species (upland alder) 
because woody species were becoming increasingly domi-
nant in the landscape. This initial shift in woody-plant abun-
dance has several important potential implications for plant 
succession (e.g., species turnover), microclimate (e.g., 
altered light regime, decreased wind, increased water reten-
tion), and soil genesis (e.g., heavy litter input, Frankia nitro-
gen influence). The current sampling approach, adopted in 
2011, moved away from simple binary comparisons to mul-
tiple comparisons among several sites representative of a 
gradient of plant community complexity.

5.4.1  Vegetation Structure

At the coarsest level, vegetation analyses revealed an unsur-
prising dichotomy between structurally simple herb- 
dominated communities and comparatively complex 
shrub-dominated communities (Fig. 5.3). A significant dif-
ference was apparent between LDH and all other sites, and 
IDH and HDH were significantly different from both shrub 
community types, but not from one another. Shrub sites 
were similar to each other. However, when looking at the 
mean proportion of different life forms present at the sites, a 
more complex pattern emerged (Fig. 5.4). Bryophyte values 
were highest at IDH and HDH sites, lowest at shrub sites, 
and intermediate at LDH sites (Fig. 5.4a). Graminoids 
 followed a more complex pattern, with the highest value 
in SDU followed in decreasing proportion from 
HDH > LDH > SDR > IDH (Fig. 5.4b). Forb values  generally 
increased from LDH to SDU (Fig. 5.4c). All herb- dominated 
sites had low shrub values, whereas SDR and SDU had a 
similar mean proportion of shrubs (Fig. 5.4d).

The plant communities reported in this chapter are more 
complex in terms of species richness and physical structure 
as compared with the lupine communities studied in the first 
decades after the eruption (Halvorson et al. 1991, 2005; 
Halvorson and Smith 2009). In many locations on the Pumice 
Plain, the sequence of plant community development in 
upland habitats involved L. lepidus establishment, followed 
by rapid growth and spread of plants in expanding rings 
around the mother plant and maintenance of a near monocul-
ture for a few to several years. In this regard, lupine commu-

Fig. 5.3 Vegetation structural complexity across five plant community 
types on the Pumice Plain, Mount St. Helens, USA. Low-diversity herb 
(LDH), intermediate-diversity herb (IDH), high-diversity herb (HDH), 
shrub-dominated riparian (SDR), and shrub-dominated upland (SDU). 
Data points are mean values with error bars representing one standard 
error.
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nities spread in something analogous to an advancing army 
front. These young and vigorously growing lupine populations 
appear to inhibit the establishment of other plant taxa (Morris 
and Wood 1989) until natural senescence ensues or is hastened 
by herbivores (Bishop et al. 2005). Once a dieback event 
occurs, numerous wind-dispersed herbs and graminoids 
establish, and lupine rarely attains dominance, yet tends to 
persist as a community member for decades. The upland 
communities in this study represent different states along 
this general trajectory.

5.4.2  Soil

Soil bulk density, total and soluble carbon and nitrogen, and 
glomalin were strongly affected by plant community type, 
but this effect also depended on sample depth (Table 5.1). In 
general, differences among the community types were most 

apparent at the 0–5 cm depth, but there was little distinction 
among sites at the 10–20 cm depth. Most soil characteristics 
varied with depth, but these changes were often least evident 
in the LDH.

5.4.2.1  Bulk Density
Bulk density increased significantly with depth under most 
community types. The lower values of bulk density near the 
surface were likely associated with inputs of organic matter 
from vegetation and were particularly evident at 
SDR. Conversely, soil bulk density for LDH did not vary 
with depth and showed less influence of organic inputs at the 
0–5 cm depth. Values of average bulk density at the 10–20 cm 
depth were similar for all locations, 1.42 ± 0.02 Mg m−3.

Surface values of bulk density in the LDH, IDH, and SDU 
community types were similar to those previously observed for 
barren pyroclastic sites, whereas those for the HDH and SDR 
sites were consistent with those found under lupine colonists 

Fig. 5.4 Mean proportion of vegetation by life form across five plant community types on the Pumice Plain, Mount St. Helens, USA. Data points 
are mean values with error bars representing one standard error.
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(Halvorson and Smith 2009). Values of bulk density at the 
10–20 cm depth changed little from those reported for young 
pyroclastic-flow deposits (Wilson and Head 1981).

5.4.2.2  Total Soil C and N
Concentrations of total soil carbon and nitrogen decreased 
significantly with depth under all community types, espe-
cially the SDR. Differences among the community types 
were most evident at the 0–5 cm depth, with the highest 
concentrations of C and N in SDR soil and the lowest in the 
LDH soil. We also observed significant differences among 
community types for total soil C at the 5–10 cm depth, but 
not at the 10–20 cm depth (average 1.46 ± 0.26 g kg−1). Total 
soil nitrogen was less variable with depth and indistinguish-
able among community types at 5–10 and 10–20 cm, 0.16 ± 
0.02 and 0.12 ± 0.02 g kg−1, respectively.

Soil C/N ratios varied with main effects of depth 
(P < 0.0001) and plant community (P < 0.01). Higher 
ratios (13.3 ± 0.5) occurred at the surface, compared with 
11.6 ± 0.4 and 11.7 ± 0.4 at the 5–10 and 10–20 cm depths, 
respectively, and ratios were arrayed among the different 
plant community types in association with larger amounts 
of organic matter: SDR (15.1 ± 0.4) > SDU (12.5 ± 0.5) ≥ 
HDH (12.2 ± 0.4) ≥ IDH (10.7 ± 0.4) ≥ LDH (9.4 ± 0.4). 
In comparison, C/N ratios in the reference forest sites were 
much higher, 37.5 ± 1.5, 40.7 ± 3.3, and 36.7 ± 3.2 at the 
0–5, 5–10, and 10–20 cm depths, respectively. Increasing 
C/N ratios along the gradient of plant communities from 
LDH to reference forest sites suggest the accumulation of 
recalcitrant soil organic carbon, a result of greater inputs 
from vegetation over time, but may also derive from 
changes in fungal effects on decomposition during succes-
sion. Such changes may be associated with the increasing 
prevalence of ectomycorrhizal and ericoid mycorrhizal 
fungal associations, which produce enzymes (Phillips 
et al. 2014) that may result in greater competition for 
nitrogen between free-living decomposers and plant hosts. 
Recently, Averill et al. (2014) demonstrated that soils 
dominated by plants associated with ectomycorrhizal and 
ericoid mycorrhizal fungi store 1.7 times more C per unit 
N than do soils dominated by plants associated with arbus-
cular mycorrhizal fungi.

The LDH and HDH community types correspond most 
closely to the barren and lupine (L. lepidus)-influenced 
sites contrasted in earlier studies and show that organic 
matter has continued to accrue in developing pyroclastic 
soils since the eruption in 1980 (Fig. 5.5). From initial val-
ues near 0 in barren pyroclastic substrates (Engle 1983), 
concentrations of total C and N in the 0–5 cm depth of LDH 
sites increased after 31 years by an average of 81.3 ± 20.9 
and 8.1 ± 2.0 mg kg−1 year−1, almost twice as fast as those 
reported previously for bare sites (Halvorson and Smith 
2009). In comparison, by 2011, the concentrations of total 
C and N increased in HDH sites by an average 183 ± 35 and 

Fig. 5.5 Average values from the current study in relation to historic 
trends of (a) total soil carbon and (b) soil nitrogen in lupine-influenced 
(from under live or dead Lupinus lepidus) and barren pyroclastic soil. 
Pre-2011 values are averages with 95% confidence intervals determined 
by dry combustion. For barren samples n = 11, 18, 30, 10, 8, and 8 for 
1990, 1997, 2000, 2005, 2009, and 2010, respectively. For lupine- 
influenced samples n = 22, 28, 29, 20, 8, and 8 for 1990, 1997, 2000, 
2005, 2009, and 2010, respectively. Data for 1990–2005 are from 
Halvorson and Smith (2009). Data for 2009 and 2010, from Jonathan 
Halvorson (unpublished), are from soil samples collected on 1 
September 2009 and 21 September 2010 in the same vicinity as the 
previous studies. Samples were collected, processed, and analyzed 
using methods and equipment identical to the current study.

5 Soil Carbon and Nitrogen and Evidence for Formation of Glomalin, a Recalcitrant Pool of Soil Organic Matter, in Developing…
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14.8 ± 2.9 mg kg−1 year−1, more comparable with earlier 
estimates under lupines (Halvorson et al. 2005; Halvorson 
and Smith 2009). The highest accumulations of total C and 
N in surface soil, equivalent to 665 ± 171 and 37.5 ± 9.1 mg 
kg−1 year−1, were associated with the SDR community type.

Relatively high concentrations of carbon and nitrogen 
observed in surface samples from SDU and SDR sites 
undoubtedly relate to significant accumulations of organic 
matter from leaf litter at these shrub-dominated sites and per-
haps to the difficulty in clearly delineating the surface of the 
mineral soil. Total carbon and nitrogen at both sites were 
about 380 and 19 g kg−1 in the coarse fractions of the organic 
layer (>2 mm) and about 200 and 11.5 g kg−1 in the finer 
fraction (<2 mm), respectively (Jonathan Halvorson, unpub-
lished data).

5.4.2.3  Water-Extractable C and N
Cool-water-extractable C and N decreased with depth, espe-
cially in the SDU and SDR community types. The highest 
concentrations were extracted from the shrub-dominated 
community types, whereas lower concentrations were 
extracted from the herb-dominated communities, especially 
LDH. Differences among community types diminished with 
depth and were absent at 10–20 cm, averaging 36.5 ± 2.5 and 
2.6 ± 0.2 mg kg−1 for extractable C and N, respectively. Hot 
water extracted two to three times more C and N in patterns 
similar to cool water; the highest concentrations and greatest 
variability among community types occurred at the 0–5 cm 
depth, and shrub-dominated community types had higher 
concentrations compared to LDH. However, unlike total or 
cool-water-extractable C and N, higher concentrations of 
hot-water-extractable C and N were found at the 5–10 and 
10–20 cm depths under the shrub-dominated and HDH com-
munities than under the LDH.

The C and N extracted from soil with cool water may cor-
relate to soluble plant residues, whereas C and N recovered 
after hot-water incubation correlate with soil microbial bio-
mass C and N, mineralizable N, and total carbohydrates 
(Ghani et al. 2003; Curtin et al. 2006). Both cool- and 
 hot- water- extractable C have been found to be related to soil 
microbial activity in patterns affected by soil and plants 
(Uchida et al. 2012). Earlier studies of Mount St. Helens 
pyroclastic deposits by Halvorson and Smith (2009) reported 
higher water-extractable C and N values, decreasing with 
depth, under lupines, as compared with barren sites. More 

importantly, they found that the amount of hot-water-soluble 
C was indistinguishable from microbial biomass C measured 
by substrate-induced respiration. Estimates of soil microbial 
biomass C at 0–10 cm depth under herb-dominated commu-
nity types, if still comparable to hot-water-extractable C, 
were slightly higher than those reported in 2005 and equiva-
lent to about 5% of the total soil C.

5.4.2.4  Glomalin
Average concentrations of glomalin were greatest in the 
0–5 cm depth but varied among community types with high-
est values for SDR and lowest for LDH. Concentrations of 
glomalin decreased with depth to a similar low value across 
all sites at the 10–20 cm depth (0.24 g kg−1 soil). Glomalin 
was strongly and positively correlated with total and soluble 
soil C and N at each depth (Table 5.2), but negatively corre-
lated with soil bulk density. With the exception of LDH, esti-
mates of glomalin in 0–5 cm depth were within the broad 
range of values reported for temperate and boreal forests 
(0.6–5.8 g kg−1) (Singh 2012). However, these values were 
lower than at two old-growth reference forests located about 
40 km to the NE of Mount St. Helens that ranged from 8.4 to 
4.0 g kg−1 at 0–5 and 10–20 cm (Table 5.1).

In other studies (Rillig et al. 2003; Emran et al. 2012; 
Gispert et al. 2013; Vasconcellos et al. 2013), glomalin has 
been found to be positively correlated with soil C and N but 
negatively correlated with soil bulk density. Glomalin pro-
duction is generally higher under conditions that favor AMF 
activity (Ryan and Graham 2002) or diversity (Helgason 
et al. 1998), such as minimal physical disruption of the soil 
(Wright et al. 1999; Borie et al. 2000; Wright and Anderson 
2000), higher levels of plant diversity, or low to moderate 
soil fertility (Treseder and Allen 2002; Lovelock et al. 2004a; 
Treseder 2004). Changes in glomalin have also been related 
to the amount of physical disruption of soil or to shifting 
plant communities (often afforestation) (e.g., Treseder and 
Turner 2007; Fokom et al. 2012). For example, sites under 
arable land use showed an exponential decrease in glomalin 
levels by ~60% after 110 years (Spohn and Giani 2010, 
2011). Conversely, glomalin in soil increased with the 
amount of time under conservation management, including 
reduced tillage, elimination of fallow periods, use of peren-
nial crops, and greater annual crop diversity (Wright and 
Anderson 2000; Rillig et al. 2001; Harner et al. 2004; 
Staddon 2005).

Table 5.2 Spearman correlations between BRSP and selected soil properties for pooled data across vegetation community types.

Depth n Bulk density Total soil C Total soil N
Total water- 
extractable soil C

Total water-
extractable soil N

0–5 cm 35 −0.62*** 0.96*** 0.94*** 0.94*** 0.92***

5–10 cm 36 −0.44** 0.89*** 0.91*** 0.90*** 0.86***

10–20 cm 36 −0.51** 0.78*** 0.78*** 0.84*** 0.84***

*P < 0.05; **P < 0.01; ***P < 0.0001.
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5.4.2.5  Standing Pools of Total C, N, and Glomalin
Standing stocks of organic matter, including glomalin, are 
the net result of processes that affect its production, such as 
increased net primary productivity, and those that affect its 
decomposition, such as soil microbial community structure, 
moisture, temperature, or disturbance (Treseder and Turner 
2007). Stocks of total C, N, and glomalin in the top 20 cm, 
calculated from data in Table 5.1, varied with plant commu-
nity type (Fig. 5.6) and were similarly arrayed (SDR ≥ SDU 
≥ HDH ≥ IDH ≥ LDH). Values ranged from 1406 ± 238, 84 
± 13, and 241 ± 36 g m−2 at SDR sites for total C, N, and 
glomalin, respectively, to 358 ± 89, 36 ± 7, and 62 ± 8 g m−2 
at LDH sites. Vegetative complexity/diversity data showed 
no meaningful difference between SDU and SDR (Fig. 5.3), 
a pattern consistent with total C and N (Fig. 5.6a, b). 
However, higher glomalin values for SDR sites (Fig. 5.6c) 
may relate to the age of the plant communities. The SDR 
sites were among the first to establish (circa late 1980s), 
whereas the SDU sites initiated later (about 2005). Thus, 
SDR sites had been accumulating organic matter in com-
paratively large quantities for 20–25 years. In addition, 
SDU sites had formerly been colonized by forb and grass 
species that are slowly waning but still present, whereas in 
the SDR sites, the transition to shrubs has been underway 
for decades. The SDU community type was notable for the 
relatively large pool of total C and N at 10–20 cm depth, not 
observed in other community types. Increasing C and N 
with depth suggests the presence of substantial amounts of 
soil organic matter at depths greater than those examined in 
this study. Such patterns can result from deeper root distri-
bution under upland shrubs, together with reduced rates of 
decomposition with depth related to changes in the activity 
and composition of microbial communities (Gill and Burke 
2002; Fierer et al. 2003), and point to the need for a more 
complete sampling of the soil column in future studies. 
Similarly, the comparatively large pools of total C, N, and 
glomalin in the reference forest sites also increased with 
depth, to about 7455 ± 734, 189 ± 13, and 864 ± 71 g per 
m−2, respectively.

5.4.2.6  Glomalin Carbon and Nitrogen
The carbon content of glomalin is known to vary with depth 
or concentration and to be affected by extraction method, 
ranging between 27% and 43%, although glomalin nitrogen 
is more narrowly defined, about 2–4% (Nichols and Wright 
2005; Halvorson and Gonzalez 2006). Estimates based on an 
average composition of 35% C and 4% N showed little varia-
tion among community types but demonstrated that glomalin 
differentially accounted for about 6.2 ± 0.3 < 7.3 ± 0.3 ≤ 8.0 ±  
0.5% of the total soil C at 0–5, 5–10, and 10–20 cm depths or 
0.52  ±  0.09, 0.13  ±  0.02, and 0.09  ±  0.01 g kg−1, respec-
tively. Glomalin accounted for about 9.6 ± 0.3% (0.028  ±  
0.004 g kg−1) of soil N, irrespective of depth. Though affected 

Fig. 5.6 Average (standard error) total pool sizes of (a) soil carbon, (b) 
soil nitrogen, and (c) glomalin (BRSP) in mineral soil under different 
plant community types growing on Mount St. Helens pyroclastic sub-
strates in 2011. Values are depth-weighted and calculated from data in 
Table 5.1 (n = 6–9). Letters denote differences among community types 
at the 0–20 cm depth (log-10 transformed data, protected LSD, 
P ≤ 0.05). Data for reference forest sites (REF) are shown for compara-
tive purposes but not included in the statistical analyses. Note the use of 
log-10 scales on the y-axes.
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Fig. 5.7 Estimated average (standard error) values for (a) glomalin-C 
as a function of total soil C and (b) glomalin-N as a function of total soil 
N. Values were derived from measurements of BRSP assuming 35% C 
and 4% N. Note log-10 scales on the x-axes.

by the method used to extract glomalin, these numbers are in 
reasonable agreement with earlier values for Mount St. 
Helens pyroclastic substrates (Halvorson and Smith 2009) 
and some other studies (Woignier et al. 2014), but higher 
than the 3–5% of the total C and N pools typical of temperate 
and tropical sites (Rillig et al. 2001, 2003; Nichols 2003; 
Lovelock et al. 2004a; Halvorson and Gonzalez 2006; Jorge- 
Araújo et al. 2015).

Enrichment of glomalin-C with depth can be attributed 
to older and more recalcitrant forms of organic matter that 
may be co-extracted with glomalin (Woignier et al. 2014) 
but can also be associated with soil disturbance or changes 
in plant communities. Studies by Spohn and Giani (2010, 
2011) found that the ratio of glomalin-related soil protein 
to total organic carbon increased over time after conver-
sion from forest soils to arable soils. A plot of the propor-
tion of glomalin-C against total soil C (Fig. 5.7a) suggests 
production or retention of glomalin relative to other pools 
of soil organic matter may be especially significant when 
organic matter is low. The concentrations of glomalin 
observed in surface samples at pyroclastic sites (0–5 cm) 
accounted for a nearly constant proportion of the total 
pool of soil C.

Although different trends were observed among the 
sites, the proportion of glomalin-N also appeared to 
decrease as the concentration of total soil N increased to 
0.2–0.3 g kg−1, particularly at the 10–20 cm depth. 
However, there was also evidence for increasingly higher 
proportions of glomalin-N accompanying higher concen-
trations of soil N observed in surface (0–5 cm) samples 
from the pyroclastic sites and the reference forest sites 
(Fig. 5.7b). Relatively high enrichment of glomalin-N in 
pyroclastic substrates may reflect strong demands for a 
limited pool of soil N by plants that induce AMF produc-
tion (Johnson 2010) and thus the amount of N stabilized in 
glomalin. Nitrogen incorporated into the structure of glo-
malin would be stabilized against microbial mineralization 
but likely still functionally active with respect to gloma-
lin’s effects on soil structure (Rillig et al. 2007). However, 
although buffered from losses, it is not clear whether the 
nitrogen in glomalin itself or occluded in glomalin- related 
aggregates would be accessible to plants. Thus, sequestra-
tion of N in the hyphae of symbiotic AMF might remove it 
from the pool of nutrients readily available to the host 
plant but could also form the basis of an exclusionary com-
petitive mechanism beneficial to the host by limiting 
access to nutrients by competitors.

5.5  Conclusions

Through their effects on plant physiology, soil ecological 
interactions, and soil engineering, mycorrhizal fungi are 
important but incompletely understood drivers of pedogenic 

processes during primary succession (e.g., Rillig and 
Steinberg 2002; Rodriguez et al. 2009; Torres et al. 2012). 
Formation of stable soil organic matter is typically the result 
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of a relatively slow series of decomposition processes that 
can be constrained, in early successional sites, by the avail-
ability of exogenous inputs or by environmental conditions 
that limit microbial activities. Alternatively, compounds such 
as glomalin, a glycoprotein produced by arbuscular mycor-
rhizal fungi, may form relatively early during soil develop-
ment and improve aggregate stabilization, water infiltration, 
and carbon and nitrogen storage.

The presence of glomalin in Mount St. Helens pyroclastic 
substrates is further evidence of the positive feedbacks 
between plants, microorganisms, and soils thought to play a 
central role in early successional communities. Our data sug-
gest that C, N, and glomalin concentrations increase together 
with vegetation complexity, and in this sense there appears to 
be a coupling between plant community development and 
soil genesis during early primary succession although the 
two may not synchronize. Although establishment of woody 
plants (shrubs) is an ecological threshold for plant commu-
nity change and development, changes in soil genesis likely 
lag behind vegetative community structure. Even small 
amounts of microbially produced substances like glomalin 
may have disproportionate effects on soil processes and plant 
development prior to the accumulation of humified soil 
organic matter. However, the details of these effects, together 
with a more complete understanding of the evolving roles of 
fungi during primary succession, remain to be elucidated.
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Glossary

Arbuscular mycorrhizal fungi A plant-fungal relation-
ship, found in over 90% of vascular plants, in which the 
fungus penetrates the cortical cells of the roots and forms 

highly branched arbuscules and, in some species, vesi-
cles. These fungi provide nutrients and water to plants as 
well as assisting in soil structure and disease prevention.

Ectomycorrhizal fungi A plant-fungal relationship, found 
in about 2% of plant species, particularly woody plants, 
in which the fungus, primarily basidiomycetes and some 
ascomycetes, forms a dense hyphal sheath, known as the 
mantle, around the root surface. The hyphal network may 
extend several centimeters into the surrounding soil to 
aid in water and nutrient uptake, often helping the host 
plant to survive adverse conditions, in exchange for 
carbohydrates.

Ericoid mycorrhizal fungi A plant- fungal relationship 
between members of the plant family Ericaceae, such 
as blueberries, cranberries, and Rhododendron, and sev-
eral lineages of fungi in acidic and nutrient poor soils 
found in boreal forests, bogs, and heathlands. The fungus 
establishes loose hyphal networks around the outside of 
hair roots, from which they penetrate the walls of cor-
tical cells to form intracellular coils that can densely 
pack individual plant cells. The coils function only for 
a period of a few weeks before the plant cell and fun-
gal hyphae begin to degrade. The coils are where nutri-
ents are exchanged for carbohydrates, and these fungi 
also have enzymatic capabilities to break down complex 
organic molecules and act as saprophytes, living on dead 
or decaying organic matter.

Mycorrhiza(e) A symbiotic association between a fungus 
and the roots of a host plant where the body of the fungi 
are thread-like hyphae that extend the root system. The 
mycorrhizal association is generally mutualistic, playing 
important roles in soil biology, chemistry, and physics, 
but in particular species or in particular circumstances, 
mycorrhizae may be variously pathogenic in host plants.

Photosynthate A chemical product of photosynthesis—
carbohydrates that are synthesized from carbon dioxide 
and a source of hydrogen (usually water), using light as 
an energy source.
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6

6.1  Introduction

6.1.1  Damage to Plants and Their Recovery 
After Disturbance

During a disturbance, some plants are killed or injured, 
reducing their importance (e.g., cover). With time after dis-
turbance, their importance increases as vegetation redevel-
ops. The amount and characteristics of vegetation 
development after disturbance depend on the degree of dam-
age to the plants, the type and intensity of disturbance, the 
levels of other environmental factors, and the type of plant. 
Vegetation may “recover”—that is, develop properties simi-
lar to pre-disturbance communities; in contrast, changed 
conditions after the disturbance may trigger development of 
communities unlike those previously existing on the site.

In this chapter, we analyze long-term records of redevel-
opment of understory vegetation that was buried by tephra 
(aerially transported volcanic ejecta) from the eruption of 
Mount St. Helens, Washington, on 18 May 1980. In the 
 tephrafall zone—the location of our study, outside the zones 
of more severe disturbance (Fig. 6.1)—the tree canopy 
remained intact and the eruption had less impact on the biota 
than in other disturbance zones where most trees were killed 
or removed (Swanson and Major 2005). However, damage to 
understory plants in the tephrafall zone was substantial 
(Antos and Zobel 1985a; Zobel and Antos 1997) (Fig. 6.2).

We consider three measures of importance (which we call 
attributes) of plants and plant communities: shoot cover, 
shoot density (number of shoots per 1-m2 plot), and species 

diversity (expressed as species density = number of species 
per 1-m2 plot). We based our analyses on the concepts of 
inertia and resilience (Westman 1978, 1986), which we also 
used to evaluate our 10-year results (Zobel and Antos 1997). 
Inertia (often termed resistance) is the proportion of pre- 
disturbance plant importance that survived the disturbance; 
resilience is the degree to which the plants regain the impor-
tance destroyed by the disturbance. Inertia and resilience 
have been used in relation to a variety of disturbance types 
(e.g., Halpern 1988; Rejmánková et al. 1999). We deter-
mined how vegetation redevelopment is modified by distur-
bance intensity (tephra depth), snow pack during tephra 
emplacement, plant growth form, species, and time.

6.1.2  Responses of Understory Plants 
to Tephra

We studied understories of old-growth subalpine conifer 
forest in the Abies amabilis vegetation zone (Franklin and 
Dyrness 1973) that were buried beneath tephra. These for-
ests were dominated by large trees of Abies amabilis, 
Pseudotsuga menziesii, Tsuga heterophylla, T. mertensiana, 
and Chamaecyparis nootkatensis, with many individuals 
exceeding 600 years of age. Areas of less dense trees, char-
acteristic of these old forests, supported dense populations 
of shrubs or herbs or both; in contrast, understory plants 
were sparse in areas with a dense tree canopy. Snowpack 
starts to accumulate in autumn at our sites, usually reaching 
a few meters deep, and melts in late spring to late summer, 
depending on the year and location. Sites with more herb 
species (Table 6.1, Fig. 6.1) had later snow melt, more con-
cave topography, and higher concentrations of Ca, Mg, and 
total N in the pre-eruption soil than sites with few herb spe-
cies (Zobel and Antos 1991a).

Tephra at our sites was 4.5–15 cm deep, mostly single- 
grained pumice of sand (0.0625–2 mm) to lapilli (>2–
64 mm) size (Zobel and Antos 1991a). After wetting and 
drying, fine-textured tephra at the surface formed a crust, 
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which impeded water infiltration and plant emergence, 
especially in deep tephra where this crust was thick and hard 
(Fig. 6.2). There were no overt signs of the tephra causing 

damage through heating, toxicity, abrasion, or branch load-
ing. Tephra lost much of its sulfur and cations during the 
first few years after emplacement, whereas concentrations 

Fig. 6.1 Locations of tephrafall zone study sites in relation to areas with more severe damage from the 1980 eruption of Mount St. Helens. 
Cartography by Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research Station.

Fig. 6.2 Thirty years of change in the understory of old-growth subalpine forest where 12–15 cm of tephra fell on snow and formed a substantial 
crust, obliterating most of the understory (Site DR, Fig. 6.1). Left, summer 1980; right, another part of site DR, 2010. Most small trees established 
on top of the tephra. (Photos by Joe Antos and Matt Blakely-Smith).
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of N and P increased slowly beneath the intact forest canopy 
(Zobel and Antos 1991a).

At our sites, most small plants, such as bryophytes and 
prostrate herbs, did not emerge after burial by tephra (Zobel 
and Antos 1997). In contrast, burial stimulated some small 
herbs that normally have limited belowground shoot growth 
to grow rapidly toward the surface (Antos and Zobel 1984, 
1985b, c), allowing some small plants to emerge from burial. 
Many plants remained alive for years while buried, produc-
ing shoots where erosion removed tephra, and some shrubs 
emerged from un-eroded deep tephra after 7–10 years of 
burial (Zobel and Antos 1992).

Tephra depth varied within our sites, being thin or absent 
beneath logs on the forest floor and on steep micro- 
topography. The crust broke around woody debris (Fig. 6.2). 
Such microsites enhanced plant emergence and served as 
centers from which survivors spread and post-eruption veg-
etation developed.

The 18 May eruption occurred when some sites remained 
largely buried by snowpack, although others were almost 
snow-free. Where tephra fell on snow, damage to small 
woody plants was much greater than where snow had already 
melted. With snowpack, plants much taller than the tephra 
depth became trapped under tephra, because they had been 
flattened beneath the snow (Antos and Zobel 1982). 
Therefore, we used the relative extent of snowpack on 18 
May, along with tephra depth and herb richness, to define 
differences among our study sites (Table 6.1).

6.1.3  Plant Attributes and Measures 
of Damage and Recovery

At each site, we sampled 100 plots (permanent, 1 m2) on 
natural tephra and 50 plots from which tephra was removed 
in 1980; the cleared plots were sampled in 1982 and 1983 to 
estimate the pre-eruption vegetation on the site. All natural 
plots were sampled in 1981–1983, 2000, 2005, and 2010; in 

addition, only shallow tephra sites were sampled in 1989 and 
only deep tephra sites in 1984, 1987, and 1990. Plots were 
placed at 3-m intervals along several transects on relatively 
flat terrain at each site, with cleared plots along separate tran-
sects, interspersed among transects on natural tephra.

We considered two plant attributes, shoot cover and shoot 
density, along with species density (number of species per 
1-m2 plot), a measure of diversity. Cover was available for all 
growth forms: bryophytes, herbs, shrubs, and tree seedlings 
(small trees with foliage within 1.5 m of the soil surface). 
Shoot density and species density were available for herbs 
and shrubs for all sample years except 2005. We will use the 
term importance to represent all three attributes (cover, shoot 
density, and species density) collectively. Nomenclature fol-
lows Hitchcock and Cronquist (1973).

We analyzed four sets of data:

 1. Cover for all growth forms at all sites
 2. Shoot density and species density for herbs and shrubs at 

all sites
 3. Cover and shoot density for three species that were com-

mon at all sites (Rubus lasiococcus, Vaccinium membra-
naceum, V. ovalifolium)

 4. Cover and shoot density for four important herbs 
(Erythronium montanum, R. lasiococcus, Tiarella unifo-
liata, Valeriana sitchensis) at site DR (Fig. 6.1, Fig. 6.2)

We evaluated the effects of the disturbance and subse-
quent changes in an attribute (e.g., cover of herbs) by using 
four indices (Table 6.2) based on a simple model (Fig. 6.3), 
where a is the pre-disturbance value, b is the initial 
 post- disturbance value, and c is the value at a given time fol-
lowing the disturbance. The proportion of importance (e.g., 
cover) remaining after disturbance can be called inertia 
(b/a in Fig. 6.3) (Westman 1978, 1986; Zobel and Antos 
1997), and we use this term (Table 6.2).

The redevelopment of understory vegetation at our sites 
resulted from many processes and plant characteristics, some 
of them summarized through 2005 by Zobel and Antos 

Table 6.1 Study site characteristics. At each site we used 1-m2 perma-
nent plots, 100 on natural tephra and 50 with tephra removed in 1980. 
Sites DP and DR were 22 km NE of the crater, sites SP and SR, 58 km 
NE (Fig. 6.1). Site codes: S shallow tephra, D deep, P herb-poor, R 
herb-rich.

Site 
code

Tephra 
depth 
(cm)

Number 
of herb 
species

Elevation 
(m)

Snow 
cover 
1980 
(%)

% 
reduction 
in herb 
covera

% 
reduction 
in shrub 
covera

SP 4.5 9 1245 29 41 21

SR 4.5 26 1290 92 0 66

DP 15.0 12 1160 11 >99 30

DR 15.0 32 1240 88 >99 >99
aBased on 1981 cover in natural tephra plots compared to 1981 data 
from plots cleared of tephra in 1980.

Table 6.2 Definitions of inertia, resilience, and related indices.

Index Descriptor

b/a Inertia

c/a Relative plant importance

c/b Expansion of survivors

(c−b)/(a−b) Resilience

Each index is applied to three attributes: shoot cover, shoot density, and 
species density (diversity). In the text, the descriptor will be used with-
out the formula. The variables a, b, c represent the key values (in 
Fig. 6.3) of the curve showing the changes in value of attributes: a is the 
pre-eruption value, measured in 1982 or 1983 from plots cleared in 
1980; b is the post-eruption value, measured in 1981 in plots on natural 
tephra; and c is the value in a later year, measured in plots on natural 
tephra in the year under consideration.
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(2007, 2009). In this paper, we view the process of redevel-
opment through 2010 in a more general manner, resulting in 
our calculation of three additional indices to describe it 
(Table 6.2). In the text, we use the terms defined in Table 6.2 
to represent the formulas by which we calculated each index.

We ask two questions:

 1. How did relative plant importance, expansion of survi-
vors, and resilience change with time?

 2. Which factors (among tephra depth, extent of snow, and 
growth form or species) were significantly related to the 
levels of the indices we calculated?

We used a combination of inertia and the maximal level of 
resilience to characterize the response of growth forms and 
species to tephra. The maximal resilience often occurred in 
2010, but sometimes earlier, as far back as 1982.

Our calculations used means for each growth form or 
major species during each year at each study site. Values of 
importance for pre-disturbance vegetation (a in Fig. 6.3) 
came from cleared plots, from which tephra was removed in 
1980 (Antos and Zobel 1985a). We used the lowest value in 
cleared plots in 1982 or 1983 as the pre-eruption value 
(Zobel and Antos 1997). Importance just after the distur-
bance (b in Fig. 6.3) was measured on the natural tephra 
plots in 1981 (Zobel and Antos 1997). In three cases at site 
SP (Fig. 6.1), where shallow tephra and minimal snowpack 
produced little damage, b exceeded a, so we set a = b; thus, 
inertia = 1.00, (a−b) = 0, and resilience was undefined.

If a variable could be transformed to normality, we used 
multifactor analysis of variance (ANOVA), with the follow-
ing factors where appropriate: attribute (cover, shoot density, 
or species density), tephra depth (shallow or deep), extent of 
snowpack (little or much), year, and species or growth form. 

All ANOVAs included interaction terms for growth form (or 
species) × tephra depth and growth form (or species) × snow 
extent. When variables could not be transformed to normal-
ity, we used the Kruskal–Wallis test to determine the signifi-
cance of each factor separately.

6.2  Inertia, Resilience, and Community 
Development

6.2.1  Changes in Relative Plant Importance 
Over Time

Larger growth forms had significantly higher relative plant 
cover (Fig. 6.4). Cover exceeded pre-eruption values only for 
tree seedlings after year 10. For all growth forms except 
herbs, relative cover increased significantly with time. 
Relative cover also differed among environments defined by 
tephra depth and extent of snow in 1980 (Fig. 6.5). The high 
values for deep tephra with much snow after year 10 are due 
to the high survival and expansion of tree seedlings in those 
conditions. In general, shallow tephra and little snow have 
higher relative cover than deep tephra and much snow. 
Relative cover increased significantly with year except where 
shallow tephra fell on snow.

Relative shoot density (Fig. 6.6) increased significantly 
with year for all situations except shallow tephra with little 
snow; it reached pre-disturbance values before year 10 for 
shallow but not for deep tephra. For each tephra depth, val-
ues were usually higher with little than with much snow.

Relative species density (Fig. 6.7) increased significantly 
with time for both tephra depths but was higher in shallow 

Fig. 6.3 Hypothetical pattern of recovery of plant importance after dis-
turbance. The disturbance occurred at year 0. With time, importance 
increased. Values a, b, and c, noted on the graph, are used to calculate 
indices of inertia and resilience. a represents pre-disturbance plant 
importance; b represents post-disturbance plant importance; and c rep-
resents the importance at a specified later time.

Fig. 6.4 Relative plant importance for cover for each growth form in 
each sampling year. Relative plant importance is defined in Table 6.2. 
Bryophytes and tree seedlings differed significantly from herbs and 
shrubs and from each other; herbs and shrubs did not differ significantly.
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tephra for all years, reaching pre-disturbance values after 
year 10. It did not differ significantly with growth form or 
extent of snow.

6.2.2  Variation in Inertia

Inertia was lower (damage greater) in deep tephra, with 
extensive snowpack, and for smaller plants (Table 6.3). 
Inertia for shoot density differed significantly for tephra 
depth, snow extent, and growth form, but for cover and spe-
cies density the difference was not significant for any factor. 
Interactions among growth form and tephra depth were sig-
nificant for inertia of cover (p = 0.03), but not for shoot den-

sity; interactions among growth form and snow extent were 
significant for both cover (p = 0.04) and shoot density 
(p = 0.03).

For the three species important at all sites, inertia for 
Rubus lasiococcus cover was lower in deep than in shallow 
tephra, whereas inertia for density of Vaccinium spp. was 
lower with much snow than with little (Table 6.4). There was 
no significant interaction of Vaccinium spp. with tephra 
depth or snow extent.

Among four important herbs at site DR, which had deep 
tephra and much snowpack, inertia was consistently very 
low (mean = 0.007) and did not differ significantly among 
attributes and species.

6.2.3  Variation Among Years in Resilience 
and Other Indices

Although inertia has only one value, resilience and other indi-
ces related to revegetation were calculated for each sampling 
year. Relative plant importance, expansion of survivors, and 
resilience usually increased significantly with time after dis-
turbance. There were exceptions: most indices for Rubus 
lasiococcus and expansion of survivors for shoot density for 
growth forms. Values for separate years are not presented.

6.2.4  Variation in Expansion of Survivors

Expansion of survivors was significantly (p = 0.02) lower for 
species density (4.47) than for cover (14.55) and shoot den-
sity (12.69). Expansion of survivors differed with all factors 

Fig. 6.5 Relative plant importance for cover for each combination of 
tephra depth and snow extent in each sampling year.

Fig. 6.6 Relative plant importance for shoot density for each combina-
tion of tephra depth and snow extent in each sampling year. Relative 
shoot density did not differ between growth forms.

Fig. 6.7 Relative plant importance for species density for shallow and 
deep tephra.
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(tephra depth, snow, growth form, and year) for species den-
sity, with all factors except snow for cover, but only with 
tephra depth for shoot density. In general, expansion of sur-
vivors was high where damage was intense, giving a small 
post-eruption value: it was greater with deeper tephra and 
more snow, and for smaller growth forms (Table 6.5).

Interactions with growth form were significant for cover 
with both tephra depth and snow, and for species density 
with snow. Shoot density could not be transformed to nor-
mality; thus, interaction significance was not determined.

For R. lasiococcus, expansion of survivors was higher in 
deep tephra and with much snow, but for Vaccinium spp. it 
was higher only with more snow (Table 6.6). Both R. lasio-
coccus and Vaccinium spp. differed among years. Because 
values could not be transformed to normality, significance of 
interactions was not determined.

For four important herbs at site DR (Table 6.7), expansion 
of survivors was lowest for E. montanum, for which cover 
declined with time and shoot density was unchanged, and 
highest for R. lasiococcus for both cover and shoot density. 
Years differed for both attributes.

6.2.5  Variation in Resilience

Resilience describes the extent to which the importance lost 
during disturbance has been regained on each sampling date. 

Values >1 indicate that the losses for that variable have been 
more than replaced.

Resilience differed significantly among attributes, with 
cover often having the lowest values (Table 6.8). Differences 
among factor levels were significant for all factors for spe-
cies density, for all factors except snow for shoot density, and 
only for growth form and year for cover. Resilience was 
higher for shallow than for deep tephra. For species density, 
resilience was higher where snowpack was extensive than 
where there was little snow. Resilience was higher for large 
than for small growth forms, except that species density was 
more resilient for herbs than for shrubs. Resilience was >1 
for shoot density when disturbance effects were not severe 
and growth forms were large, for species density in some 
situations, and for cover of tree seedlings only (Table 6.8). 
Interactions of growth form with tephra depth and snow were 
significant, except for that between species density and snow.

For three species important at all sites, resilience was 
greater for shallow than for deep tephra (Table 6.9). 
Resilience varied significantly among years for Vaccinium 
spp., but not for R. lasiococcus, an unusual situation. 
Interaction of Vaccinium spp. was significant with tephra 
depth but not with snow extent.

Significant differences occurred among the four herbs at 
site DR for both cover and shoot density (Table 6.10). 
Resilience was essentially nil for E. montanum but 
approached 1 for T. unifoliata; values for the other two spe-
cies were intermediate. The negative value for E. montanum 
reflects a loss of cover with time.

6.2.6  Maximal Resilience

The mean of maximal resilience was greater 
(p = 0.0006) in shallow tephra (1.911) than in deep 
tephra (0.788). The maximal resilience value did not 
differ significantly among attributes, snow extent, or 
growth form.

Table 6.3 Significance of differences and means of inertia for cover, shoot density, and species density, for the factors tephra depth, snow extent, 
and growth form. Inertia did not differ among attributes (based on the Kruskal–Wallis test). NS not significant.

Factor Level

Cover Shoot density Species density
Mean p-value Mean p-value Mean p-value

Tephra depth Shallow 0.472 NS 0.636 <0.05 0.762 NS

Deep 0.185 0.169 0.243

Snow extent Little 0.443 NS 0.536 <0.05 0.606 NS

Much 0.213 0.269 0.399

Growth form Bryophyte 0.014 NS <0.05 NS

Herb 0.306 0.285 0.414

Shrub 0.395 0.520 0.591

Tree seedlings 0.599

Table 6.4 Means of inertia for Rubus lasiococcus and Vaccinium spp. 
for the factors tephra depth and snow extent. Means for different attri-
butes and Vaccinium spp. did not differ significantly.

Factor Level

R. lasiococcus Vaccinium spp.
Mean p-value Mean p-value

Tephra depth Shallow 0.711 0.003 0.511 0.16

Deep 0.011 0.335

Snow extent Little 0.461 0.13 0.625 0.007

Much 0.261 0.221
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6.3  Changing Influence of Initial Damage

One would expect early post-eruption values of attributes, 
like cover, to reflect closely the value of inertia, as there has 
been little time for recovery of lost importance. With time, 
this influence of inertia is likely to weaken as the recovery 
period becomes long enough for site and plant differences to 
exert an influence on patterns of community redevelopment. 
Over our 30-year study, the regression coefficients of inertia 
with the values of cover, shoot density, and species density 

all declined significantly (p = 0.007, 0.049 and 0.012, respec-
tively), although change after 2000 was small (Fig. 6.8). 
After 30 years, inertia for cover (but not shoot density or spe-
cies density) was still significantly correlated with 2010 
cover values.

6.4  Correlations Among Indices 
of Recovery

Resilience was strongly and positively correlated with relative 
plant importance at a sampling date for all attributes 
(Table 6.11). Expansion of survivors was not significantly 
correlated with either resilience or relative plant importance.

6.5  Differentiating Growth Forms 
and Species

We used two indices of response to tephra to differentiate 
growth forms and species: inertia and the maximal value of 
resilience. These two criteria sometimes increased together 
(Figs. 6.9 and 6.10) (Spearman rank correlation (r) = 0.52, 
p = 0.01 for growth forms; r = 0.53, p = 0.02 for three wide-
spread species). In contrast, maximal resilience declined, 
although not significantly, as inertia increased for the four 
herbs from site DR (Fig. 6.11) (correlation coeffi-
cient = −0.64, p = 0.09).

Growth forms differed somewhat in their combinations of 
inertia and maximal resilience (Fig. 6.9). Shrubs tended to have 
higher inertia, whereas herbs had the highest maximal resil-
ience by a substantial amount (>>1; the value 1 indicates full 
compensation for the loss during disturbance). However, both 
growth forms were represented throughout most of the range of 
both variables. The nine values with low inertia included all six 
from site DR, in which all post-eruption attribute values were 
very low, and all three attributes for herbs at site DP.

Table 6.5 Significance of differences and means of expansion of survivors for cover, shoot density, and species density, for the factors tephra 
depth, snow extent, growth form, and year. NS not significant.

Factor Level

Cover Shoot density Species density
Mean p-value Mean p-value Mean p-val ue

Tephra depth Shallow 6.18 <0.05 2.18 NS 1.35 <0.01

Deep 19.76 24.9 7.59

Snow extent Little 10.63 NS 5.64 <0.05 3.00 <0.01

Much 15.87 23.38 5.95

Growth form Bryophyte 18.16 <0.001 <0.05 <0.001

Herb 23.12 18.82 4.97

Shrub 5.98 8.86 3.97

Tree seedlings 4.09

Year <0.001 <0.01 <0.01

Table 6.6 Means of expansion of survivors for Rubus lasiococcus and 
Vaccinium spp. for the factors tephra depth, snow extent, and year. 
Attributes and Vaccinium spp. did not differ significantly.

Factor Level

R. lasiococcus Vaccinium spp.
Mean p-value Mean p-value

Tephra depth Shallow 2.17 0.002 2.39 0.98

Deep 44.21 24.17

Snow extent Little 3.65 0.03 1.62 <0.0001

Much 44.64 24.94

Year 0.045 0.004

Table 6.7 Significance of differences and means of expansion of sur-
vivors for three herb species at site DR for the factors species and year. 
Attributes did not differ significantly. Tiarella unifoliata had no survi-
vors and is not included in the table.

Factor Level

Cover Shoot density
Mean p-value Mean p-value

Species Erythronium 
montanum

0.52 <0.001 1.05 <0.001

Rubus 
lasiococcus

70.90 66.29

Valeriana 
sitchensis

20.56 5.00

Year <0.05 <0.01
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For cases with inertia <0.05 (great damage), maximal 
resilience did not reach 1.0; recovery of plant importance 
remained incomplete. Maximal resilience was high (>1.5) 
only when inertia exceeded about 0.5. On the other hand, 
cases with the highest inertia (shrub species density) had 
maximal resilience <1.0 (Fig. 6.9).

Among the three species important at all sites, inertia and 
maximal resilience were positively related (Fig. 6.10). Three 

species with inertia <0.5 did have maximal resilience >1.0. 
The three species did not differ in any obvious pattern.

Four major herbs at site DR differed greatly in their com-
binations of inertia and maximal resilience (Fig. 6.11). 
Tiarella unifoliata had zero inertia but the highest maximal 
resilience, with values >1.0. Thus, cover and shoot density 
had notably exceeded pre-disturbance values even though 
survivors were rare. Rubus lasiococcus had moderate values 
of both inertia and maximal resilience. Erythronium monta-
num had essentially zero maximal resilience and low inertia. 
Values of inertia were low, being >0.10 only for shoot den-
sity of Valeriana sitchensis. Cover and shoot density values 
were similar within a species, except for V. sitchensis 
(Fig. 6.11).

Table 6.8 Significance of differences and means of resilience, which measures the proportion of importance lost that was regained by a particu-
lar sampling year, for cover, shoot density, and species density, for the factors tephra depth, snow extent, growth form, and year. NS not 
significant.

Factor Level

Cover Shoot density Species density
Mean p-value Mean p-value Mean p-value

Tephra depth Shallow 0.570 NS 3.111 <0.001 1.146 <0.001

Deep 0.571 0.300 0.434

Snow extent Little 0.585 NS 2.417 NS 0.635 <0.01

Much 0.559 0.883 0.944

Growth form Bryophyte 0.180 <0.001 <0.001 <0.001

Herb 0.464 0.934 1.107

Shrub 0.615 2.368 0.473

Tree seedlings 1.176

Year <0.001 <0.001 <0.001

Table 6.9 Significance of variation and means of resilience for Rubus 
lasiococcus and Vaccinium spp. for the factors tephra depth and year. 
Resilience did not differ among attributes, with snow, or between 
Vaccinium spp.

Factor Level

R. lasiococcus Vaccinium spp.
Mean p-value Mean p-value

Tephra depth Shallow 6.342 0.0001 1.143 <0.0001

Deep 0.379 0.569

Year 0.23 <0.0001

Table 6.10 Significance of differences and means of resilience for 
four herb species at site DR for the factors species and year. Resilience 
did not differ significantly between cover and shoot density.

Factor Level

Cover Shoot density
Mean p-value Mean p-value

Species Erythronium 
montanum

−0.003 <0.001 0.0003 <0.001

Rubus 
lasiococcus

0.597 0.554

Tiarella 
unifoliata

0.749 1.079

Valeriana 
sitchensis

0.188 0.080

Year <0.001 <0.001

Fig. 6.8 Change with time of the correlation coefficient (r) between 
inertia and the value of the attribute (cover, shoot density, or species 
density). Cover and shoot density were not normally distributed and the 
Spearman rank correlation coefficient was used. Cover and species den-
sity have significant (p = 0.007, 0.012, respectively) negative simple 
regressions, and shoot density is significant (p = 0.021) in a double- 
reciprocal plot.
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Table 6.11 Spearman rank correlation coefficients among index values for cover, shoot density, and species density.

Index Correlated with Cover Shoot density Species density
Relative plant importance Resilience 0.927 (p < 0.001) 0.932 (p < 0.001) 0.899 (p < 0.001)

Expansion of survivors Resilience 0.107 −0.076 0.242

Relative plant importance Expansion of survivors −0.191 −0.091 −0.122

Fig. 6.9 Relationship 
between the maximal value  
of resilience among sample 
years and inertia for herbs  
and shrubs.

Fig. 6.10 Relationship of the 
maximal value of resilience to 
inertia for three widespread 
species.
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6.6  Discussion

6.6.1  Implications for Vegetation Change

Tephrafall was the least intense disturbance associated with 
the 1980 Mount St. Helens eruption (Swanson and Major 
2005). Even so, understory cover 30 years later remained far 
below pre-disturbance levels in many situations (Figs. 6.4 
and 6.5) and was still significantly correlated to the degree of 
damage done by the disturbance (i.e., inertia) (Fig. 6.8). A 
decade after the eruption, this relationship of cover to inertia 
caused us to emphasize the importance of beginning a study 
immediately after the disturbance (Zobel and Antos 1997). 
However, after 30 years, shoot density and diversity (species 
density) no longer showed a significant correlation with iner-
tia. This different response of cover and shoot density may 
reflect the effects of new plant establishment, which immedi-
ately increased shoot density and diversity. In contrast, cover 
increased more slowly as the small, newly established plants 
grew. In addition, herbs that expanded their cover the most 
established later than those with less growth (Zobel and 
Antos 2009).

The responses of plants to disturbance are related to three 
major factors: disturbance intensity, other environmental 
properties, and plant characteristics. Here we demonstrate 
their clear, long-lasting effects:

 1. Tephra depth. Deeper tephra produced more damage, thus 
lower inertia, and allowed less resilience.

 2. Snow beneath tephra. Inertia of shrubs and small trees 
was less where snowpack occurred in 1980. Snow reduced 
resilience only for diversity (species density).

 3. Plant size. Larger growth forms had higher inertia and 
resilience than smaller plants, in most cases. The excep-
tion was diversity (species density).

There were, however, notable exceptions and complica-
tions to these generalizations. Interactions can strongly mod-
ify the effects of disturbance, such as the often-significant 
ones between growth form, tephra depth, and extent of snow 
in 1980. Generally, tephra depth affected herb and moss 
importance more than that of woody plants; in contrast, snow 
extent primarily affected woody plants. Smaller plants would 
be more prone to burial by tephra if other factors were equal. 
At this elevation, however, woody understory plants are 
prostrate under snow during winter and spring, making them 
highly susceptible to burial. Herbaceous plants were affected 
little by the fall of the tephra on snow, as most survive only 
underground when snow is present, and evergreen herbs usu-
ally have low stature, reduced little by snow. This response 
of woody plants to the snow–tephra interaction was unex-
pected but dramatic (Antos and Zobel 1982, 1985a), and was 
still pronounced after 10 (Zobel and Antos 1997) and, here, 
after 30 years. It underscores the importance of observations 
just after disturbance—the cracking of tephra crust, which 
indicated where snow beneath it had melted, disappeared 
after the first winter.

Even after we accounted for conditions at the time of 
disturbance, plant size did not tell the whole story. Specific 
characteristics of growth form and life history induced dif-
ferential responses among species. Forest herbs vary greatly 
in morphology and life history (Bierzychudek 1982; Antos 
and Zobel 1984; McCarthy 2003); thus, major differences 
in patterns of response to disturbance are to be expected 
(Antos and Zobel 1985a, b; Halpern 1989; Roberts and 
Gilliam 2003).

The four herb species studied at site DR differed in 
resilience (Table 6.10, Fig. 6.11), which may relate to 
several structural and reproductive differences (Antos 
and Zobel 1984, 1985b, c; Zobel and Antos 2007, 2009). 
Rubus  lasiococcus spread rapidly via stolons, whereas 
the other three species had limited or no vegetative 
spread. Tiarella unifoliata, with the highest resilience, 
had the highest percentage of shoots flowering, moderate 
numbers of seedlings per flowering shoot, and effective 
dispersal. Rubus lasiococcus produced few flowers and 
seedlings but spread rapidly across the tephra via stolons 
within the first few years. Its importance did not change 
significantly with time, as it increased early and has 
waxed and waned during our study. In contrast, the low 
resilience of V. sitchensis was related to limited flowering 
and few seedlings.

Resilience was zero for Erythronium montanum, the pre- 
disturbance dominant, survivors of which lost cover, and it 
had no increase in shoot density. It failed to move its peren-
nating organ from the buried soil into tephra; thus, we pre-
dicted E. montanum would have problems with continued 
survival (Antos and Zobel 1985c). Although E. montanum 
had a moderate percentage of shoots flowering, seedlings 
were sparse and it had limited dispersal. Our sites received a 

Fig. 6.11 Relationship of the maximal value of resilience to inertia for 
four herb species from site DR.
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similar tephra layer in 1800 (Waitt and Dzurisin 1981), and 
it seems safe to assume that E. montanum was affected simi-
larly then as in 1980. Thus, the species must have increased 
greatly during the ensuing 180 years; in the first 30 years 
after 1980, however, it has shown no recovery in our perma-
nent plots. We have observed an increase in seedling density 
in spots outside our plots, suggesting that recent establish-
ment of seedlings may allow its resilience to increase.

In contrast to herbs, we found no difference in inertia and 
resilience between the two shrub dominants, Vaccinium 
membranaceum and V. ovalifolium. These species are much 
more alike than the herbs we considered above: both are 
deciduous Ericaceae of similar stature and structure, traits 
shared with most shrubs in our sites.

6.6.2  Considerations for Long-Term Studies

Most studies of vegetation response to natural disturbance 
lack data about vegetation composition before the distur-
bance. We created good estimates of pre-disturbance values 
by clearing tephra from plots within 2–4 months after the 
eruption. Pre-disturbance values allowed us to calculate iner-
tia, resilience, and other indices of redevelopment, and to 
determine how closely the trajectory of post-disturbance 
change is converging on the pre-disturbance condition. 
Several methods could theoretically be used to gather pre- 
disturbance data about vegetation composition. Ideally, one 
would have pre-existing, recently sampled plots that were 
disturbed at an intensity that induced variable responses 
among plants. In such a case, inertia and resilience could be 
calculated on a plot-by-plot basis, allowing small-scale study 
of the influence of environment. In our case, the cleared plots 
that provided pre-disturbance estimates were on transects 
interspersed among those with plots on natural tephra, allow-
ing analysis on the scale of the site (ca. 1 ha), rather than the 
plot. A third approach is to compare disturbed vegetation 
with the nearest naturally unaffected areas of apparently sim-
ilar vegetation. With tephra as deep as that on our plots, one 
cannot identify the understory vegetation beneath the tephra, 
preventing an appropriate choice of control stands. In addi-
tion, the tephra deposit was so large and understory vegeta-
tion varied so much and so locally that trying to make 
comparisons using control areas outside the tephra would be 
untenable. Another approach is to study tephra effects by 
adding tephra where none fell naturally or excluding tephra 
by covering plots during the eruption (e.g., Black and Mack 
1986; Mack 1987). For small-scale studies of individual 
plant processes, this seemed to work well. But for a study at 
the community level, especially with deep tephra with com-
plex stratification like that on our plots (Waitt and Dzurisin 
1981), it would be virtually impossible to provide enough 
similar tephra to allow treatment of areas large enough to 

include the existing variation in vegetation and to escape 
edge effects.

In addition to having pre-disturbance information, our 
study was unusual for its long duration. Although many 
aspects of the current vegetation could be predicted from the 
first 10 years (Zobel and Antos 1997), temporal changes 
have been far from linear. The unexpected reduction, or even 
reversal, of the rate of increase in cover and shoot density 
after 1990 provided a glaring example (Figs. 6.4 and 6.6). 
We avoided confounding spatial with temporal change by 
using permanent plots and minimized sampling errors by 
having at least one author present throughout sampling.

Several issues increase the difficulty of interpreting our 
data. The sites differed substantially in pre-disturbance spe-
cies composition (Zobel and Antos 1997); much of our inter-
pretation, therefore, has been done at the level of growth 
forms. However, our studies of individual species show great 
disparity of post-disturbance behavior among herb species. 
In addition, in many cases, especially with tree seedlings and 
where inertia was high, current importance of a growth form 
(c in Fig. 6.3) exceeded that before the eruption (a) (Figs. 6.4, 
6.5, 6.6, and 6.7, Tables 6.8, 6.9, and 6.10). In some cases the 
explanation is clear: at site DR, tree seedlings established 
and survived well on the surface of deep tephra and have 
grown into a layer that is much denser than before the erup-
tion at any of our sites (Zobel and Antos 1991b, 1997; Antos 
and Zobel 2005). In other cases, the explanation is not clear, 
but several possibilities exist: secondary disturbance (e.g., 
tree death) stimulated understory growth; the soil environ-
ment has become more favorable than before the eruption; or 
increases in temperature with a longer growing season at 
these subalpine sites, associated with global warming, have 
increased productivity.

With appropriate attention to such changes in environ-
ment, we believe our study offers a well-documented, widely 
useful example of vegetation change after disturbance. 
It illustrates that effects of a single disturbance on different 
vegetation strata may be profoundly different. It shows the 
effect of differences in disturbance intensity, and their inter-
action with another factor (snow).

The tephra disturbance itself is important. Tephrafall is the 
most frequent and widespread volcanic impact, important in 
extensive regions of the earth, and has substantially affected 
vegetation in the Pacific Northwest (Ayris and Demelle 2012; 
Franklin and Dyrness 1973). There was a similar tephra 
deposit on our sites in 1800 and many deposits before that 
(Mullineaux 1986). Carefully designed and consistent long-
term studies, initiated as soon after disturbance as possible, are 
critical to evaluating such large-scale disturbances, which pro-
foundly affect vegetation patterns (Turner et al. 1998). One 
notable difference in vegetation near Mount St. Helens is the 
absence of the regionally dominant  understory plant 
Xerophyllum tenax from our deep tephra plots and from most 
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areas closer to the volcano, where deep tephra has repeatedly 
fallen (Swanson et al. 2005). This may reflect the inability of 
this species’ thin, flexible new leaves to penetrate tephra that is 
deep enough to bury the plants completely.

6.6.3  Using Indices of Inertia and Resilience

Westman (1978, p. 705) defined resilience as “…the degree, 
manner, and pace of restoration of initial structure and func-
tion in an ecosystem after disturbance.” Our index of resil-
ience considers the “degree” to which measures of importance 
approached pre-disturbance values, and their change over 
time represents the “pace.” We (Zobel and Antos 1997) also 
calculated elasticity (Westman 1978), another measure of 
“pace,” for the first decade after the eruption, but the leveling 
off of increases in importance (Figs. 6.4 and 6.6) made this 
calculation ambiguous. Other analyses (Zobel and Antos 
2007, 2009) considered the “manner” of herb restoration, 
including the source, permanence, and timing of establish-
ment of new plants, their mechanism of expansion, and the 
influence of nearby conspecific plants, flowering frequency, 
and seedling production. In these analyses we emphasized 
comparison among species.

Resilience, inertia, and related indices contributed to 
understanding vegetation change, beyond graphing impor-
tance over time, by quantifying aspects of the pattern: how 
much of the importance survived the disturbance (inertia), 
how much of the original importance has been regained 
(relative plant importance), how much of the importance 
lost has been recovered (resilience), and how effectively 
survivors expanded. These indices could be statistically ana-
lyzed to determine the significance of patterns in vegetation 
change and the influence of plant and environmental factors 
on these aspects of vegetation change. Relative plant 
importance and resilience were highly correlated 
(Table 6.11), and as post- eruption importance approached 
zero, they became identical.

We previously computed the indices used in this paper, and 
one more, referring to four indices as varieties of resilience 
(Zobel and Antos 1997). Further consideration led us, for this 
paper, to select (c−b)/(a−b) as our only measure of resilience, 
to interpret relative plant importance and expansion of survi-
vors differently and to omit a fourth index defined 
as (c−b)/a (Fig. 6.3). Resilience, as we define it here, (c−b)/
(a−b), is a clear statement of the degree of resilience (Westman 
1978). Relative plant importance was useful for plotting the 
time-course of change in plant importance, allowing easy 
comparison among growth forms or species with different 
absolute values. We found, however, that (c−b)/a was often 
strongly correlated with the other indices and did not add to 
our understanding of vegetation change; thus, we excluded it.

The concept of expansion of survivors provided informa-
tion not correlated with resilience or relative plant impor-
tance. Expansion of survivors was often large, >10, 
emphasizing how much the importance of survivors 
increased. This index varied from <1 to >70, differing among 
environments, growth forms, species, and measures of 
importance. It was often greatest where there was low inertia 
(and thus limited plant occupancy); in such situations, a large 
expansion of importance may reflect high resource availabil-
ity owing to lack of competition, or the capacity of non- 
woody plants to reproduce or grow rapidly. Expansion of 
survivors for shoot density and cover was higher than for 
species density.

Indices related to recovery also may be correlated with 
inertia. Among growth forms and widespread species, resil-
ience was higher for those cases in which inertia was high 
(Figs. 6.9 and 6.10); in contrast, among four herbs at one 
site, the reverse seems to be true (Fig. 6.11). A general posi-
tive relationship between inertia and resilience could be 
expected, as plants that survived better (higher inertia) are 
likely to have more seed production or meristems for clonal 
spread. However, other factors may distinguish individual 
species’ responses, as noted for herbs above.

One unforeseen problem was selecting which year’s 
data to choose for the values of pre- and post-eruption 
importance (a and b in Fig. 6.3). Although 1980 data 
seemed an obvious choice for both a and b, these values 
proved inappropriate. Plant importance in cleared plots was 
low in 1980–1981 because some live plants with the capac-
ity to survive and grow were not yet apparent: melt of snow 
beneath tephra was delayed for months, plots were cleared 
in late summer 1980, and plants may have been damaged 
by clearing. Because plant importance in some cleared 
plots declined from 1981 to 1982 to 1983, we selected the 
lesser of the 1982 and 1983 cleared plot values as pre-erup-
tion importance (Zobel and Antos 1997). Consequently our 
estimate of pre- eruption importance is likely to be conser-
vative. We used data from natural plots in 1981 to define 
post-eruption importance, owing to late snow melt beneath 
the tephra in 1980.

6.7  Conclusions

 1. Inertia and resilience generally both declined as plant size 
decreased, as tephra depth increased, and where tephra 
fell on snow (i.e., the amount of damage to plants 
increased and the degree of recovery declined).

 2. Resilience differed among measures of importance, with 
shoot density usually having larger values than cover. It 
varied most often with environment for species density, 
but did not vary significantly for cover.
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 3. Maximal values of resilience were greater in shallow than 
in deep tephra.

 4. Resilience increased with time after disturbance for most 
attributes and plant types, although it leveled off after 
20 years in many cases.

 5. Responses of major herb species differed substantially, 
whereas shrub species did not.

 6. Interactions of growth form with tephra depth and extent 
of snow in 1980 were often significant. Herbs were 
affected mostly by tephra depth, woody plants by extent 
of snow.

 7. Expansion of survivors was higher where damage was 
greater—for small growth forms and sites with deep 
tephra and extensive snowpack in 1980.

 8. Values of cover in 2010 remained significantly correlated 
with inertia.

 9. Use of indices of inertia and resilience aided interpreta-
tion of vegetation change by allowing statistical analysis 
of features of the trajectories of community change that 
are otherwise difficult to analyze.
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7

7.1  Introduction

The 1980 eruption of Mount St. Helens created a denuded 
landscape that was ideally suited to study ecosystem recov-
ery. Post-eruption conditions ranged from the total destruc-
tion of areas disturbed by the debris avalanche and pyroclastic 
flows to moderate damage caused by tephrafall. In this chap-
ter, we focus on how chance affected primary plant succes-
sion under a range of disturbance severity. We documented 
vegetation change in mid-elevation (980–1550 m) sites on 
Mount St. Helens between 1980 and 2010. We explore what 
controls successional rates and species patterns and whether 
different plant communities might exist under similar habitat 
conditions.

There are many questions about what controls, constrains, 
or promotes vegetation development (Walker and del Moral 
2003). Our studies exploring the importance of microsites 
(Wood and del Moral 1987), mycorrhizae (Titus and del 
Moral 1998; Titus et al. 2007), biotic interactions (del Moral 
and Rozzell 2005), and dispersal (Fuller and del Moral 2003; 
del Moral and Eckert 2005) generated broader questions:

• What factors determine successional rates and how may 
they be assessed?

• Is there a predictable relationship between species com-
position and the environment?

• Do similar habitats support similar plant communities?

Answering these questions is critical in a world where 
dwindling resources and increasingly uncertain climate 
make ecosystem restoration ever more challenging (Walker 
et al. 2014).

7.2  Mount St. Helens Study Sites 
and Plots

The pyroclastic density current (referred hereafter as the 
blast PDC) of 18 May 1980 created asymmetric impacts 
(Swanson and Major 2005) and a diverse, largely barren 
landscape near the volcano. Before the eruption, its slopes 
were a mosaic of meadows and coniferous woodlands (del 
Moral and Wood 1988). Today they express responses to vol-
canic disturbances of varying severity (Fig. 7.1).

Vegetation change at several sites was documented over 
decades, and the Muddy River lahar deposit and the Pumice 
Plain were surveyed extensively during selected years (see 
Table 7.1 for details of the number of plots and the duration 
of each monitoring period).

7.2.1  Lahar Sites

Lahars form when eruptions melt snow and glaciers to 
unleash gravity-driven slurries of rock and mud. Two phys-
ically similar lahars formed from old volcanic material on 
the south slope of the mountain. Lahar 1 terminated near 
the meadow above Butte Camp; its eastern edge is bordered 
by woodlands (Fig. 7.2a; del Moral 1998). Subalpine fir 
(Abies lasiocarpa) and lodgepole pine (Pinus contorta) 
quickly recolonized to dominate the vegetation, with an 
understory of partridgefoot (Luetkea pectinata), Davis’s 
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fleeceflower (Polygonum davisiae), and Shasta buckwheat 
(Eriogonum pyrolifolium). Lahar 2 (Fig. 7.2b), 1 km to the 
west, is >500 m from woodlands. Such isolation ordinarily 
constrains colonization and alters species composition 
(Granzow-de la Cerda et al. 2016). This site’s vegetation is 
currently dominated by Pacific lupine (Lupinus lepidus), 
Cardwell’s beardtongue (Penstemon cardwellii), 
Eriogonum, and Polygonum. Small, sparsely distributed 
conifers also occur.

The Muddy River lahar deposits were generally several 
meters thick in the areas studied, although thinner along the 
margins (Fig. 7.2c). Halpern and Harmon (1983) docu-
mented early colonization of this lahar. A vegetation survey 
conducted by del Moral et al. (2009) found that lower sites 
were dominated by Lupinus spp. and rock moss 
(Racomitrium canescens) and upper sites supported a com-
plex mosaic of low shrubs. Conifer size and density 
decreased with elevation and with distance from lahar-
deposit margins (del Moral and Ellis 2004).

7.2.2 Blast-PDC and Pyroclastic-Flow Sites

The Plains of Abraham, a nearly flat expanse, forms the 
eastern side of the volcano. The blast PDC removed vegeta-
tion, a lahar scoured its surface, and pumice rained down 
(tephrafall) to generate a persistent, desolate habitat 
(Fig. 7.3a, b; del Moral et al. 2010). The vegetation remains 
sparse and homogeneous, dominated by forbs (Cistanthe), 
shrubs (e.g., Penstemon, Luetkea), and graminoids (Agrostis 
spp., Juncus spp., Carex spp.).

The north flank of the cone supports the rolling Pumice 
Plain (Fig. 7.4a) from which the debris avalanche, blast PDC, 
and pyroclastic flows removed all vegetation except in a few 
relict sites, and coarse pumiceous tephra covered most of the 
new deposits. The eastern Pumice Plain remained barren well 
into the 1990s, but is now dominated by Lupinus, Penstemon, 
Luetkea, Salix, and graminoids, often with mosses (Fig. 7.5a; 
del Moral and Jones 2002). Much of the Pumice Plain con-
tains wetlands and is dissected by stream drainages.

Fig. 7.1 Study area locations at Mount St. Helens. (Cartography by Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research 
Station).
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At the Pumice Plain and Plains of Abraham sites, we con-
ducted long-term studies using grids, permanent plots, and 
surveys of depressions on the Pumice Plain known as “pot-
holes” (Fig. 7.4b). Most potholes are dominated by Agrostis 
spp., Lupinus lepidus, Racomitrium, Penstemon, Luetkea, 
and other graminoids.

7.2.3 Blast-PDC Site

Studebaker Ridge forms the western boundary of the Pumice 
Plain and leads up to the edge of the crater. The ridge endured 
searing forces from the blast PDC that removed soil from the 
upper portion, but some remained on lower, more protected 
sites (Fig. 7.5b), where Lupinus with mosses and graminoids 
became common (del Moral 2007).

7.2.4  Study Plots

The initial goals of each study dictated sampling design 
(Table 7.1). Circular plots were designed to efficiently moni-
tor vegetation development whereas square plots were 
arranged in grids to assess local spatial pattern and its devel-
opment. Surveys described patterns on a landscape scale and 

were used to relate variation to environmental factors. 
Potholes were sampled repeatedly to investigate the develop-
ment of consistent relationships between composition and 
environment.

Permanent plot data, methods, and syntheses were 
detailed by del Moral (2010). Plots were circular, 250 m2 
in area, and arrayed along transects in several habitats. 
Annually, near midseason, we determined species cover 
to the nearest 0.1% in 24 0.25-m2 quadrats in each plot. 
Species present on the plot but absent from any quadrat 
were assigned a value of 0.1%.

We established and repeatedly surveyed grids of 10 × 
10-m plots on the Plains of Abraham (10 by 40 plots; del 
Moral et al. 2010) and on the eastern Pumice Plain (10 by 
20 plots; del Moral et al. 2012). We estimated vegetation 
cover with a logarithmic index described by del Moral and 
Wood (2012).

We surveyed the Pumice Plain in 1992 with 141 100-m2 
circular plots (del Moral et al. 1995); then in 2004, del Moral 
and Lacher (2005) led a survey using 271 250-m2 circular plots 
spread over 7 km2. In 2007, we surveyed the Muddy River 
lahar deposit (del Moral et al. 2009) with 151 200-m2 plots 
arrayed over 5 km2, ranging in elevation from 900 to 1320 m.

Several hundred potholes occur on the northeast slope. 
They are likely to have formed by differential melting of 

Table 7.1 Characteristics of study sites. Latitude/longitude coordinates are for the center of the study area. Impact = principal volcanic events 
(pumice refers to coarse tephra deposits composed of this rock type). x = site was involved in the study. Rate studies of succession rate, Det. 
studies of deterministic control, Alter. State studies of alternative states. Locations are labeled in Fig. 7.1.

Name Design N plots Latitude Longitude Impact Elevation (m)

Year Studies
Start End Rate Det. Alter. State

Lahar-1 Transect 2 46.17630 −122.22349 Lahar 1418–1460 1982 2005 x

Lahar-2 Transect 5 46.18289 −122.22626 Lahar 1430–1470 1982 2004 x

Plains of 
Abraham

Transect 10 46.21199 −122.13993 Blast PDC, 
lahar, tephrafall

1365–1367 1990 2010 x

Pumice Plain Transect 12 46.23413 −122.15966 Blast PDC, 
tephrafall

1248–1306 1989 2010 x

Studebaker 
Ridge-1

Transect 10 46.23291 −122.19482 Blast PDC 1218–1341 1984 2010 x

Studebaker 
Ridge-2

Transect 10 46.22807 −122.19417 Blast PDC 1354–1467 1989 2010 x

Muddy 
Lahar

Survey 151 46.22990 −122.11881 Lahar 908–1320 N.A. 2007 x x

Pumice Plain Survey 271 46.24345 −122.17124 Pyroclastic 
flow, tephrafall

1056–1387 1992 2004 x x

Plains of 
Abraham

Grid 400 46.21167 −122.14102 Blast PDC, 
lahar, tephrafall

1362–1367 1988 2010 x x

Pumice Plain Grid 200 46.23449 −122.15929 Blast PDC, 
tephrafall

1215–1245 1989 2010 x x
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snow trapped beneath pumice that fell during the eruption 
(del Moral 1999a). Initially empty, they came to support veg-
etation that was denser than that of their surroundings. In 
1993, we measured cover of all species in 111 potholes; most 
were resurveyed in 1997. From 2001 through 2009, plant 
cover of 80 intact potholes was determined. They averaged 
27.3 m2 in area and averaged 30 cm in depth. In 2008, we 
also sampled these 80 potholes with four 1-m2 quadrats and 
collected environmental and geographic coordinate data.

7.3  Methods

7.3.1  Successional Rates

Ecologists measure the rate of species composition change 
with variants of two methods: time needed to reach equilib-
rium or a benchmark (Sparrius et al. 2013), or measures of 
floristic turnover (Chapman and McEwan 2013). The former 
is useful in chronosequence studies (Lindig-Cisneros et al. 
2006) and for short-term experiments (Scott and Morgan 
2012). Species turnover offers ways to test the effects of fac-
tors that regulate successional rates (Rebele 2013).

We asked a phenomenological question—what factors 
influence successional rates?—and a methodological one—
what criteria best measure successional rates? We used sev-
eral ways to assess community dynamics between 1980 and 
2010 and to explore rate-regulating factors. These criteria 
include vegetation structure and development, trajectory 
complexity, measures of community similarity, and mea-
sures of floristic turnover on permanent plots established in 
these initially barren habitats: lahars, the Plains of Abraham, 
the Pumice Plain, and Studebaker Ridge.

7.3.1.1  Community Patterns
We classified permanent plots into ad hoc units termed com-
munity types (CTs) to assess how plot species composition 
changed over time (see Ujházy et al. 2011). Classifications 
used species percent cover with an agglomerative clustering 
strategy (Sørensen’s index and flexible sorting, β = −0.25; 
McCune and Mefford 2006). Plots were combined until 
<50% of the information remained, yielding CTs with simi-
lar internal variation in each of the study area. Although 
dominants of two CTs might be similar, their cover differ-
ences alone could differentiate them (e.g., L-D and L-E, 
Table 7.2). A plot undergoing succession normally moves 
through multiple CTs (its trajectory). Trajectory complexity 
is calculated from the number of CTs and their temporal per-
sistence using the information theory statistic (H′).

Within each disturbance type, communities were assigned 
a code to represent the site and letters to specify the sequence 
of CT occurrence. For example, L-A identifies the first CT to 
establish on lahar deposits. Many CTs were transient, quickly 
progressing to more advanced ones. Persistent CTs were 
those that remained extant at the end of the study.

7.3.1.2  Vegetation Structure
We used plant cover in several assessments. Community 
types were described by their initial and maximum cover, net 
cover increment, rate of cover increase, and time needed to 
reach 90% of the maximum cover observed in the study 

Fig. 7.2 Lahar deposits (a) Lahar 1 (2002), (b) Lahar 2 (2003), (c) 
Muddy River lahar deposits (2007). (Photos by R. del Moral).
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Fig. 7.3 Blast sites, east of crater. (a) The Plains of Abraham, which also received a lahar and pumice (1980). (b) Vegetation of the Plains of 
Abraham (2009). (Photos by R. del Moral).

Fig. 7.4 Blast sites, north of crater: (a) The Pumice Plain (2010), (b) Potholes (2002). (Photos by R. del Moral).

Fig. 7.5 (a) Pyroclastic-flow site (2010). (b) Lower Studebaker Ridge (2009). (Photos by R. del Moral).

7 Primary Succession on Mount St. Helens: Rates, Determinism, and Alternative States
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Table 7.2 Persistent community types on primary surfaces. First cover initial sampled vegetation cover, max cover maximum cover value, year 
to 90% time to reach 90% of maximum cover, rate cover percent increase per year to maximum, mean no. CTs number of transitional community 
types leading to the last community type, H’ the complexity of the trajectory (see text).

CTa 1st cover (%) Max cover (%) Year to 90% Rate (year−1) mean no. CTs H′ Leading dominantsb,c

L-D 0.2 61.3 25 2.04 4.0 1.119 Pincon, Abilas, Luepec, Eripyr, Poldav

L-E 0.2 54.0 25 1.79 4.0 1.207 Abilas, Pincon, Luepec, Poldav, Eripyr

L-G 0.1 13.5 17 0.5 4.0 1.142 Luplep, Eripyr, Pencar, Poldav, Junpar

PA-C 0.0 7.2 23 0.31 3.0 0.823 Agrpal, Cisumb, Junpar, Luepec

PA-D 0.1 11.7 23 0.51 3.25 0.833 Pencar, Cisumb, Junpar, Agrpal

PA-E 0.0 11.5 27 0.42 3.0 0.778 Junpar, Luepec, Pencar, Agrpal

PA-F 0.1 10.4 27 0.38 3.0 0.667 Pencar, Raccan, Luepec, Junpar

PP-F 0.5 14.8 22 0.65 5.5 1.483 Pencar, Luplep, Agrpal, Carmer, Luzpar

PP-G 0.6 21.1 22 0.93 5.0 1.424 Agrpal, Pencar, Raccan, Luepec, Luplep

PP-Ia 0.5 58.9 22 2.65 6.3 1.779 Luplep, Agrpal, Pencar, Salsit, Raccan

PP-Ib 0.5 93.5 22 4.23 6.7 1.867 Luplep, Agrpal, Pencar, Salsit, Raccan

SR-F 0.25 4.5 27 0.16 4.0 1.052 Agrpal, Luepec, Junpar, Luplep, Agrsca

SR-G 0.1 33.2 21 1.57 7.0 1.870 Agrpal, Luplep, Raccan, Cisumb

SR-Ha 0.63 15.1 21 0.69 6.5 1.563 Agrpal, Raccan, Luplep Anamar, Luepec

SR-Hb 0.35 5.4 27 0.18 4.3 1.271 Agrpal, Raccan, Luplep, Agrsca

SR-I 0.45 20.5 21 0.95 6.0 1.365 Raccan, Agrpal, Luplep, Carmer, Junpar

SR-J 0.1 55.8 19 2.93 5.0 1.361 Raccan, Agrpal, Luplep, Carmem

SR-K 0.5 10.9 16 0.65 6.0 1.502 Cisumb, Agrpal, Luepec, Junpar, Luplep

SR-La 0.15 69.1 16 4.33 4.3 1.231 Raccan, Agrpal, Luplep, Pencar, Achmil

SR-Lb 0.15 31.3 21 1.18 6.0 1.669 Raccan, Agrpal, Luplep, Pencar, Salsit
aL–D and L-E are on Lahar 1; L-G is on Lahar 2; PA communities are on the Plains of Abraham; PP communities are on the Pumice Plain; SR 
communities are on Studebaker Ridge.
bSpecies listed in order of dominance in last 3 years of plots sampled.
cAbbreviations followed by scientific name (common name): Abilas = Abies lasiocarpa (subalpine fir); Achmil = Achillea millefolium (yarrow); 
Agrpal = Agrostis pallens (dune bentgrass); Agrsca = Agrostis scabra (rough bentgrass); Carmer = Carex mertensii (Merten’s sedge); Cisumb = 
Cistanthe umbellata (Mt. Hood pussypaws); Eripyr = Eriogonum pyrolifolium (Shasta buckwheat); Junpar = Juncus parryi (Parry’s rush); Luepec 
= Luetkea pectinata (partridgefoot); Luplep = Lupinus lepidus (prairie lupine); Luzpar = Luzula parviflora (small-flowered woodrush); Pencar = 
Penstemon cardwellii (Cardwell’s beardtongue); Pincon = Pinus contorta (lodgepole pine); Poldav = Polygonum davisiae (Davis’ fleeceflower); 
Raccan = Racomitrium canescens (roadside rock moss); Salsit = Salix sitchensis (Sitka willow).
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(Alvarez-Molina et al. 2012). Cover development is a useful 
way to summarize successional rates under some conditions 
(Prach et al. 2007), but becomes less effective as it approaches 
its maximum (Baasch et al. 2012).

7.3.1.3  Floristic Similarity
Floristic similarity relates the species composition of two 
samples. For example, when comparing two plots, the plot 
with lower similarity between initial and final samples has 
developed more quickly. We assessed change in a matrix of 
species percent similarity (PS) between each successive 
year (Kovach 1999) by calculating mean similarity of each 
plot matrix, averaged for all plots of each CT. Plots with 
lower mean similarity had progressed further than did those 
with high similarities. We also determined how long it took 
for plots initially within a CT to become floristically distinct, 
that is, to reach 10% similarity among them.

7.3.1.4  Floristic Turnover
Species turnover is a progressive change in species composi-
tion. We used species percent cover to provide a detailed 
analysis (cf. Chaideftou et al. 2012). We used detrended cor-
respondence analysis (DCA) because changes are scaled so 
that 100 units approximate a 50% change in species compo-
sition (Freeman and Kobziar 2011). Therefore, the scores of 
the same plot over time indicate the degree of floristic change 
and the time interval indicates the rate of floristic change. We 
analyzed all permanent plots simultaneously to allow direct 
rate comparisons.

As sample composition changes, its position traverses 
DCA space, producing succession trajectories (Magnússon 
et al. 2009); therefore, the Euclidean distance (d) between 
DCA scores summarizes floristic change (Baniya et al. 2009). 
To calculate d, the DCA axes were weighted by the amount of 
overall variation contained in each (see del Moral and 
Magnusson 2014) and the change between successive years 
was determined. Principal components analysis (PCA) was 
used to smooth these vectors and to estimate rates of change. 
The slope of the regression of PCA with time also measures 
succession rate (del Moral and Chang 2015).

7.3.2  Determinism

Our studies of developing determinism compared vegetation 
patterns to predictive variables seeking statistically valid 
relationships. They were conducted at several scales, distur-
bance types, and locations: 2007 Muddy River lahar deposit 
survey, 1992 and 2004 Pumice Plain surveys, sequential 
studies of the Plains of Abraham and Pumice Plain grids, and 
the Pumice Plain potholes. Factors included both spatial and 

habitat variables and were analyzed by redundancy analysis 
(see Sect. 7.3.2.2).

7.3.2.1  Explanatory Variables
Vegetation responds to factors such as moisture, tempera-
ture, length of growing season, and fertility (Baeten et al. 
2010), but it is rare that such explanatory variables can be 
measured directly or comprehensively. Often more readily 
measured surrogates that reflect potential explanatory vari-
ables are used to explore causal patterns between species 
composition and environmental and landscape factors.

Each determinism study had different available variables 
(Table 7.3). These included position, elevation, and distance 
to dense vegetation. We determined solar insolation from 
aspect and slope (McCune and Keon 2002) and measured 
sunlight near solar noon using a light meter. Soils collected 
between 5- and 15-cm depths were analyzed to determine 
moisture, pH, and texture classes. Fertility was estimated 
using Lupinus cover in preceding years, as verified in pilot 
studies. We noted where topography (rills and gullies) had 
exposed old soil. Exposure to desiccation was estimated 
from aspect and prevailing wind. Method details are in 
papers cited in Sect. 7.4.

7.3.2.2  Statistical Analyses
The ability of explanatory variables to predict species com-
position was explored using redundancy analysis (RDA), a 
linear method of constrained ordination (ter Braak and 
Šmilauer 2007). Such methods determine the degree of 
explained variation between predictors and species composi-
tion and partition it between spatial and habitat factors. The 
strength of the relationship between predictors and species 
composition estimated determination. Results were summa-
rized as the proportion of total explained variation assigned 
to spatial and habitat factors, the correlation of species to the 
first axis, and the strength of individual explanatory 
variables.

7.3.2.3  Alternative States
Studies were initially designed to describe vegetation recov-
ery, but the data also challenge the idea that only a single 
early-successional community type (CT) occurs in a particu-
lar habitat type (HT). We used agglomerative clustering (see 
Sect. 7.3.3.1) with only environmental variables to produce 
HTs from a set of data (see Table 7.3). CTs were formed by 
classifying vascular plants and mosses; for this study, fewer 
CTs were recognized than in the published studies in order to 
improve the fit between CTs and HTs. We compared species 
composition within CTs and HTs using percent similarity 
and examined the variation of DCA scores of plots within 
CTs and HTs.

7 Primary Succession on Mount St. Helens: Rates, Determinism, and Alternative States
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7.3.3  Statistical Software

We conducted statistical analyses with Statistix 10 
(Analytical Software 2013) and used PC-ORD (McCune and 
Mefford 2006) to provide data summaries and 
classifications.

7.4  Rates of Succession on Primary 
Surfaces

Successional rates evaluate how quickly species composition 
and vegetation structure change. Rates are influenced by 
competition (Rebele 2013), facilitation (Walker et al. 2003), 
nutrient inputs (Butterfield and Callaway 2013), disturbance 
severity (Burt and Clary 2016), isolation (Boyes et al. 2011), 
and stresses (Kayes et al. 2010) that limit productivity 
(Laborde and Thompson 2013). Stresses include infertility 
(Long et al. 2012), drought (Kardol et al. 2010), and trun-
cated growing seasons (Kamijo et al. 2002). The importance 
of these factors varies spatially and temporally (Platt and 
Connell 2003). Del Moral and Magnússon (2014) compared 
succession rates on Mount St. Helens with Surtsey (Iceland), 
where seabirds imported guano that radically speeded suc-
cession. Del Moral and Chang (2015) explored successional 
rates on successional surfaces at Mount St. Helens in more 
detail and found that stresses such as drought slowed succes-

sion and that repeated disturbances such as erosion often 
returned vegetation to an early successional stage.

We tested three hypotheses: (1) floristic development is 
inhibited by stresses; (2) disturbance impedes or alters suc-
cessional trajectories; and (3) isolation slows structural and 
floristic development.

7.4.1  Classification and Structure

Development of cover and species richness describes early 
succession well, but because these values soon stabilize, 
other criteria become more useful. To describe later succes-
sion, we report time taken to reach 90% maximum plot 
cover, the annual rate of increase, and trajectory complexity 
(Table 7.2).

7.4.1.1  Lahar Deposits
Two succession patterns developed on lahar deposits. 
Conifers quickly invaded plots near intact vegetation (L-D, 
L-E), whereas prostrate subalpine herb species dominated 
isolated sites (L-G), which had relatively few young coni-
fers. Only three of seven CTs persisted. The rate of cover 
 accretion to 90% of maximum cover declined from L-D, 
near the woodland, to the distant L-G. All plots transi-
tioned through four CTs, with moderate community 
complexity.

Table 7.3 Explanatory variables used in constrained analyses. Method used to assess variable given in parenthe-
ses. Habitat factors were used to classify habitat types (HTs).

Variable
Muddy  
survey

Pumice Plain  
survey

Abraham  
grid

Pumice Plain  
grid Potholes

Landscape factors

Elevation (GPS; maps) x x x x

Latitude (GPS) x x x x x

Longitude (GPS) x x x x x

Distance-wetland (direct) x x

Distance-relicts (direct) x x x x x

Habitat factors

Slope (inclinometer) x x x

Aspect (compass) x x x

Insolation (calculation) x x

Exposure (observation) x x x

Light (meter) x

Moisture (gravimetric) x x

pH (meter) x

Fertility (Lupinus) x

Texture (sieves) x x x x

Relict soil (observation) x

Topography (observation) x x x x x

Rocks (observation) x x x

Pumice (observation) x x x

Pyroclastic (observation) x
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7.4.1.2  Plains of Abraham
Vegetation on the ten Plains of Abraham plots remained 
sparse. Four of six CTs persisted, of which PA-C (dune bent-
grass, [Agrostis pallens], Mt. Hood pussypaws [Cistanthe 
umbellata], and Parry’s rush [Juncus parryi]) had the lowest 
cover. Community type PA-D was dominated by Penstemon 
and persistent herbs, whereas PA-E was dominated by Juncus 
and Luetkea. Community type PA-F had significant moss 
cover. In general, cover accumulated slowly (0.3–0.5% 
per year) and community complexity remained low in this 
stressful habitat.

7.4.1.3  Pumice Plain
The 12 Pumice Plain plots suffered the same initial distur-
bance, but the plots experienced different degrees of solar 
radiation, wind, and subsequent erosion that produced very 
different successional rates. Only three of nine CTs per-
sisted. Founder CTs were dominated by grasses, well- 
dispersed forbs such as pearly everlasting (Anaphalis 
margaritacea), and Lupinus. Transitional communities fea-
tured Penstemon, Salix, and several herbs. Persistent CTs 
occurred at PP-F (Agrostis, Lupinus, and Carex mertensii), 
which suffered repeated water erosion, PP-G (Lupinus, 
Penstemon, and graminoids) in exposed sites, and PP-I on 
the upper, protected slopes (Lupinus, Penstemon, Agrostis, 
and mosses). All CTs reached 90% of their maximum cover 

in 2004 after a population explosion of Lupinus. Plot trajec-
tories averaged 5.33 CTs; trajectory complexity was among 
the highest in the study.

7.4.1.4  Studebaker Ridge
Initial vegetation development on Studebaker Ridge was 
delayed by stress and isolation (del Moral 2007); in 1984, 
only 6 of 20 plots had any plants. Nine of 12 CTs persisted 
because pioneer CTs first appeared at low elevation then 
developed at mid-elevations. SR-L cover developed in 
response to fluctuations of Lupinus, but cover in other CTs 
increased more slowly and remained sparse, reaching 90% 
maximum cover between 2004 and 2010. SR-La cover 
increased by 4.33% per year, and SR-G, after a slow start, 
achieved 1.57% cover per year, both among the most rapid of 
the study. Complexity of most trajectories was high.

7.4.2  Temporal Changes in Floristic Similarity

Mean plot percent similarity (PS), determined from the flo-
ristic matrix between all years, is a complementary estimator 
of successional rates. Plot means were pooled into each 
CT. Low mean similarity reflects rapid succession (Table 7.4).

Mean similarities among Lahar CTs were low; those near 
woodlands were lower than isolated ones—they reached 10% 

Table 7.4 Characteristics of persistent community types (CT). Impact type describes the main influences on successional patterns; richness and 
cover = final values recorded; mean% sim = matrix of similarity mean value (mean of all plots in CT); years to 10% = number of years to reach 
10% similarity in matrix; Euclidean distance d between first and final DCA position (3 dimensions; ΔPCA is net change over study in the principal 
components analysis of the DCA scores; PCA slope is the regression of PCA with time (all p > 0.001 unless noted otherwise).

CT (N plots) Impact Type Richness Cover (%) Mean% sim Years to 10% d ΔPCA PCA Slope
L-D (1) Lahar-adjacent 18.0 57.2 11.4 1990 142 2.09 0.210

L-E (1) Lahar-adjacent 18.0 54.1 12.7 1992 195 2.24 0.260

L-G (5) Lahar-distant 17.2 15.0 17.3 1995 73 0.66 0.048

PA-C (2) Blast + lahar 15.5 4.5 50.5 2010 60 2.35 0.149

PA-D (4) Blast + lahar 13.0 4.8 48.3 2010 88 2.56 0.183

PA-E (2) Blast + lahar 13.5 6.5 43.8 2010 74 2.12 0.172

PA-F (2) Blast + lahar 19.0 5.4 45.6 2010 81 1.84 0.135

PP-F (2) Blast + pumicea 20.09 7.7 25.9 2002 93 2.42 0.137

PP-G (4) Blast + pumicea 18.3 19.9 22.5 2002 121 3.27 0.135

PP-Ia (3) Blast + pumicea 21.7 39.2 18.4 2002 141 3.37 0.175

PP-Ib (3) Blast + pumicea 20.7 58.7 21.4 2002 152 3.68 0.190

SR-F (3) Blast 17.3 4.3 23.8 2001 49 1.49 0.106

SR-G (1) Blast 16.0 33.1 14.9 1993 172 3.49 0.258

SR-Ha (2) Blast 17.0 7.9 24.6 2010 113 1.81 0.135

SR-Hb (3) Blast 18.3 5.9 30.6 2008 111 1.74 0.121

SR-I (1) Blast 17.0 11.5 16.5 1997 149 1.12 0.083

SR-J (1) Blast 22.0 44.1 8.4 1990 162 2.50 0.108

SR-K (1) Blast 16.0 7.0 22.4 2008 113 2.55 0.127

SR-La (4) Blast 18.3 60.4 10.6 1989 118 2.20 0.111

SR-Lb (4) Blast 15.3 21.1 10.5 1995 129 2.39 0.132
aPumice here implies coarse airfall deposits (tephra).
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similarity more rapidly than did those of any other site. In 
contrast, the mean similarity in Plains of Abraham CTs was 
higher than those of other CTs; no plot reached the 10% 
threshold. Similarity of Pumice Plain CTs was intermediate 
to lahars and Plains of Abraham. The Studebaker Ridge tran-
sect had variable, but low, similarities. SR-La achieved the 
10% threshold rapidly because the Lupinus quickly improved 
establishment conditions (Bishop 2002). Poorly vegetated 
sites required longer to reach this level of similarity.

We used DCA to determine succession trajectories of all 
permanent plots in one analysis so that rate comparisons 
could be made directly (Table 7.4). The analysis revealed 4.3 
species turnovers in the first DCA axis, a large overall 
change. Representative trajectories provide understanding of 
successional rates, but better understanding comes from 
analyses of Euclidean distances and a PCA of the trajecto-
ries, which determined the strength of floristic trends.

7.4.2.1  Lahar Deposits
The trajectories of CTs on lahar deposits changed dramati-
cally (Fig. 7.6a). Community type L-E, with conifers, ranged 
over half of the entire DCA space, whereas L-G changed 
modestly. These changes are reflected by the overall 
Euclidean distance, in which the proximate CTs changed 
considerably more than did the isolated L-G, and more so 
than most other CTs in this study. The general trend of suc-
cessional change was reflected in PCA; its slope decreased 
as isolation increased from L-D to L-G.

7.4.2.2  Plains of Abraham
The DCA-1 trajectories of the Plains of Abraham CTs 
changed little (Fig. 7.6a), reflecting only the accumulation of 
species with little species turnover. Values of d were low, 
changes in PCA were relatively small, and the slope of the 
PCA regression reflected modest change.

7.4.2.3  Pumice Plain
The trajectories of the Pumice Plain CTs showed extraordi-
nary change. Community type PP-Ia occurs across most of 
the first DCA axis (Fig. 7.6b), and the other CTs changed 
strikingly, largely owing to Lupinus. The Euclidean distance 
(d) reflected floristic change that increased with elevation; 
PCA showed large changes and steep slopes in each case.

7.4.2.4  Studebaker Ridge
Plots along Studebaker Ridge revealed various responses to 
elevation and exposure. CT SR-G changed substantially in 
all dimensions and had a d comparable to that of L-E 
(Fig. 7.6c). Lower, protected plots of SR-La also changed 

substantially, but had stabilized by year 2000. CT SR-Ha 
had moderate change, but SR-F, located at the highest ele-
vations, changed least. The PCA vectors capture these 
dynamics well.

Fig. 7.6 Trajectories of community types measured by DCA: (a) 
lahars and Plains of Abraham, (b) Pumice Plain, (c) Studebaker Ridge.
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7.4.3  Comparison of Measures 
for Determining Successional Rates

7.4.3.1  Ranking Rates
Each component of our analyses of rates of primary succes-
sion offers insight into those parameters that influenced spe-
cies assembly and turnover on Mount St. Helens. Relative 
successional rates based on the more relevant parameters 
were scaled on a 5-point system to facilitate comparisons, 
with a value of 1 indicating rapid succession (Table 7.5).

Time to 90% maximum cover was expressed as a percent-
age of the particular trajectory. A relative rate score of 5 did 
not necessarily imply slow development, only that the vege-
tation continued to develop. CTs L-D and PA-E, for exam-
ple, only reached the 90% cover standard in the final year of 
the study, yet developed at different rates. Community types 
that quickly reached the standard exhibited an early expan-
sion of Lupinus (e.g., SR-K). The annual increment of cover 
to 90% is a general indicator of successional rate. Slowly 
developing CTs remained sparsely vegetated (e.g., L-G and 
most Plains of Abraham CTs).

Low trajectory complexity (H′) occurs in plots with few 
CTs, which suggests slow succession. High complexity, with 
several CTs occurring for several years each, signifies rapid 

succession. The few CTs found on the Plains of Abraham had 
long residencies and thus expressed the slowest succession. 
Disturbance such as water erosion enhanced the relative rate 
score of PP-F by partially resetting succession, providing 
more CTs. The protected SR-La plots changed little in DCA 
space after their early rapid development, but by other rate 
measures, this CT experienced rapid succession.

Mean matrix similarity provides an overview that miti-
gates the obscuring effects of nondirectional variation. 
Proximate lahar CTs, fertile Pumice Plain CTs (e.g., PP-I), 
and SR-G all changed substantially, whereas barren upper 
Studebaker Ridge CTs and the Plains of Abraham changed 
little. Mean matrix similarity is sensitive to initially low rich-
ness and cover, so patterns can be obscured and comparisons 
may inaccurately reflect successional rates.

The PCA supports the assessments of Euclidean distance 
(d). The CTs that changed most include L-D, PP-I, SR-G, 
and SR-J; those that changed least included PA-C and SR-F, 
which also had limited floristic turnover. The slopes of PCA 
curves can reflect successional rates, but they may be 
affected by secular fluctuations in DCA scores. By signaling 
trends, PCA aided the analysis in SR-G (delayed develop-
ment owing to an unstable slope), L-D and L-E (developed 
a conifer canopy), and PP-Ib (experienced substantial facili-
tation effects from Lupinus).

7.4.3.2  Rate Regulation
An understanding of what controls primary successional rates 
facilitates ways to restore habitats (del Moral et al. 2007). 
Results from these several methods to estimate succession rates 
suggest that isolation, infertility, and drought retard succession. 
Communities on lahar deposits adjacent to intact vegetation 
became similar to these surviving woodlands, but those on sites 
over a hundred meters from woodlands changed less. Barren 
sites invaded by Lupinus developed quickly (Bishop et al. 2005) 
and demonstrated rapid succession over the 30 years of this 
study. In contrast, plots lacking Lupinus developed slowly (e.g., 
all CTs on the Plains of Abraham). Exposed sites, particularly 
those at high elevation, had short growing seasons, and were 
limited by drought or early frost (e.g., SR-F and SR-Hb).

7.5  Deterministic Control of Vegetation 
Dynamics

Succession theory once asserted that internal factors deter-
mine species composition trajectories to produce predict-
able, homogeneous communities (e.g., Clements 1936). This 
view evolved to acknowledge that existing vegetation is 
often only weakly directed by habitat conditions (Whittaker 

Table 7.5 Rates of succession in persistent community types (CT). 
Rankings for rate (year−1) are from 1, rapid, to 5, slow (See Tables 7.3 
and 7.4 for codes to criteria).

CT
Time to 

90% Rate (y−1) H′
Mean% 

Sim ED ΔPCA
PCA 
Slope

L-D 5 2 4 1 2 4 1

L-E 5 3 4 1 1 3 1

L-G 3 5 4 2 4 5 5

PA- C 4 5 5 5 5 3 2

PA- D 4 4 5 5 4 2 2

PA- E 5 5 5 5 4 4 2

PA-F 5 5 5 5 4 4 3

PP-F 4 4 2 4 4 3 3

PP- G 4 4 3 3 5 1 3

PP- Ia 4 2 1 2 2 1 2

PP- Ib 4 1 1 2 2 1 1

SR- F 5 5 1 3 5 5 4

SR- G 3 3 1 2 1 1 1

SR- Ha 3 4 2 3 3 4 3

SR- Hb 5 5 4 4 3 4 3

SR-I 3 4 3 2 2 5 5

SR-J 2 2 3 1 1 2 4

SR- K 1 4 2 3 3 2 3

SR- La 1 1 4 1 3 3 4

SR- Lb 3 3 2 1 3 3 3
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1967). Turner et al. (1998) showed that trajectories are more 
variable during primary succession than during secondary 
succession because initial establishment is highly variable. 
Thus, erratic dispersal that allows different species to estab-
lish in similar habitats may weaken deterministic factors 
(Matthews and Endress 2010). Over time, the effects of 
deterministic factors such as fertility, moisture, and competi-
tion increase, while stochastic influences persist. Most stud-
ies of deterministic control have not produced strong 
statistical correlations (e.g., Brownstein et al. 2012). Both 
convergent trajectories and statistical links between plants 
and their habitats would suggest that deterministic effects are 
effectively molding communities, so we used the Mount St. 
Helens data to explore determinism during early succession.

Species composition initially was variable due to a sparse 
seed rain (Wood and del Moral 2000) combined with habitat 
stresses that produced weak correlations between environ-
mental factors and species composition (del Moral et al. 
2005). Our early studies (e.g., del Moral and Wood 1988) 
suggested that vegetation assembly was controlled by geo-
graphic factors; later observations suggested that the effects 
of habitat factors had increased and, although still feeble, 
were significant. Stochastic effects, competitors, and our 
inability to measure relevant factors combined to limit our 
detection of significant explanatory variables. Additionally, 
transient (e.g., wind storms) and contingent effects (e.g., 
frost, landslides) cannot be incorporated into most models, 
and there are no guarantees that relevant factors such as sub-

tle disturbances (Tsuyuzaki et al. 1997) or intermittent graz-
ing (Bishop 2002) are measurable. Here, we summarize 
studies on Mount St. Helens that explored vegetation–envi-
ronment relations. Each sought to estimate the degree to 
which patterns were explicable, partition the relationship 
between landscape and habitat factors, and determine 
whether the relationship strengthened during succession (see 
Sect. 7.3.2.2, RDA). Results of each study are summarized in 
Table 7.6.

7.5.1  Muddy River Lahar Deposit

Vegetation and habitat characteristic of the upper Muddy 
River lahar deposit were surveyed 28 years after its forma-
tion and vegetation patterns were found to be influenced by 
proximity to intact forest. Vegetation varied primarily with 
landscape factors, yet only 31.6% of the variation was related 
to explanatory variables. On the lahar deposit, changes asso-
ciated with elevation of 908–1320 m are associated most 
closely with the development of vegetation. In addition, spo-
radic colonization by competitive shrubs can preclude estab-
lishment of other species, forming a vegetation mosaic 
(Walker et al. 2006). Even when closed forests develop, 
much unexplained variation is likely to remain (Økland 
1999) due to persistent landscape effects and competition 
from mats of Racomitrium and swards of Lupinus (cf. del 
Moral and Rozzell 2005).

Table 7.6 Summary of constrained ordination studies. Year is the year of sampling; spatial and habitat (%) are the frac-
tion of the total variation by each factor; r is the species to explanatory variable correlation in axis 1; Loc location, Ele 
elevation, Fer fertility (estimated from Lupinus concentration, previous years), Mois soil moisture, Iso isolation, Hab 
habitat type, Top topography, Sur surface type, Exp exposure. (See Table 7.2 for variables).

Site Year
Explained  
variation (%) r

Proportion explained by factors

FactorsSpatial (%) Habitat (%)

Muddy survey 2007 31.6 0.899 59.9 40.1 Ele; Loc; Iso

Pumice Plain survey 1992 14.1 0.720 85.0 15.0 Loc; Ele

2004 29.1 0.688 60.8 39.2 Loc; Hab; Ele

Abraham grid 1990 3.4 0.261 – – None

1999 10.9 0.640 42.5 57.5 Loc; Sur

2008 12.2 0.658 38.5 61.5 Loc; Sur

Pumice Plain grid 1989 15.1 0.664 39.5 60.5 Loc; Top; Exp

1997 23.4 0.806 43.2 56.7 Loc; Exp

2004 30.8 0.811 44.8 55.2 Top; Loc

2010 25.7 0.820 40.1 59.9 Exp; Top

Potholes 1993 10.2 0.597 45.4 54.6 Not significant

1997 16.2 0.697 48.5 51.5 Loc; Ele

2001 29.7 0.650 59.6 40.4 Ele; Loc

2006 29.6 0.770 29.8 70.2 Fer; Mois

2008 36.0 0.774 27.1 72.9 Fer; Mois
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7.5.2  Pumice Plain Surveys

The Pumice Plain was surveyed in 1992, when 86 100-m2 
plots were sampled (del Moral et al. 1995), and in 2004, 
when 271 250-m2 plots were sampled (del Moral and 
Lacher 2005). Geographic and geomorphic features were 
recorded and analyzed using canonical correspondence 
analysis (CCA). Data were reanalyzed here using RDA, 
which improved the fit between explanatory variables and 
species patterns. Total explained variance doubled and 
habitat factors tripled in importance during the 12-year 
interval between surveys, but landscape effects remained 
static.

7.5.3  Plains of Abraham

The Plains of Abraham grid was sampled annually from 

1988 to 2010. Plant establishment appears to have been 
inhibited by drought stress and soil infertility, although isola-
tion may have deterred Lupinus invasion. Only position, 
topography, and surface conditions were used in RDA, and 
only 3 representative years are shown in Table 7.6 (del Moral 
et al. 2010).

A weak relationship emerged between explanatory vari-
ables and species patterns only after 1996 when position and 
rills became significant. Explained variation never exceeded 
13%. The best correlation to explanatory factors was 0.66, 
and surface factors accounted for over 60% of this variation. 
Both overall and habitat factors increased their explanatory 
power slightly.

7.5.4  Pumice Plain Grid

The grid on the eastern Pumice Plain was monitored annu-
ally from 1989 to 2010. Total explained variation maximized 
at 30.8% during the Lupinus peak of 2004, dropping to 
25.7% in 2010. The covariate analyses revealed a consistent 
60% of explained variation to be associated with habitat 
 factors (Fig. 7.7), stable after 2004. Both habitat (e.g., expo-
sure) and landscape (e.g., distance from vegetation) were 
important. In 2010, landscape variables accounted for 14.3% 
and habitat variables for 21.4%, but, owing to their statistical 
overlap, in combination they accounted for only 25.1%. For 
example, elevation combines landscape (dispersal) and habi-
tat effects (temperature and moisture). Three habitat factors, 
exposure to wind (r = −0.73), topography (r = 0.63), and 
relict type (r = 0.60), were significant, as were the landscape 
factors distance from relict sites (r = −0.62) and elevation 
(r = −0.45).

7.5.5  Potholes

Redundancy analysis (RDA) of pothole data showed 
increasing explained variation owing to habitat conditions, 
whereas spatial effects remained unchanged (del Moral 
2009). The correlation (r) increased from 0.597 to 0.774 
from 1993 to 2008 as explained variation increased from 
10.2% to 36.0%. The 2008 analysis explained 36% of the 
variation, of which 72.9% was associated with soil factors. 
Ephemeral species were replaced by persistent ones. Pothole 
vegetation became less variable as a result of deterministic 
factors, but the effects of chance, disturbances, and history 
persist.

7.6  Alternative States

Alternative states occur if two or more communities occupy 
one type of habitat; persistent differences are alternative 
stable states (Saccone et al. 2014). The evidence for alterna-
tive states resulting from stochastic factors is sparse (but see 
McCune and Allen 1985), yet Schröder et al. (2005) and 
Suding and Hobbs (2009) suggest that they result from dif-
ferential dispersal (Bossuyt et al. 2005). Alternative states 
commonly arise from disturbances such as fire (Favier et al. 
2012) or grazing (Bischoff et al. 2009), from silviculture 
(Beisner et al. 2003), from competition (Kefi et al. 2016), or 
from facilitation (Gerla and Mooij 2014).

Forest–meadow mosaics may develop on Mount St. 
Helens where dense Lupinus spp. resist conifer colonization 
(Titus and Bishop 2014) or after sporadic establishment by 

Fig. 7.7 Covariate analysis (Pumice Plain). Explained variation was 
divided between that explained by habitat factors and that explained by 
landscape factors.
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Arctostaphylos. Distance from colonists may produce 
 alternative states as a result of priority effects (Marteinsdottir 
et al. 2010), and differential disturbances often create vegeta-
tion mosaics (Efford et al. 2014). In contrast, initially vari-
able vegetation may converge over time, as shrubs or trees 
come to dominate (Anthelme et al. 2007).

It is problematic to test the hypothesis that alternative 
states exist with the present data, because succession 
should require several centuries to run its course; however, 
it may be possible to reveal patterns consistent with the 
hypothesis. The essential question, do alternative stable 
states occur, is beyond our scope. Any acceptance of the 
alternative-state hypothesis can only be provisional, 
because vegetation may converge as deterministic forces 
strengthen; weak tendencies that suggest alternative states 
cannot compellingly reject the single-state hypothesis but 
can only make alternative states plausible. Species varia-
tion may not yet have been dampened by local factors 
(Sect. 7.5). To the extent that trajectories form alternative 
states in response to landscape conditions, stochastic fac-
tors, herbivory, disturbance, or biotic interference, they 
may persist.

7.6.1  Similarity and Variation in Communities 
and Habitats

Increasing floristic similarity within narrowly defined habi-
tat types would imply developing deterministic control of 
species composition and contradict alternative states. If veg-
etation is strongly linked to habitat factors, then there should 
be a strong statistical relationship between spatial commu-
nity patterns and the environment. Under such conditions, 
plots grouped by species composition (CTs) should be simi-
lar to plots grouped by habitat factors (HTs; Table 7.2). 
Even weak associations would suggest that alternative states 
were transient. Variation of groups defined by either species 
composition (CTs) or habitats (HTs), when ordered by 
DCA, allows a comparison of the degree to which vegeta-
tion responds to habitat control. We compared the variation 
of DCA scores for each plot clustered by habitat and by flo-
ristics (Table 7.7).

7.6.1.1  Surveys
Habitat types of the Muddy River lahar were more cohesive 
at lower elevations, where succession had progressed to a 
greater degree than at higher elevations (Fig. 7.8). Species 
composition of HTs at lower elevation was moderately 
homogeneous (58–65% similarity), whereas at the upper 
HTs it was less homogeneous (under 40%). Overall, there 
was little homogeneity of plots grouped by 10 HTs (similar-
ity = 50.1 ± 17.1%) compared to the seven CTs (similar-

ity = 61.5 ± 12.0%). These metrics weakly supported the 
possibility that alternative communities may occur.

The HTs of the Muddy River lahar deposit were distrib-
uted widely and overlapped broadly in floristic space 
(Fig. 7.9). Variation of plots grouped by HTs is much greater 
than when grouped by CTs. These patterns imply that habi-
tats can support multiple communities.

The floristic data of the Pumice Plain survey were sorted 
into six communities over the entire area and classified into 13 
HTs. Despite their smaller number, the communities were 
more cohesive, with an average of 60 ± 15.5% similarity, com-
pared to 35.7 ± 22.1% for the HTs. There was broad overlap 
among the HTs in the floristic DCA space (Fig. 7.10a), and the 
variation of the HTs was much greater than that of the CTs.

7.6.1.2  Grids
The Plains of Abraham grid is an ideal place to find a homo-
geneous habitat supporting one community. However, floris-
tic similarity of plots in five CTs (65 ± 11.6%) was 
significantly higher than that of plots in the ten HTs (52.5 ± 
12.6%). There was a weak tendency for HTs to group within 
portions of the DCA graph, but overlap remained large 
(Fig. 7.10b), suggesting that most HTs supported several dif-
ferent CTs. The DCA variation in both dimensions was sig-
nificantly larger for the HTs than for CTs, confirming the 
floristic heterogeneity of HTs.

The habitat data from the Pumice Plain grid were classi-
fied into ten HTs and the vegetation data were sorted into six 
CTs. The similarity of the CTs (65.3 ± 11.6%) exceeded that 
of the HTs (47.7 ± 16.5%), with significantly lower varia-
tion, suggesting that the habitats were supporting multiple 
communities. The positions of the HTs overlapped broadly 
in DCA space and often occurred in widely separated por-
tions of the DCA graph (Fig. 7.10c). Variation was similar on 

Table 7.7 Standard deviation of DCA scores in CTs and HT in five 
studies. DCA variation (SD) of DCA-1 and DCA-2 scores (SD) are the 
mean of the groups.

Characteristic
Muddy 
Survey

Pumice 
Survey

Plains of 
Abraham

Pumice 
Grid Potholes

CT DCA-1 
Mean SD 
(%)

33.64 31.48 21.92 30.76 43.90

HT DCA-1 
Mean SD 
(%)

50.6* 53.58* 28.57* 41.61* 40.01

CT DCA-2 
Mean SD 
(%)

27.88 34.84 22.01 23.05 30.22

HT DCA-2 
Mean SD 
(%)

34.61* 35.63 28.26* 27.98 28.17

*HT values are significantly more variable than the comparison CT 
score (t-test, p < 0.05).
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Axis 2, but these data do not support a single-community- 
per-habitat hypothesis.

7.6.1.3  Potholes
The plot size of the 2008 pothole study was much smaller 
(4 m2) than those of the other studies, and habitat measures 
included moisture and other soil factors measured in close 

proximity to the vegetation. Similarities in the five pothole 
CTs (62.4 ± 10.5%) and in the seven HTs (55.5 ± 13.1%) 
were not significantly different. The plots of the pothole 
study, based upon their CT membership, showed some over-
lap among the HTs (Fig. 7.10d), but each still ranged across 
much of the DCA diagram. Thus, the pothole study does not 
support the hypothesis of alternative CTs.

Fig. 7.8 Spatial distribution 
of habitat types (HT) on the 
Muddy River Lahar deposit.

Fig. 7.9 Floristic distribution 
(DCA space) of habitat types 
(HT) on the Muddy River 
Lahar deposit.
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7.6.1.4  Comments
The analyses of some of these sets of data weakly and provi-
sionally support the hypothesis that homogeneous habitats can 
support different communities. However, analyses over a lon-
ger period may well lead to a rejection of this hypothesis. 
Although it is to be expected that groups based on species 
composition would be more homogeneous than those based 
on habitats, the disparities between different approaches to the 
question of alternative states does not exclude the possibility 
that similar habitats may sustain multiple community types.

7.6.2  Trajectory Patterns

If alternative states persist, species composition should not 
converge during succession (Walker and del Moral 2003). 
Because grids contain many plots in proximity, they offer a 
chance to observe local convergences. Two approaches, DCA 
and similarity changes, can be used to infer successional tra-

jectory change. If trajectories converge in DCA space or in 
percent similarity, a strong effect of habitat on species com-
position is implied. If they diverge, mechanisms associated 
with stochastic dispersal and contingent events are inferred.

7.6.2.1  Lahar Deposits
Variation in species composition measured by DCA on the 
lahar grids did not reveal convergence. Some CTs converged, 
others diverged, and no pattern was discernible.

Similarity patterns of the lahar grids contrasted sharply. 
Using similarities of all plots suggested convergence on 
Lahar 1. When the plots were divided into three categories 
(adjacent to the woodland, 30–100 m, and more distant), 
convergence was marked. At 5-year intervals, adjacent plots 
increased from 48% to 53% similarity (not significant), 
intermediate plots from 53% to 70% (p < 0.001), and distant 
plots from 57% to 75% (p < 0.005). The effect appears to be 
due largely to the abundance of dominating conifers that 
masked differences in the ground layer.

Fig. 7.10 Floristic distribution (DCA space) of habitat types (HT): (a) Pumice Plain survey (2004), (b) Plains of Abraham grid, (c) Pumice Plain 
grid, (d) Potholes.
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Lahar 2 was divided into three elevation groups. None of 
these groups demonstrated similarity increases. The lack of a 
trend in Lahar 2 indicated that convergence was not occur-
ring and implies that only dominant woody species can 
mediate convergence.

7.6.2.2  Plains of Abraham Grid
The Plains of Abraham grid occupies unremarkable, flat ter-
rain, and yet, over duration of the study vegetation showed a 
complex, netlike pattern of community transitions that failed 
to suggest convergence (del Moral et al. 2010).

Five of ten CTs persisted. DCA scores of these CTs 
moved more than five half-changes along multiple trajecto-
ries with no convergence. The three common CTs were 
widely scattered in DCA space at the conclusion of the 
study. Any tendency to convergence would be evident in 
increasing similarity among grid plots. The grid was divided 
into four 100-plot blocks, and within-block similarity deter-
mined at 5-year intervals between 1990 and 2010. Similarity 
increased in each block only between 1990 (mean similar-
ity = 36.1%; many low-richness plots) and 1995 (mean sim-
ilarity = 57.3%). Thereafter, similarities lacked any trend. 
Thus, even in a homogeneous habitat, there was no 
convergence.

7.6.2.3  Pumice Plain Grid
Del Moral et al. (2012) studied DCA trajectories of CTs on 
the Pumice Plain grid. Community type trajectories 
changed significantly over time to similar degrees and at 
similar rates. Within-CT variation decreased over time in 
each case. When plots were clustered into eight spatial 
groups and five HTs, the variation of DCA scores over time 
declined significantly in each case. These results suggested 
that vegetation in a smaller area was becoming more homo-
geneous and might form a single community within a rela-
tively homogeneous habitat. However, when DCA 
trajectories of groups based on space or habitats were com-
pared, spatial groups from exposed sites diverged from 
those in protected sites. Among spatial groups in similar 
habitats, only 7 out of 28 (25%) comparisons showed 
convergence.

7.6.3  Alternative States May Exist

The present analysis does not exclude the existence of alter-
native states on primary landscapes of Mount St. Helens, but 
neither did we find evidence to contradict the single-state 
concept in local-scale studies. In large-scale surveys, there 
are some indications that alternative states may exist, but 
these remain inconclusive since key environmental factors 

may have gone unmeasured and environmental or biotic fil-
ters may have had insufficient time to shape vegetation to the 
environment. It is premature to address the question of alter-
native stable states. On the homogeneous Plains of Abraham 
grid, the CTs represent slight variations of a single commu-
nity. On the more variable Pumice Plain grid, two CTs are 
well correlated to two HTs, and several environmental vari-
ables predicted differences among CTs. The Pothole study 
showed differences between CTs in several environmental 
variables, thus supporting the single-state hypothesis.

Although there is ample evidence in the literature that dis-
turbance and contingent processes can produce alternative 
communities in similar habitats (see Sect. 7.6), the record at 
Mount St. Helens does not conclusively demonstrate devel-
oping alternative states. The lack of convergence to date may 
reflect variation in response to subtle but common character-
istics of vegetation in the absence of a dominant woody can-
opy (cf. del Moral 1979; Dona and Galen 2006). The 
demonstration of a vegetation mosaic produced by factors 
unrelated to underlying habitats remains a challenge.

7.7  Discussion

7.7.1  Rates of Primary Succession

We evaluated factors affecting the rates of successional 
change. Rates generally decline with factors that restricted 
the growing season, including elevation, drought, and infer-
tility. Proximity to donors accelerates early succession, but 
succession may be arrested when strong competitors estab-
lish quickly. Biotic effects, particularly from Lupinus, can 
drastically alter successional rates by stalling species devel-
opment through competition, subsequently facilitating the 
development of biomass, or by changing invasion 
processes.

The type of initiating disturbance dictates initial responses. 
Lahar deposits consisted of relatively fertile pre-eruption 
material, so vegetation developed more rapidly than on the 
raw volcanic substrates. For example, interior parts of lahars 
developed more rapidly than did the Plains of Abraham. 
Subsequent erosion can reset succession and create mosaics 
of contrasting vegetation. Environmental stresses affect 
seedling establishment and biomass accumulation so low- 
productivity sites often demonstrate slow species accumula-
tion (Grime and Pierce 2012).

No single criterion can fully capture successional-rate 
dynamics. Rates were best described by Euclidean distances 
between DCA scores, the PCA analysis of DCA, similarity 
matrix comparisons, and trajectory complexity (H′). The 
overall rate of change in most CTs did decelerate, but often 
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fitfully, owing to idiosyncratic conditions (e.g., large popula-
tion swings in Lupinus). Trajectory complexity depends 
upon subjective CTs so we advise caution in its use. Percent 
similarity of a matrix is robust, but can mask key internal 
dynamics. Detrended correspondence analysis and its 
 derivatives are useful, but data with cyclic variations are 
poorly suited to this type of analysis.

7.7.2  Determinism

Temporal studies of the link between landscape and habitat 
factors are rare; seldom do they span decades (cf. Daniels 
et al. 2011). These studies of determinism during succession 
suggested principles that are applicable beyond the domain 
of primary succession.

Echoes of contingent events often reverberate to prevent 
convergence (Williamson et al. 2014). Unexplained variation 
dominated all of these studies, and although it may be appeal-
ing to assert that low correlations are a mere function of 
immature vegetation or inadequate data, tight coupling 
between vegetation and explanatory variables should not be 
expected.

Landscape studies show lower correlations between 
explanatory variables and species composition than do local 
studies, because species may be missing from suitable habi-
tats owing to dispersal failures and because species interac-
tions vary geographically. Among sources of unexplained 
variation are priority effects, the “ghosts of chaos past,” to 
paraphrase Connell (1980). Local studies (see del Moral 
1999b) improve chances to observe deterministic develop-
ment because environmental factors are sampled in proxim-
ity to the sampled vegetation.

Dominant species can alter trajectories through biotic 
interactions, by resisting invasion or by altering microsites. 
Sparse seed rain and unpredictable seedling establishment 
enhanced variation (del Moral and Wood 1993), whereas 
intermittent and patchy facilitation from Lupinus promoted 
asynchronous development of fertility that generated both 
variable rates of succession and a vegetation mosaic (Wood 
and Morris 1990) that operates below the usual scale of habi-
tat description, thus weakening correlations.

Despite many factors that impede strong deterministic 
ties between species and their environment, some degree of 
coupling can occur. Habitats that experience similar invasion 
histories, disturbance regimes, and isolation may develop 
similar trajectories, and it is reasonable to seek close ties 
between communities and habitats, the topic of Sect. 7.7.3.

The successful prediction of vegetation trajectories is 
useful to set restoration goals. The studies of determinism 
reported here can only suggest that links between the envi-
ronment and species composition are tenuous because 
detailed habitat data could not be collected. Some useful 

principles were suggested by our results that support a 
view of vegetation dynamics steadfastly based on stochas-
tic processes.

Unexplained variance in studies of plant-to-environment 
linkages will be largely due to contingent events, unmea-
sured variables, or suboptimal statistical models. Stochastic 
events, such as the season of major disturbances, and histori-
cal accidents, such as the paths taken by elk, can persist, so 
poor predictability should not be unexpected. Such variation 
should be embraced and recognized as important sources of 
ecosystem resilience. In addition, some species are more 
likely to influence succession than others. Lupinus has 
improved fertility to accelerate succession over longer time 
frames, but with temporally and spatially variable effects.

7.7.3  Alternative States

Seeking evidence for alternative states is problematic 
because those that may exist during early succession can be 
discounted by asserting that the scale of the vegetation and 
habitat sampling may be ill-matched or an important variable 
was omitted. Alternative states described here are mere sug-
gestions, although no strong evidence demonstrated single 
communities in a homogeneous habitat. In most cases, only 
limited convergence has developed, offering at least the 
potential for alternative states to persist. It is likely that the 
large annual variation in vegetation reported in these long- 
term studies will decline, but that substantial unexplained 
variation will remain.

7.8  Conclusions

Rates, determinism, and alternative states in primary suc-
cession are each affected by random events. Dispersal from 
distant seed sources is intrinsically stochastic, so the suite 
of colonizers in a particular spot is probabilistic. Longer-
lived colonists, which may require benign conditions to 
become established, produce consequences distinct from 
those produced by ephemeral species; the effects of facili-
tators differ from those of competitors. Over time, strong 
competition effects are likely to produce more homoge-
neous vegetation and stronger links between vegetation and 
habitats than will facilitators because the benefactors of 
facilitation are usually more variable than competitive 
dominants.

Successional rates are affected by the nature of the colo-
nists and by landscape position, so they are strongly influ-
enced by stochastic factors. Because rates at adjacent sites 
may differ as a result of the random colonization of different 
species rather than because of habitat conditions, the deter-
ministic linkage between plants and their environment is 
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tenuous. And because trajectories may diverge, alternative 
states may develop.

The story of primary plant succession on Mount St. Helens 
has only begun to unfold. There were many revelations dur-
ing the first decades, and many more will certainly emerge. 
Among the many desirable future studies on Mount St. Helens 
would be a detailed analysis of factors that determine spe-
cies composition on a local scale. Such studies would foster a 
better understanding of succession mechanisms and would 
have ample practical application, for example, in the design 
of restoration projects. A directed search for alternative states 
could also be initiated.

The study of vegetation development on Mount St. Helens 
initially followed a traditional approach, documenting the 
appearance of species in many habitats and chronicling the 
spread of vegetation. These studies led to new perspectives 
on the mechanics of primary succession that have gradually 
transformed the dominant view of succession to one that 
includes the importance of geographic factors, dispersal lim-
itations, historical factors, and stochastic events.
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Glossary

Alternative states Two or more community types found in 
the same habitat.

Alternative stable states Two or more community types 
seeming to persist in the same habitat.

CCA Canonical correspondence analysis, constrained 
ordination based on DCA.

Colonization The process of arrival and establishment, 
both are selective of species.

Competition Negative impacts of one species on another 
due to use of limited resources.

Constrained ordination Method of describing species 
patterns in terms of environmental factors.

Convergence Occurs when two communities become 
increasingly similar as they mature.

DCA Detrended correspondence analysis, a method to 
summarize vegetation change and forming trajectories 
based on nonlinear assumptions.

Dispersal The process by which an organism or its repro-
ductive units are transferred between habitats.

Divergent communities Communities that become increas-
ingly distinct as they mature.

Facilitation Effects that promote establishment and 
growth of one species by another.

Euclidean distance, d A measure of relationship between 
two samples based on DCA scores: dij = square root 
[Σ(xik – xjk)2], i and j are values in two samples, and k 
= number of species over which the comparison is made.

Habitat complexity A measure of the number of CTs and 
their residence time calculated by the Shannon informa-
tion statistic H′ = –Σ pi log pi; pi is the proportion of time 
occupied by each CT.

Habitat type Environmental unit based on available habi-
tat values.

Lahar A slurry of mud and debris, here resulting from 
melting ice during an eruption.

Microsite Small-scale habitat (see safe-sites).
Mosaic A patchwork of vegetation on the landscape.
Mycorrhizae Fungi that form mutualistic interactions 

with roots.
PCA Principal components analysis, a linear method to 

assess matrix variation.
Percent similarity (PS) A measure of relationship between 

two samples based on species cover: PSij = 200 Σmin(xik, 
xjk)/Σ(xik+xjk), where min = minimum of two values xik, 
xjk, remaining terms as in Euclidean distance, d.

Permanent plots Marked sites that are repeatedly sampled.
Primary succession Ecosystem development on barren 

surfaces initially lacking in soil or biota.
Priority effects The consequences of establishment 

sequence that condition later compositional changes.
Pumice A silica-rich volcanic rock usually ejected during 

explosive eruptions.
Pyroclastic flow Rapidly descending current of super-

heated gas and tephra hugging the ground; deposits are 
often of very fine texture and easily eroded.

RDA Redundancy analysis, a constrained ordination based 
on PCA.

Relict site (vegetation) Sites protected by topography and 
snow that supported surviving vegetation.

Safe-site Any location that provides suitable conditions for 
establishment.

Stochastic Referring to a random, chance- driven process; 
opposed to deterministic.

Stresses Any factors that limit production.
Successional rate The change in species composition 

through time.
Tephrafall A rain of volcanic particles to the ground follow-

ing ejection into the atmosphere by an explosive eruption. 
Tephra is a collective term for particles of any size, shape, 
or composition ejected in an explosive eruption.

Trajectory The temporal path traveled by vegetation com-
munities, often determined by DCA.

Trajectory complexity A measure of community turnover 
measured by Hˈ. See habitat complexity.
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8.1  Introduction

The debris-avalanche deposit is one of the most disturbed 
areas created by the 1980 eruption of Mount St. Helens 
(MSH), with little survival of a few plant fragments and pri-
mary succession mostly being initiated by the seeds dis-
persed onto the newly emplaced material. Vegetation 
establishment on the debris-avalanche deposit was affected 
by the nearly complete loss of organic matter, the nature of 
the deposit, local climate conditions, surviving plant life in 
adjacent areas, and patterns of plant colonization and growth. 
There was great concern about the potential for erosion of 
the newly emplaced volcanic material; US$2 million was 
spent to aerially distribute seeds of eight species (only one of 
which was native) over a large part of the disturbed area 
(Dale et al. 2005c). Seeding of the western but not the east-
ern portion of the deposit set up conditions for examining 
effects of such human interventions on plant establishment 
and succession. This chapter analyzes vegetation changes on 
the debris-avalanche deposit during the first 30 years post 
eruption, considers the role of non-native species, and dis-
cusses potential future vegetation patterns on the deposit. In 
particular, we compare measures of plant cover and species 
richness in permanent plots that were seeded in 1980 with 
plots that were not seeded to determine the 30-year effects of 
the seeding of mostly non-native plants on patterns on vege-
tation establishment.

8.1.1  Creation of the Debris-Avalanche 
Deposit

The 18 May 1980 eruption of MSH was immediately pre-
ceded by the largest debris avalanche in recorded history 
(Fig. 8.1). A debris avalanche occurs when an unstable slope 
collapses and soil, rocks, and other debris are transported 
downslope. Debris avalanches typically move rapidly and 
are common on steep volcanoes. The MSH debris avalanche 
was triggered by a magnitude 5.1 earthquake and followed 
by a laterally directed pyroclastic density current, commonly 
referred to as a lateral blast (hereafter, the blast PDC). About 
2.8 billion m3 of material rushed down the north side of MSH 
and spread over a 60-km2 area. Later that day, earthquake- 
induced liquefaction of the debris deposit spawned a massive 
lahar that flowed down the North Fork Toutle and Toutle 
Rivers to the Cowlitz River (Fairchild 1985). The lahar both 
eroded and deposited material on the surface of the debris- 
avalanche deposit, with erosion exceeding deposition by 
about 4 million m3 (Fairchild 1985).

Some of the debris-avalanche material was deposited in 
the Spirit Lake basin and the South Fork Coldwater Creek 
watershed, but the largest portion moved quickly down 
25 km of the North Toutle River valley (Voight et al. 1981), 
which is the focus of this c hapter. As the debris avalanche 
traveled, it passed through areas where the forest had already 
been leveled by the blast PDC. The debris-avalanche mate-
rial varied in temperature, for it included blocks of glacial ice 
and hot rocks from the magma that had risen up into the vol-
cano prior to the eruption. Near its end, the deposit moved 
through forested areas that were not otherwise affected by 
the eruption, toppling and burying the forest in its path.

The new environment created by the debris-avalanche 
deposit was mostly barren of any living organisms, viable 
seeds, or organic matter. Emplacements near the valley walls 
retained some clumps of organic material, soil, and surviving 
plants. Hence, the debris-avalanche deposit provided an 
opportunity to examine primary succession.
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Fig. 8.1 Mount St. Helens area showing location of study plots on the debris-avalanche deposit, the boundary of the MSH National Volcanic 
Monument, and nearby areas affected by the eruption. Numbered sites in enlargement are shown in time-series photos in Fig. 8.6. (Cartography by 
Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research Station).
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8.1.2  Initial Physical and Chemical 
Conditions of the MSH Debris- 
Avalanche Deposit

The MSH debris avalanche resulted in a massive deposit com-
posed of discrete blocks from the prior mountain in a mixture 
of blast-homogenized material (Glicken 1998).The heteroge-
neous topography of the deposit averages 45 m thick, with a 
maximum of 195 m (Voight et al. 1981). The terrain is rela-
tively level where the lahar inundated the distal end of the 
deposit. In other locations, large mounds rise up to 50 m above 
the deposit surface. These hummocks are derived from lithic 
blocks that originated in the former interior of the volcano 
(Voight et al. 1981; Fairchild 1985; Glicken 1998). Many 
depressions formed when the deposit settled or as a result of 
the subsequent melting of embedded blocks of ice, creating 
new ponds and wetlands as these basins filled with water.

The landslide was hot, with an emplacement temperature of 
100 °C in some locations (Voight et al. 1981). Ten to 12 days 
after the eruption, temperature varied from 68 to 98 °C mea-
sured at 1.0–1.5 m depth, with cooler temperatures occurring at 
a greater distance from the volcano (Banks and Hoblitt 1981).

Once it cooled, conditions on the deposit were adequate 
but not ideal for plant establishment and growth (Adams 
et al. 1986). The deposit material was poorly sorted and 
dominated by sand (63% by weight of the <2-mm fraction). 
Rocks, including all material >2 mm, constituted a variable 
component (36.4 ± 28.9% by weight) (Adams and Dale 
1987). The sandy texture of the deposit limited moisture 
retention, potentially causing stressful conditions for seed-
ling establishment and plant growth. Nitrogen levels and 
electrical conductivity were initially low (703 ppm NH3 and 
0.84 ± 0.71 mmho cm−1, respectively). The substrate had low 
levels of organic matter (0.31% weight loss on ignition), a 
low carbon-to-nitrogen ratio (4.3:1), and was acidic, with an 
initial pH of 4.8 ± 0.5. For comparison, C:N ratio of forest 
soils in the Pacific Northwest typically ranges from 21:1 to 
31:1 (Sun et al. 2004) and soils are acidic. The debris-ava-
lanche deposit substrates had low moisture-holding capac-
ity—saturation was 5.3 ± 0.9% per 15 atmospheres moisture 
(atm), where 15 atm is the water content at the wilting point 
and represents the point at which plant roots cannot draw any 
more water from the void space. Adams and Dale (1987) 
used lettuce (Lactuca sativa) to bioassay the debris- avalanche 
material. Seedlings were planted and well-watered under 
greenhouse conditions; they survived but grew little even in 
response to added nutrients. The limited plant growth may 
have been due either to soil chemistry (e.g., excessive salt) or 
to structural properties of the debris material (e.g., texture).

Both massive erosion and deposition have occurred on the 
debris-avalanche deposit since the 1980 eruption. Fluvial ero-
sion created new channels that have grown wider and deeper 
over time, with channels and gullies that have steep walls 

(30–70°), variable incision depths (3–50 m), and widths of 
3–120 m (Lehre et al. 1983; Waitt et al. 1983; Major et al. 
2000). Twenty years after the eruption, erosion remained a 
major factor, with annual suspended sediment yield from the 
debris-avalanche deposit 100 times (104 Mg km−2) typical 
background levels as compared to similar undisturbed rivers 
in the region (~102 Mg km−2) (Major et al. 2000). Increased 
peak flows occurred in the autumn and winter for the first 
10 years after the eruption (Major and Mark 2006).

8.1.3  Plant Propagule Survival on the Debris- 
Avalanche Deposit

The debris avalanche and the blast PDC removed the conif-
erous forests and riparian vegetation that existed in the North 
Fork Toutle River valley floor prior to the eruption (Adams 
and Adams 1982; Fairchild 1985). Adams and Dale (1987) 
found no seeds in assayed debris-avalanche material sam-
ples, and no seedlings germinated from test flats of deposit 
material. During June 1980, a search for plants was con-
ducted across the deposit, which was found to be largely bar-
ren. No seedlings and only a few vegetatively propagating 
plants were found. Individual plants of 20 species survived 
by growing from roots or stems that had been transported in 
the debris-avalanche deposit and came to rest near the sur-
face (Adams et al. 1986; Dale 1986). Most of these scattered 
plants were fireweed (Chamerion angustifolium ssp. angusti-
folium), Canada thistle (Cirsium arvense), and broadleaf 
lupine (Lupinus latifolius). No woody plants survived on the 
central portion of the debris-avalanche deposit.

Initially, there was abundant vegetation and organic debris 
at the terminus of the deposit, as the avalanche had scoured 
and transported many plants down the valley (Glicken 1998) 
(Fig. 8.2). However, this pile of living and dead vegetation 
did not influence plant reestablishment, because the Army 

Fig. 8.2 As seen in summer 1980, the material at the terminus of the 
debris-avalanche deposit that was subsequently removed. Photo cour-
tesy of V.H. Dale.
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Corps of Engineers removed it during construction of a 
sediment- retention structure downstream of our study sites.

8.1.4  Patterns of Vegetation Establishment 
on the Debris-Avalanche Deposit

The colonists with the greatest contribution to plant cover 
were early-successional, wind-dispersed species that sur-
vived on the adjacent blowdown-zone hillslopes and nearby 
clearcuts outside the blast-PDC area (Fig. 8.1, Dale 1986). 
In the first 5 years after the eruption, average plant cover on 
the deposit was less than 1% (Dale 1986) but averaged 
greater than 65% by 20 years post eruption (Dale et al. 
2005a). The pattern of vegetation establishment was spa-
tially variable as related to heterogeneity of the deposit. 
Wetlands were areas of high plant species richness and 
cover, and locations near streams were susceptible to ero-
sion, which prevented long-term plant establishment. Red 
alder, Alnus rubra—a fast-growing, early-maturing, and 
nitrogen- fixing tree—established quickly, had the second 
highest cover of any plant species by 20 years post eruption, 
and is predicted to be important for the next several decades 
(Dale et al. 2005a).

Most seeds dispersed to the deposit were transported by 
wind (Dale 1989). Of those seeds caught by seed traps set at 
50-m intervals along the two transects on the deposit in 
1981, 1982, 1983, and 1994 (1, 2, 3, and 14 years after the 
eruption), the number of seeds was greatest in the second 
year (1982), possibly because that was an unusually wet 
summer (Dale et al. 2005a). However, 1983 was even wetter 
than 1982, but fewer seeds were trapped. Heavy lupine 
seeds appeared in the traps for the first time in 1994. These 
seeds could not have been transported by the wind and 
likely came from plants near the traps on the deposit, evi-
dence of the growing importance of in situ reproduction 
(Dale et al. 2005a).

8.1.5  Non-native Species Introduced 
by Natural Dispersal and by Seeding

Most of the arriving windblown seeds originated from areas 
adjacent to the debris-avalanche deposit that were less dis-
turbed by the eruption. Those areas were dominated by pri-
vate industrial forests, many of which had been recently cut, 
and those clearcuts supported an abundance of early- 
successional species having light, plumed seeds. In 1981, 
87% of seeds trapped were native fireweed, but seeds of the 
three other captured species were not native: Canada thistle, 
field sowthistle (Sonchus arvensis), and woodland ragwort 
(Senecio sylvaticus) (Dale 1989). Fireweed continued to be 
the most common seed trapped 2, 3, and 14 years post erup-

tion, likely because of the abundance of that species on 
clearcuts near the deposit and the high vagility of the seeds 
(Dale et al. 2005a).

In forests of the Pacific Northwest, non-native species 
are uncommon (Ares et al. 2009). However, 57 non-native 
species are considered a problem in forested ecosystems of 
the region (Gray et al. 2011), and over time, seeds of most 
of these species have dispersed onto the debris-avalanche 
deposit and established. Following the 1980 eruption, there 
was extreme apprehension about the potential effects of 
massive erosion of the debris-avalanche deposit and other 
disturbed areas, and the United States government made 
funds available to address these concerns. The United States 
Soil Conservation Service (SCS) planned to aerially seed 
non-native species over most of the area disturbed during 
the eruption in order to stabilize the recently emplaced vol-
canic substrates and to promote plant recovery (Dale et al. 
2005c). Because many scientists objected to this manage-
ment activity, which was considered a threat to research 
opportunities in this natural laboratory (Dale et al. 2005c), 
the proposed area to be seeded was reduced from 1640 to 
320 km2 in the vicinity of Mount St. Helens (Stroh and 
Oyler 1981). The selected species included those available 
from existing seed collections and were characterized by 
rapid germination, tolerance to a variety of environmental 
conditions, suitability as food or cover for wildlife, and abil-
ity to fix nitrogen via association with bacteria (Stroh and 
Oyler 1981). The type of volcanic disturbance and elevation 
determined species mixes used in specific locations across 
the landscape.

In the autumn of 1980, the SCS distributed seed by heli-
copter over about 24 km2 on the westernmost portion of the 
debris-avalanche deposit and on the lahar deposit that 
extends downstream to the west (Figs. 8.1 and 8.3). The first 
author was present on the debris-avalanche deposit during 
the seed application and documented where the seeds fell 
relative to established permanent plots. The SCS used a mix-
ture of herbaceous plants on the debris-avalanche deposit 
that included legumes (Trifolium repens, Lotus corniculatus, 
and Melilotus officinalis) and grasses (Lolium perenne, 
Dactylis glomerata, Schedonorus arundinaceus, Agrostis 
capillaris, and Festuca rubra) (Stroh and Oyler 1981). Of 
these species, only red fescue (F. rubra) is native. By 
September 1981, plant cover of the seeded area on the lower 
debris avalanche created a stark contrast with unseeded areas 
(Fig. 8.4) (Dale 1991). Nevertheless, large-scale erosion still 
occurred (Major et al. 2000).

Because the westernmost, downstream part of the 
debris- avalanche deposit was seeded in 1980 and the east-
ern part was not, the area offered an opportunity to com-
pare successional processes occurring with and without 
introduction of non-native seeds. Eleven of 62 permanent 
plots remaining in 2010 fell in the 1980 seeded area. By 
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1989, the seeded plots differed from those that had not 
received seed mix; these plots had greater cover and plant 
species richness but less native plant richness and greater 
mortality of conifer trees than the unseeded areas (Dale 
1991). By 2000, 20 years post eruption, the seeded plots 
continued to have greater cover; overall plant richness, 
including non-native species, was also higher (Dale and 
Adams 2003). Presumably, the plant communities across 
our entire study area will eventually converge toward a 
mature coniferous forest typical of the Pacific Northwest 
(Franklin and Dyrness 1973), if they are not reset once 
more by a future eruption.

This chapter examines 30 years of vegetation data from 
the debris-avalanche deposit to determine if the effects of 

non-native seeding were still present in 2010 and whether 
there is evidence that these effects might be fading with time. 
The analysis builds upon the knowledge described above and 
data described below.

8.2  Methods

8.2.1  Methods of Monitoring Plant 
Establishment

To monitor vegetation establishment, a network of perma-
nent plots was established in 1981 and 1982. The vegetation 
in these permanent plots was measured during eight sum-
mers over a 30-year period: 1981–1983, 1989, 1994, 2000, 
2004, and 2010. The 250-m2 circular plots were placed at 
50-m intervals along transects between Castle and Coldwater 
Lakes and down the western extent of the deposit (Fig. 8.1). 
The plots were located on the central portion of the debris- 
avalanche deposit, not along the marginal facies where the 
debris avalanche shoved surviving plants to the edge of the 
valley. The initial 101 plots represented the variety of geo-
logic and topographic conditions on the debris-avalanche 
deposit and distances from surviving vegetation in the adja-
cent landscapes. However, during the first two decades after 
the eruption, 39 of the unseeded plots were lost to erosion 
and lahars or could not be located in 1 or more years. None 
of the seeded plots were lost.

Ground cover and species composition are useful for 
monitoring the ecological integrity of ecosystems (LaPaix 
et al. 2009). In each sample year, presence and ground cover 
(vegetation up to 1 m in height) of vascular plant species, 
along with tree density when individual trees could be distin-
guished, were measured in each plot. A team that included 
the same botanists over the 30 years of sampling visually 
estimated plant cover for each species. Bråkenhielm and 
Qinghong (1995) found that visual estimates provide the 
most accurate, sensitive, and precise measure of vegetation 
cover. In 1982, topographic conditions of each plot were 
described in the field. When a tree canopy began to establish, 
canopy cover was recorded for all plots using a concave 
spherical densitometer (Peck et al. 2003).

Because abnormally high or low precipitation during 
parts of the 30-year observation period was likely to affect 
plant growth and establishment as well as erosion, annual 
precipitation from the nearest long-term weather station was 
recorded. Data have been collected since 1929 at Longview, 
Washington, which is about 60 km west of MSH. These data 
are available from the US Historical Climatology Network 
(Easterling et al. 1996) and the Carbon Dioxide Information 
Analysis Center at Oak Ridge National Laboratory. The 
Longview station receives less precipitation than the higher- 
elevation station at Spirit Lake, but the Longview precipita-

Fig. 8.3 Seeds being distributed by helicopter onto the debris-ava-
lanche deposit in 1980. Photo courtesy of V.H. Dale.

Fig. 8.4 The initial flush of vegetation, as seen in September 1981, that 
grew from the non-native seeds distributed onto the debris-avalanche 
deposit. The abrupt line between the yellow vegetation and the gray, 
barren deposit marks the distinct edge of the seeded area. Photo cour-
tesy of V.H. Dale.
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tion record has been collected continuously before and since 
the eruption, whereas the Spirit Lake station was established 
in 1986 and thus has no pre-eruption records.

8.2.2  Methods of Data Analysis

8.2.2.1  Ground Cover and Richness
We examined changes in ground cover using repeated mea-
sures analysis of variance (ANOVA) on all plots, with seed-
ing and years since eruption used as factors. To normalize 
variance, cover values were square-root transformed. Years 2 
and 3 (1982 and 1983) still had such low cover that it was 
necessary to examine them separately from years 9 to 30. 
Final p-values were adjusted using a Bonferroni correction 
for two multiple-comparison tests (Dunn 1961). Since sam-
pling years were not equally spaced, we used a spatial power 
covariance structure (Jennrich and Schluchter 1986). We 
tested the effects of seeding on ground plant richness using 
repeated measures ANOVA as well, but transformations and 
splitting the test over multiple years were not necessary as 
variance was more normally distributed. We still used a spa-
tial power covariance structure to account for uneven distri-
bution of sampling years.

We analyzed differences in species composition of ground 
vegetation using permutational multivariate analysis of vari-
ance (PERMANOVA) (Anderson 2001) with a Bray-Curtis 
difference matrix (Bray and Curtis 1957); seeding was 
included as a factor. We conducted PERMANOVA tests sepa-
rately for each of the 7 years. Because the communities were 
not at equilibrium and multiple years elapsed between most 
sampling periods it was unlikely that strong similarities would 
exist between sampling periods; therefore including repeated 
measures in the PERMANOVA analysis was considered 
unnecessary. Final p-values were adjusted with a Bonferroni 
correction for seven multiple testings. As cover was very low 
in the early years and many plots had zero cover, we included 
a dummy variable with a cover value of 0.01 (the lowest pos-
sible non-zero cover value) for all plots in all years to avoid 
the problem of zero sums. To minimize the effect of extreme 
low and high cover values on the data, we applied a fourth-
root transformation before analysis. Additionally, we reduced 
noise in the data set by removing species with a less than 5% 
occurrence over all years, as recommended by McCune and 
Grace (2002). This reduced the total number of species 
included in the analysis from 204 to 65 and made the data fit 
the assumptions for the test much better. Additionally, we ran 
the PERMANOVA with all 204 species to verify that using 
the reduced data set did not change conclusions.

To further assess the contributions of individual species to 
the community differences between the seeded and unseeded 
plots, we looked at similarity percentages using the Bray- 
Curtis difference matrix from the analysis of species compo-

sition (i.e., percent cover) for the ground vegetation. We 
applied the same dummy variable (0.01), data reduction, and 
transformations described above and used to examine differ-
ences in ground cover species composition. We separately 
examined each year for differences in ground vegetation spe-
cies composition between seeded and unseeded plots, but as 
conclusions were not drawn across years, we did not apply a 
correction for multiple testing.

8.2.2.2  Trees
We examined total stem density of all tree species using 
repeated measures ANOVA with plot as a subject and years 
since eruption as the repeated factor and seeding as the treat-
ment. Data were log-10 transformed (accounting for zeros) 
before analysis to improve normality of variance. To account 
for uneven spacing of sampling across years, we used a spa-
tial power covariance structure.

Using PERMANOVA with a Bray-Curtis difference 
matrix and seeding as a factor, we also analyzed difference in 
stem density of tree species. Again, we ran each year as a 
separate test and applied a Bonferroni correction for seven 
multiple testings to final p-values. To account for years 
where no stems of any species were found within a plot, we 
included a dummy variable with a count of 1 (the lowest pos-
sible non-zero count value) in all plots, across all years. 
Before analysis, we used a log-10 transformation that 
accounts for the presence of zeros on the count data (McCune 
and Grace 2002) to reduce the influence of extreme values. 
Since only 14 species of trees were found in these plots 
across all years, we retained all tree species in the analysis.

With seeding and years since eruption as factors, we used 
repeated measures ANOVA on plots to examine total tree 
canopy cover. Variance and distribution were both normally 
distributed. No correction to final p-values was used, but we 
maintained the spatial power covariance structure for consis-
tency with other tests even though only 2 years were included 
in this analysis (2004 and 2010).

8.2.2.3  Native Versus Non-native Species
Using repeated measures ANOVA, we analyzed changes in 
cover of non-native and native species separately. Plot was the 
repeated term, and we analyzed all 7 years together, with years 
since eruption and seeding as factors. To improve normality of 
variance, we used a log-10 transform accounting for zeros, 
along with a spatial power covariance structure to account for 
the lack of uniform time periods between samplings.

To perform repeated measures ANOVA, we used SAS 9.3 
(SAS Institute, Cary NC). For PERMANOVA analysis, we 
used the Adonis package in R 3.1.1 (R Core Team 2014) and 
double checked using Primer 6 (PRIMER-E Ltd., Ivybridge 
United Kingdom). We conducted similarity percentage anal-
yses with Primer 6.
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8.3  Results

Seeded plots did not differ from unseeded plots in topographic 
conditions or soil particle-size distributions (Table 8.1). The 
11 seeded plots contained examples of five of the six topo-
graphic categories, with only the rarest type—plots with a 
single high mound—not represented.

8.3.1  Ground Cover and Richness

Ground cover increased in all plots over time (Fig. 8.5). 
Seeding had a significant effect (p < 0.02) on cover 
(Table 8.2), as was evident from photographs (Fig. 8.6). 
Total cover was higher in the seeded plots than the unseeded 
plots in all years except year 2 (p = 0.17). There was a sig-

nificant interaction between seeding and years since erup-
tion in later years (p = 0.0028), but this result seems to be 
driven exclusively by year 14, when the cover in the seeded 
plots spiked sharply and cover in unseeded plots did not 
(Fig. 8.5). The year 14 spike in cover was largely a result of 
an increase in non-native species in seeded plots (Fig. 8.7b). 
The spike observed in native-species cover in the seeded 
plots in year 9 (Fig. 8.7a) suggests that this year may also 
have had a steeper increase in total cover in the seeded plots 
than the unseeded, but, because years 2 and 3 and 9–30 were 
analyzed separately, this hypothesis could not be tested 
directly.

Cover of both native and non-native species was higher in 
the seeded plots than the unseeded plots (p < 0.0001), but not 
significantly so in all years, as there was a year-by-treatment 
interaction (p < 0.0001) (Table 8.3). The pattern in native 
cover increase over time seems to be fairly consistent in seeded 
versus unseeded plots; the two treatments differed only in 
2 years (9 and 14) (p < 0.0001) (Fig. 8.7a). However, non-
native cover differed between seeded and unseeded plots in 
years 9 through 24 (p < 0.004). In the seeded plots, non-native 
cover spiked in year 14, and then remained fairly consistent, 
whereas in the unseeded plots, total cover slowly but consis-
tently crept upward over time (Fig. 8.7b). The proportion of 
cover from non-native species was highest in the first year of 
sampling in unseeded plots and in year 14 in the seeded plots 

Table 8.1 Mean and standard error of particle-size distribution for the 
>2-mm fraction of seeded and unseeded plots in August 1982.

% boulders % cobbles
% gravel, sand,  
silt, clay

Not seeded Mean 5.8 19.4 75

S.E. 0.6  1.6  2

Seeded Mean 7 18.8 71.6

S.E. 2.1  3.4  5.4

Sampling and analysis methods are described in Adams and Dale (1987).

Fig. 8.5 Change in total cover over time in seeded (solid line) and unseeded plots (dashed line). Inset shows total cover in all plots over time on 
the debris- avalanche deposit. Bars are standard error.
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(Fig. 8.8). The proportion of total cover from non-native spe-
cies varied over time. The contribution of non- native species 
to overall cover was greatest in the unseeded plots in year 14 
and in the seeded plots in year 30 (Fig. 8.8 inset).

Like cover, species richness increased over time in all 
plots (Fig. 8.9). Species richness was higher in seeded plots 
compared with unseeded plots but only significantly so in 
years 3, 9, 24, and 30 after the eruption (p < 0.01). Richness 
on the debris-avalanche deposit as a whole has increased in 
every year and has followed a nearly linear trend since year 
3 (Fig. 8.10). Non-native species have made up a fairly con-
sistent proportion of all species found on the debris- avalanche 
deposit in all years—between 20% and 30% of total richness 
(Fig. 8.10, inset).

8.3.2  Species Composition

There was a significant difference in species composition 
comparing the seeded versus unseeded plots in all years 
(p < 0.035) (Table 8.4). Based on R2 values, seeding explained 
the highest percent of difference in community composition 
in years 2 (15%), 9 (10%), 14 (14%), and 20 (10%), but the 
influence of seeding on plant community in later years was 
reduced, explaining only 7% of the difference between treat-
ments in years 24 and 30. Seeding explained the lowest per-
cent difference in ground-cover plant communities in year 3 
(R2 = 6%).

In the similarity percentage analysis (Table 8.5), a total 
of 28 species, 19 native and 9 non-natives, were responsi-
ble for at least 50% of the divergence between seeded and 
unseeded plots over all sampled years. Among species con-
tributing to differences, geophytes (perennial plants that 
resprout by means of underground bulbs, tubers, or corms) 
were the most abundant plant life form (14 total species), 
though annuals (5 species) were also important. Deciduous 
trees first appeared among the most abundant species in 
year 9 post eruption and increased in contribution from 

then onward. Only one species of hemicryptophyte (peren-
nial plants with overwintering buds at soil level), 
Hypochaeris radicata, occurred frequently and was a large 
contributor in 5 of the 7 years it was present. For the first 
14 years of the study, those species contributing to dissimi-
larity always occurred in higher abundance in the seeded 
plots. However, starting in year 20, some such species 
occurred in higher abundance in the unseeded plots (forbs 
Lupinus lepidus, L. latifolius, and H. radicata and decidu-
ous shrubs Salix sitchensis and Alnus viridis). In year 30, 
Alnus rubra occurred in higher frequencies in the unseeded 
plots, even though it had occurred in higher abundance in 
the seeded plots in years 14–24 (Table 8.5). Among those 
species found in greater abundance only in the unseeded 
plots, all but H. radicata were native, but the sample size is 
small, so this is more likely to be random variation than a 
significant pattern. Also, a number of new forest under-
story species (e.g., Claytonia sibirica var. sibirica, Rubus 
leucodermis, and Prunella vulgaris) first explained com-
munity divergence in the plots in year 30, so there seems to 
have been a community shift toward closed-forest condi-
tions between year 24 and 30. Overall, contribution of any 
one species to divergence declined over the course of the 
study.

8.3.3  Tree-Count Analysis and Canopy Cover

Total stem density of tree species increased through time 
in all years except year 14, but stem counts were not dif-
ferent in seeded versus unseeded plots (p = 0.69) 
(Fig. 8.11). Alnus rubra made up the largest fraction of 
stems counted in most years: year 2 (21%), 3 (1%), 9 
(78%), 14 (59%), 20 (91%), 24 (89%), and 30 (92%). 
Additionally, no difference was found in tree species com-
position between the seeded and unseeded plots in any 
year (p > 0.12) (Table 8.6). Overstory canopy cover was 
examined only in years 24 and 30. Values did not differ 
between the seeded and unseeded plots (p = 0.53), and 
mean canopy density was 27%.

8.4  Discussion and Conclusions

Thirty years after the eruption of MSH, the debris-avalanche 
deposit has undergone extensive vegetation development. 
This study sought to determine whether initial differences 
seen in the trajectory of vegetation establishment have per-
sisted, comparing areas that were seeded with a largely non- 
native plant mix in 1980 with areas that were left to undergo 
natural primary succession, and whether these differences 
are likely to continue into the future.

Table 8.2 Repeated measures analysis on total cover of all species. 
Plot was the subject and years since eruption (yse) and seeded were 
factors. Years 2 and 3 and 9 through 30 were analyzed separately owing 
to variance issues. A Bonferroni correction for two multiple testings was 
used on final p-values.

F value p-value

Years 2–3 Seeded 7.11  0.02*

Yse 69.68 <0.0002**

Yse*seeded 1.85  0.36

Years 9–30 Seeded 31.64 <0.0002**

Yse 21.31 <0.0002**

Yse*seeded 4.59  0.0028**

* denotes significance at the 0.05 level and ** at the 0.01 level.
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Fig. 8.6 Time series of photographs for plots 22 and 47. Plot 47 was seeded in 1980, whereas plot 22 was not seeded. Plot locations are labeled 
in Fig. 8.1. Photos taken by Virginia Dale, Bob Holland, and (in 2010) Ian Kuliasha.
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Total species richness on the debris-avalanche deposit 
increased in the 30 years since the eruption and continues to 
increase, as is expected for primary succession in the north-
western United States (Lichter 1998). However, cover of her-
baceous vegetation plateaued at around 50% after year 20 
(Fig. 8.5, inset). In future years, ground cover may even 
decrease as the overstory canopy closes (Halpern and Lutz 
2013), altering the light regime and leading to a reduction in 
abundance of shade-intolerant species. The dominance of 
early-seral species has declined with time. Year 30 appears to 
have been a transition year, with species that are found in 
forest understories (Claytonia sibirica var. sibirica, Rubus 
leucodermis, and Prunella vulgaris) becoming drivers of 
community divergence for the first time.

Ecological effects of several volcanic debris-avalanche 
deposits have been studied at a number of other volcanoes: 
Mt. Taranaki in New Zealand (Clarkson 1990), Ksudach in 

Russia (Grishin et al. 1998), the Ontake volcano in Japan 
(Nakashizuka et al. 1993), and Mount Katmai in the state of 
Alaska in the United States (Griggs 1918a, b, c, 1919). 
However, plant recovery has not been followed at any of 
those sites over the decades subsequent to the initial deposit.

The aerial distribution of largely non-native seeds on a 
subset of plots at MSH in 1980 has had a pronounced and 
enduring effect on subsequent vegetation communities. The 
trajectory of both cover and species richness in the seeded 
and unseeded plots appears similar; however, total values dif-
fer. Cover and richness were higher in seeded plots through-
out the entire period of this study (Fig. 8.5). Interestingly, this 
pattern does not seem to be driven only by higher abundance 
of species from the original seeding mix, as both native and 
non-native species had higher cover in the seeded plots 
(Fig. 8.7). Furthermore, seeded species never contributed 
more than 5% to the total cover in the seeded plots (Fig. 8.8, 
inset). The community analysis supports the assumption that 
the seeded species may not be the direct cause of the observed 
differences between the seeded and unseeded plots. Only two 
species from the original mix, Trifolium repens and Festuca 
rubra, are among the top contributors to community diver-
gence (in years 20 and 30), even though ground-cover vege-
tation communities differed between treatments in all years. 
However, the presence of those seeded species may have 
facilitated the establishment of other non-native species, for 
example, by providing vegetative cover and shade. If the 
seeded species are not driving the community differences, it 
is unclear what else might be causing community divergence. 
There is a notable difference in the cover of non-native 
 species in the seeded plots after 1994, but why non-native 
species should have increased there and not in the unseeded 
plots is unclear (Fig. 8.7b). At first glance, it seems tempting 

Fig. 8.7 Native (a) and non-native (b) species cover in seeded (solid lines) and unseeded (dashed line) plots over time. Error bars are standard 
error.

Table 8.3 Results of repeated measures on species richness and native 
and non-native cover per plot in the debris-avalanche deposit over seven 
sampling periods from year 2 to year 30 after the eruption. Plot was the 
subject and years since eruption (yse) and seeded were factors.

F value p-value

Native cover Seeded 16.44  0.0001***

Yse 93.03 <0.0001***

Yse*seeded 10.45 <0.0001***

Non-native cover Seeded 39.64 <0.0001***

Yse 61.29 <0.0001***

Yse*seeded 7.33 <0.0001***

Richness Seeded 22.34 <0.0001***

Yse 103.36 <0.0001***

Yse*seeded 3.39  0.0029**

** denotes significance at the 0.01 level and *** at the 0.0001 level.
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to conclude that the anomalous increase in cover is a response 
to climatic conditions, as the summer of 1993 was consider-
ably wetter than average (Fig. 8.12), which can result in an 
increased production legacy (Sala et al. 2012). However, it is 
puzzling that only non-native plant cover in seeded plots 

would respond in this fashion, since weather events should 
affect all plots similarly. Certainly, MSH has a higher per-
centage of non-native species than the Pacific Northwest in 
general. Of the 107 species of non-native plants reported to 
occur in Cowlitz County, Washington (Washington Native 

Fig. 8.8 Proportion of total cover from non-native species through time for plots that were seeded (solid line) and unseeded (dashed line). Inset 
is proportion of total cover from seeded species through time in both seeded and unseeded plots.

Fig. 8.9 Change in number 
of species per plot over time 
in seeded (solid line) and 
unseeded (dashed line) plots. 
Bars are standard error. Inset 
is richness per plot over time 
for all plots.
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Plant Society 2006), 40 have been found on the debris-ava-
lanche deposit since the eruption, and 16 species of non-
native plants have apparently arrived from outside the county. 
Non-native species have been arriving at a nearly constant 
rate and have made up 20–30% of the richness on the debris-
avalanche deposit in the 30 years since the eruption (Fig. 
8.10), a high proportion for the Pacific Northwest where non-
native species represent about 12% of overall species rich-
ness in forests across the region (Franklin and Dyrness 1973). 
However, non-natives often make up a large proportion of 
total cover (Stapanian et al. 1998), as is also the case at MSH, 
particularly in the seeded plots (Fig. 8.7).

Seeding by the SCS in 1980 was based on the assump-
tion that there would be no effect other than short-term 
increases in plant cover, which would result in reduced 
erosion. At the time, little research had been done to sug-
gest otherwise. Because erosion from the seeded and 
unseeded plots was not measured, it is difficult to say 
whether seeding achieved its desired goal. None of the 
original 11 seeded plots were lost to erosion, but a number 
of the original 90 unseeded plots were. However, there 
were many more unseeded plots, and some were in the path 
of stream channels that eroded over time. Certainly erosion 
from the entire debris-avalanche deposit remained high, 
two orders of magnitude above background levels in the 
Pacific Northwest (Major et al. 2000) 20 years post erup-
tion. Seeding after other types of disturbance has not been 
found to consistently reduce erosion. Post-wildfire seed-
ings in rangelands had little effect on erosion during the 
first year after fire, and when they did it was only in years 
of high establishment (Pyke et al. 2013). Whether or not 
seeding achieved the stated goal of reduced erosion, the 
differences in cover, species richness, and community 
composition on the seeded versus unseeded plots continue 
to persist after three decades.

At least one previous study in Washington state examin-
ing plant communities and comparing erosion after seeding 
treatments found differences that persisted for decades, 
though successful soil stabilization occurred only if the seed-
ing treatments were combined with straw and clay (Cline 

Fig. 8.10 Richness of all 
species on the debris- 
avalanche deposit over time. 
Inset: proportion of richness 
made up of non-native 
species.

Table 8.4 PERMANOVA analysis of species composition and seeded 
versus unseeded plots.

Year since eruption df Psuedo-F R2 Adj. p-value
2 1 10.4 0.15 0.007**

3 1 3.56 0.06 0.035*

9 1 6.38 0.10 0.007**

14 1 9.95 0.14 0.007**

20 1 6.37 0.10 0.007**

24 1 4.87 0.07 0.007**

30 1 4.47 0.07 0.014*

Test for each year was run separately, and a Bonferroni correction for 
seven tests was applied to final p-values. Species composition values 
were fourth-root transformed, and a reduced data set including only 
species with >5% cover in all years was used (total species = 65).
* denotes significance at the 0.05 level and ** at the 0.01 level.
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and Uresk 1979), which was not done at MSH. Furthermore, 
the Cline and Uresk (1979) study seeded a well-known inva-
sive, cheatgrass (Bromus tectorum). Although seeding with 
an invasive species might be expected to produce effects that 
last for decades, the record from MSH demonstrates that 
even seeding treatments of more benign species may pro-
duce long-lasting community effects.

The difference between the seeded and unseeded areas 
seems unlikely to continue indefinitely. It is expected that 
the plant community on the debris-avalanche deposit will 
eventually develop into a forest typical of the Pacific 
Northwest (Franklin and Dyrness 1973). Results from the 
present study may provide evidence that this transition is 

Table 8.5 The results of the similarity percentage analysis on the spe-
cies composition data from all years. Species that explained up to 50% 
of the observed difference were included. Other information not 
included in the test but relevant to the reported species was included as 
well. Species in bold face occurred at higher abundances in unseeded 
plots. Origin non-native or native; and life form: G geophytes, plants 
with buds below ground, H hemicryptophytes, plants with buds 
0–50 cm above soil surface, A annual, PE phanerophyte, evergreen tree, 
PD phanerophyte, deciduous tree, S shrub.

Species
Contribution  

(%) Origin
Life 
form

Year 2: average dissimilarity = 94.63

Senecio sylvaticus 44.7 Non- native A

Anaphalis margaritacea 13.1 Native G

Year 3: average dissimilarity = 57.55

Epilobium brachycarpum 8.1 Native G

Chamerion angustifolium 
ssp. angustifolium

7.9 Native G

Senecio sylvaticus 7.5 Non- native A

Epilobium glaberrimum 7.4 Native G

Hypochaeris radicata 7.3 Non- native H

Anaphalis margaritacea 6.3 Native G

Abies procera 6.0 Native PE

Year 9: average dissimilarity = 76.49

Lotus unifoliolatus var. 
unifoliolatus

24.1 Native A

Agrostis exarata 7.2 Native G

Populus balsamifera ssp. 
trichocarpa

5.7 Native PD

Agrostis pallens 5.7 Native G

Anaphalis margaritacea 5.3 Native G

Holcus lanatus 4.7 Non- native G

Year 14: average dissimilarity = 73.27

Lotus unifoliolatus var. 
unifoliolatus

9.9 Native A

Holcus lanatus 8.2 Non- native G

Aira caryophyllea 7.9 Non- native A

Hypochaeris radicata 7.8 Non- native H

Alnus rubra 6.1 Native PD

Vulpia myuros 5.2 Non- native A

Epilobium glaberrimum 3.8 Native G

Salix scouleriana 3.3 Native PD

Year 20: average dissimilarity = 61.44

Holcus lanatus 11.0 Non- native G

Alnus rubra 10.4 Native PD

Lotus unifoliolatus var. 
unifoliolatus

6.3 Native A

Trifolium repens 5.0 Non- native G

Agrostis pallens 4.3 Native G

Salix sitchensis 4.0 Native PD
Lupinus lepidus 4.0 Native G

(continued)

Table 8.5 (continued)

Species
Contribution  

(%) Origin
Life 
form

Hypochaeris radicata 3.7 Non- native H

Lupinus latifolius 3.5 Native G
Year 24: average dissimilarity = 59.73

Alnus rubra 8.5 Native PD

Holcus lanatus 7.2 Non- native G

Hypochaeris radicata 5.0 Non- native H

Vulpia myuros 4.3 Non- native A

Lupinus latifolius 3.5 Native G
Alnus viridis ssp. sinuata 3.4 Native PD
Salix sitchensis 3.2 Native PD
Lotus unifoliolatus var. 
unifoliolatus

3.1 Native A

Lupinus lepidus 3.0 Native G
Epilobium glaberrimum 2.7 Native G

Anaphalis margaritacea 2.5 Native G

Cytisus scoparius 2.5 Non- native S

Digitalis purpurea 2.5 Non- native G

Year 30: average dissimilarity = 60.89

Epilobium glaberrimum 7.1 Native G

Holcus lanatus 6.7 Non- native G

Claytonia sibirica var. 
sibirica

6.5 Native A

Hypochaeris radicata 4.9 Non- 
native

H

Rubus leucodermis 4.9 Native H

Festuca rubra 3.7 Native G

Cytisus scoparius 3.4 Non- native S

Prunella vulgaris 3.4 Native G

Rumex acetosella 3.1 Non- native G

Trifolium repens 3.0 Non- native G

Lupinus latifolius 2.8 Native G
Alnus rubra 2.8 Native PD
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already happening. Thirty years post eruption, herbaceous 
communities continue to differ between seeded and unseeded 
plots, but seeding explains a smaller percentage of the dif-
ference seen than in previous years, only 7% in year 30 post 
eruption as compared with a maximum of 15% in year 14. 
Further, trees, which will presumably become the future 
overstory, do not differ between seeded and unseeded plots 
in either stem density, species composition, or canopy cover 
in any year in which these metrics were sampled (Table 8.6). 
This finding is fascinating, in part because earlier in succes-
sion conifer tree-seedling mortality was found to be higher 
in the seeded plots (Dale 1991), yet that result does not seem 
to have had a lasting effect on the developing tree commu-
nity. It should be noted that the present tree community is 
largely red alder (92% of all tree stems counted in year 30), 
not species associated with the conifer forest that is expected 
to eventually dominate the area.

Resource managers dealing with the pressure to establish 
vegetation and reduce erosion in disturbed areas are often 
“hamstrung by resource shortages” and consider the use of 
non-native seed species (Kuebbing and Simberloff 2015). 
Proactive management should focus on realistic short-term 
and long-term costs and benefits of management options. 
After a large disturbance, funds are often available to “fix” 
the problem rather than to realistically deal with the new 
ecosystem properties (Dale et al. 1998). Furthermore, the 
rarity of benefits provided by non-native species (Kuebbing 
and Nuñez 2015) means that those species with potential for 
positive effects should be identified upfront. Kuebbing and 
Nuñez (2015) note that positive interactions are less fre-
quent with grasses and herbs and more common with 
nitrogen- fixing species and tree species. Even though nitro-
gen fixers were included in the mix of seeds distributed in 
the aftermath of the eruption of MSH, no native tree species 
were considered. In 1980, the first author suggested to the 
SCS that the native red alder (Alnus rubra) be considered in 
the mix of species seeded at MSH, as it is both a tree and a 
nitrogen fixer, but the SCS lamented that no seeds were 
available. This study revealed that red alder was a major 
contributor to community divergence between years 14 and 
30 at MSH and was the most abundant tree in most years, a 
finding that is in line with earlier results from this system 
(Dale et al. 2005a).

Few studies using permanent plots over several decades 
exist that evaluate the effects of management choices on 
 forest succession (Dale et al. 2005d; Kirby et al. 2014), and 
those that do mostly examine succession after logging or fire 
(see Halpern and Spies 1995). Thus, this study of vegetation 
succession at MSH over the last 30 years is a unique contri-
bution. Although these results are of interest to the study of 
plant succession, they also have implications for resource 

Fig. 8.11 Stem density counts of trees in seeded (solid line) and 
unseeded (dashed line) plots. Error bars are standard error.

Table 8.6 PERMANOVA analysis of tree-stem counts in seeded vs 
unseeded plots.

Year since eruption df Psuedo-F R2 Adj. p-value
2 1 0.46 0.01 1

3 1 0.82 0.01 1

9 1 2.03 0.03 0.91

14 1 3.49 0.06 0.12

20 1 2.51 0.04 0.34

24 1 2.96 0.05 0.2

30 1 1.72 0.03 1

Test for each year was run separately, and a Bonferroni correction for 
seven tests was applied to final p-values. Tree-count values were log-10 
transformed before analysis to account for zeros. Data were not reduced 
to species with <5% occurrence as only 14 tree species were found.

Fig. 8.12 Precipitation during the growing season (1 May to 31 
August) from the weather station at Longview, Washington.
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management and response in the face of large disturbances. 
In spite of the US$2 million spent on seeding, major erosion 
still occurred (Major et al. 2000), and effects of the seeding 
on vegetation cover and plant richness are still apparent after 
three decades. Even so, our findings suggest that the first for-
est to develop will show little difference between seeded and 
unseeded areas.
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9.1  Introduction

9.1.1  Background

The landscape surrounding Mount St. Helens was dramati-
cally altered during and after the 18 May 1980 eruption, cre-
ating an exceptional opportunity for ecologists to study plant 
succession following a major natural disturbance. To protect 
the land and allow natural succession to proceed largely 
unimpeded, on 27 August 1982, Congress designated 
44,550 ha as the Mount St. Helens National Volcanic 
Monument (Dale et al. 2005). Some areas of the monument 
are closed or have limited public access and are primarily 
managed for research, whereas other areas allow recreation 
and education in ways that protect geological, ecological, 
and cultural resources. Despite efforts to preserve the area 
for natural processes and scientific study, anthropogenic dis-
turbances such as roads and management activities have aug-
mented the invasion potential of the disturbed landscape to 
exotic plants.

We adopted the Natural Resources Conservation Service’s 
definition of an exotic plant species as one that is not native 
to the study area (www.plants.usda.gov, May 2014). These 
exotic plants may become invasive when there is a lack of 
competition, herbivory, or environmental controls; if their 
new system is disturbed or otherwise altered; or simply when 

sufficient propagules have been introduced (Lockwood et al. 
2007). Although the focus of our study is on exotic plants, 
some research we cite examines exotic invasive plants, which 
are introduced species that have established and are currently 
causing or “likely to cause economic or environmental harm, 
or harm to human health” (Clinton 1999).

Exotic species are known to have high environmental and 
economic costs (Wilson 1992; Pimentel et al. 2005). Exotic 
invasive plants can compete with native species, interrupt food 
webs, and alter fire regimes, decomposition, hydrology, and 
nutrient cycling (Vitousek et al. 1997; Mack et al. 2000). Exotic 
plants that successfully colonize often respond well to increased 
light conditions and disturbance (Newsome and Noble 1986; 
Parendes and Jones 2000; Gray 2007). In an extensive literature 
review of exotic species and disturbance, Lozon and MacIsaac 
(1997) found that 86% of terrestrial exotic plant species depend 
on disturbance for establishment. Thus, it might be expected 
that the conditions created by the 1980 eruption would facilitate 
the establishment and spread of exotic species.

It is best to control exotic plant populations while they are 
small, as it is often more economical and efficient than wait-
ing for them to cause a problem (Moody and Mack 1988) 
and because it can be virtually impossible to eradicate an 
invasive species once it has established (Mooney and Drake 
1989). Furthermore, it can be quite difficult to predict when 
and where a plant will become invasive, and the line between 
invasive and noninvasive is not always clear (Lockwood 
et al. 2007). Therefore, we looked at all exotic plant species, 
rather than just plants considered to be invasive.

9.1.2  Exotic Plant Concerns in Volcanic 
Disturbance Zones

The 1980 eruption created several disturbance zones, each with 
different successional starting points and potential issues related 
to exotic plant species. Below we describe the types and mech-
anisms of volcanic disturbance for three of these zones, ranging 
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from most to least disturbed, and  identify ecological features 
connected to each disturbance and relevant to exotic plants.

The pyroclastic-flow zone (Fig. 9.1) was the most 
intensely disturbed area and was influenced by a sequence of 
eruption events that commenced with a gigantic rockfall ava-
lanche as the north flank of the volcano failed and cascaded 
downslope, followed by a powerful, hot, gas-driven pyro-
clastic density current, commonly referred to as a lateral 
blast and herein called the blast PDC. It culminated in 
numerous superheated, incandescent pyroclastic flows 
(Lipman and Mullineaux 1981). This landscape was covered 
by over 100 m of debris-avalanche deposits, blast-PDC 
deposits, and pyroclastic flows during the main 1980 erup-
tion event and received subsequent pyroclastic flows in 1980 
and several lahars afterward (Lipman and Mullineaux 1981). 
Lacking any remnants from the pre-eruption ecosystem, 
biotic response initiated under primary succession (Walker 
and del Moral 2003). A portion of the pyroclastic-flow zone, 
named the Pumice Plain, is an area of intensive scientific 
study, and we conducted some of our research in the eastern 
portion of this area (Fig. 9.2). The pyroclastic-flow deposits 
possess several features problematic for plant establishment 
and growth. These include infertility, instability, and low 
water-holding capacity (Halvorson et al. 1991).

The blowdown zone, the largest disturbance zone in the 
area influenced by the blast PDC, extends beyond the 
pyroclastic- flow zone (Fig. 9.1) and covers the 370-km2 area 
where the volcanic forces knocked down or snapped off trees 
(Lipman and Mullineaux 1981).

Up to 1 m of blast-PDC deposits and infertile tephra 
were deposited during the eruption. However, some veg-
etation survived under late-lying snow or on leeward 
slopes, leading to numerous epicenters of survival that 
fostered rapid regeneration (Halpern et al. 1990). The 
tephrafall zone extends beyond the blowdown zone, north- 
and eastward of the mountain, where forest overstory spe-
cies were left largely intact, but understory plant 
communities were dramatically altered over 1000 km2 by 
various amounts of tephra ejected from the volcano. Antos 
and Zobel (2005) observed survival of understory species 
in the first years after the 1980 eruption but also found 
that tephrafall in forests resulted in the death of many 
understory plants, largely depending on microsite condi-
tions such as snowpack, pre-existing flora, and depth of 
tephra. Where tephra was shallower than 4.5 cm, most 
herbaceous plants survived, although bryophytes did not. 
However, when tephra was deeper, many herbaceous 
plants failed to push through the mantle of tephra and per-
ished. Furthermore, where areas were covered in deep 
snow under thick ash, as the snow melted, plants became 
plastered to the forest floor and did not survive. Except for 
bryophytes, species not present in the pre-eruption forest 
had not invaded the tephra- covered forest by the year 
2000 (Antos and Zobel 2005).

9.1.3  Road Influences on Exotic Plant Spread

The 1980 eruption provided opportunities for research, edu-
cation, and recreation, and roads were needed for both access 
and management purposes. In 1983, Windy Ridge Viewpoint 
opened for visitors at the end of National Forest Road 99 
(NFR-99) overlooking the Pumice Plain, only 6.5 km north-
east of the crater (Fig. 9.1). This road winds through the 
tephrafall zone and blowdown zone (Fig. 9.1) and contains 
several viewpoints, parking lots, restroom facilities, and 
trailheads, attracting 17,000–20,000 visitor vehicles each 
year (USFS, unpublished data, 2015). In studies of global 
patterns of plant invasions, Lonsdale (1999) and Usher 
(1988) both found that species richness of exotic plants 
increased with the average number of visitors in nature 
reserves, most likely because tourists and their vehicles 
increase accidental introductions.

Road construction, road management, and the presence of 
roads themselves disturb roadside environments (Forman et al. 
2003). The construction process disturbs existing soil and veg-
etation (Johnston and Johnston 2004) and typically creates bare 
earth, which ruderal and wind-dispersed annuals often colonize 
first (Forman et al. 2003). Mowing is a common roadside man-
agement technique that can actually benefit some exotic plant 
species, especially those that grow from rosettes, because they 
are not killed by mowing and can grow deeper roots to with-
stand roadside erosion (Forman et al. 2003). Roadside trees are 
often thinned for increased driver visibility, but this activity can 
facilitate many ruderal exotic species because of the increased 
light (Mortensen et al. 2009). The presence of roads can 
increase both the sunlight exposure and temperature of road-
side habitat (Parendes and Jones 2000), whereas runoff from 
roads can increase the moisture and nutrients (Trombulak and 
Frissell 2000) and change the pH of roadside habitats (Johnston 
and Johnston 2004). All of these conditions can aid the estab-
lishment of exotic invasive species (Davis et al. 2000).

Not only do roadsides create microhabitats for exotic spe-
cies, they can also serve as a point of introduction and a dis-
persal corridor for seeds (Christen and Matlack 2007). 
Vehicles associated with tourism and maintenance can 
increase wind and introduce exotic seeds and vegetative prop-
agules that attach to tires and other parts of vehicles (Lonsdale 
and Lane 1993). Taylor et al. (2012) found that seeds can be 
carried by vehicles for over 250 km but will typically detach 
from vehicles when wet conditions are encountered. Wind, 
water, birds, and other animals may also travel along road-
ways and further spread seeds (Flory and Clay 2009).

9.1.4  Effects of Management Activities

Some management activities at Mount St. Helens have facili-
tated the entry of exotic species to the post-eruption land-
scape, including pre-eruption clearcutting, aerial seeding and 
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Fig.  9.1 Disturbance zones at Mount St. Helens, with viewpoints shown for context. Replanting in the blowdown zone was done only outside the 
monument boundary (gray-dashed white line). The tephrafall zone includes the area outside the standing dead forest zone to the north and east of 
the mountain. (Cartography by Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research Station).
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Fig.  9.2 Transect locations, showing National Forest Road (NFR) 99 and Trail 207. Transects were 70 m in length and were placed perpendicular 
to the road or trail at each point. (Cartography by Kelly Christiansen, USDA Forest Service, Pacific Northwest Research Station).
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fertilization, salvage logging, tree replanting, bough harvest-
ing, and tree thinning.

Pre-eruption clearcuts in the blowdown zone have 
increased the potential for exotic plants to establish. Many 
exotic plants are successful in conditions with increased light 
and disturbance (Parendes and Jones 2000; Gray 2005), 
which are characteristics of harvested forests. Gray (2005) 
found that exotic species were significantly more abundant 
in clearcuts compared to unharvested forest stands across 
four ecoregions in western Oregon. As Parendes (1997) 
noted, in a recently disturbed area, plants may reestablish 
from viable seed in the seedbank or from vegetative sprout-
ing of surviving plant material. Since many seeds can remain 
viable in the soil for many years (Cook 1980), it follows that 
exotic species present in pre-eruption clearcuts could poten-
tially invade the landscape disturbed by the 1980 eruption.

In 1980 and 1981, 8660 ha in the blowdown zone, North 
Fork Toutle River debris-avalanche deposit, and lower Toutle 
River were aerially seeded with 344  700 kg of seed, mostly 
exotic species, in an attempt to stabilize hillslopes, reduce 
erosion, and accelerate nutrient retention (Carlson et al. 
1982). Carlson et al. (1982) record details of this seeding, 
and we give a summary of points that are relevant to our 
study. In the eastern portion of the blowdown zone, in the 
upper Clearwater and Bean Creek drainages, 3330 ha near 
our study area were seeded with four exotic plants (Lolium 
multiflorum, Lolium perenne, Vicia villosa, and Trifolium 
subterraneum). However, seeding only occurred in areas that 
had been recently clearcut and were below 1220 m in eleva-
tion. Seeding took place from 5 to 15 September 1980 at a 
rate of 37 kg ha−1 and was immediately followed by fertilizer 
application from 15 September to 20 October. Seeded areas 
were surveyed several times in the following year, and 
9 months later, the seeded mixture showed 10.7% average 
ground cover, primarily L. multiflorum and L. perenne. 
However, these grasses also showed symptoms of moisture, 
temperature, and nutrient stress and produced few viable 
seeds. A refertilization was recommended but never occurred. 
Furthermore, Carlson et al. (1982) expected that any surviv-
ing populations of these four plants would decline rapidly.

On the North Fork Toutle River debris-avalanche deposit, 
about 10 km west of our study area, 4920 ha were seeded with 
L. multiflorum, L. perenne, Festuca rubra, Phleum pratense, 
Dactylis glomerata, Trifolium repens, and Lotus corniculatus 
(all exotic except F. rubra) at a rate of 40 kg ha−1 (above 
853 m) and 43 kg ha−1 (below 853 m). Nine months later, 
surveys showed that this seeding was more successful than 
the blowdown zone sites, as the seeded areas had 27% (above 
853 m) and 73.4% (below 853 m) ground cover. This ground 
cover consisted primarily of grasses: largely L. multiflorum 
and L. perenne, with some F. rubra and small amounts of P. 
pratense, D. glomerata, and one legume: T. repens. Although 

the debris-avalanche deposit is not part of our study area, seed 
dispersal is largely affected by prevailing winds from adja-
cent areas (Dale 1989), and seeds could disperse to our study 
area. The North Fork Toutle River debris-avalanche deposit 
was also fertilized after the initial seeding, but 5 months later, 
surveys showed that virtually none of the nitrogen and phos-
phorus was available for the surviving plants.

In 1993 and 1994, Titus et al. (1998) conducted a thorough 
inventory of vascular plants in blast-zone areas disturbed by 
the 1980 eruption, including the Pumice Plain, Plains of 
Abraham, Toutle debris-avalanche deposit, Toutle Ridge, and 
the crater. They found that exotic plant species comprised 57 
of 341 (16.7%) plant species, with six of the initial aerially 
seeded exotic species found in their plots (L. multiflorum and 
L. perenne, P. pratense, D. glomerata, L. corniculatus, and 
T. repens). Twenty years after this survey, exotic species con-
tinue to influence natural succession (Dale and Adams 2003; 
Schoenfelder et al. 2010; Dale and Denton, Chap. 8, this vol-
ume). One example of this influence occurs on the debris-
avalanche deposit area of Mount St. Helens, where sites that 
were heavily invaded by exotic species had 25% lower coni-
fer survival than uninvaded sites (Dale 1991).

Along with the aerial seeding, extensive salvage logging 
and replanting efforts also occurred in the blast-zone forests 
(Foster et al. 1998). Salvage logging occurred from 1980 to 
1982 in blast areas outside the Monument, as well as some 
areas inside the Monument before its official designation. Blast 
areas outside the Monument were replanted between 1981 and 
1987 with Douglas-fir (Pseudotsuga menziesii) at elevations 
less than 1000 m and noble fir (Abies procera) at elevations 
greater than 1000 m, including our study area, which was 
replanted from 1983 to 1985 (R. Pankratz, personal communi-
cation). In July 2003, Titus and Householder (2007) surveyed 
blowdown areas near Meta Lake and compared unsalvaged/
unplanted areas with salvaged/replanted areas. They reported 
that the canopy cover of trees in salvaged/replanted plots was 
five times higher than in unsalvaged/unplanted plots. They also 
found that unsalvaged/unplanted sites had greater diversity, 
richness, herb and shrub cover, downed woody debris, and lit-
ter depth compared to salvaged/replanted sites. Although they 
reported no significant differences in exotic plant cover between 
the two areas, exotic species were present in every 200-m2 plot. 
Furthermore, the exotic species they found are plants that fre-
quently occur in disturbed areas of the region and do not typi-
cally dominate landscapes.

Since 2006, commercial thinning and bough harvesting 
have occurred in replanted blowdown zone forests 
(R. Pankratz, personal communication), creating many can-
opy openings. Exotic plant cover and richness often increase 
in response to thinning treatments, and both Nelson et al. 
(2008) and Bailey et al. (1998) found significant increases of 
exotic plant cover and richness in thinned stands compared 
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with unthinned stands in the Pacific Northwest. Furthermore, 
Bailey et al. (1998) found that roadsides adjacent to the 
thinned stands had an even greater increase in exotic plant 
abundance compared with those near unthinned stands.

The creation of the National Volcanic Monument and 
associated restricted areas was intended to allow succession 
to occur substantially unimpeded, and these restrictions may 
have hindered the spread of exotic plants into the area. The 
pyroclastic-flow zone and parts of the debris-avalanche 
deposit are closed to camping, off-trail hiking, dogs, horses, 
and all vehicles including bicycles, to minimize anthropo-
genic impacts on this sensitive area. Many studies have 
shown that hikers and vehicles can spread plant propagules 
(Lonsdale and Lane 1993; Pickering and Mount 2010; Taylor 
et al. 2012; Ansong and Pickering 2014), so these restrictions 
have likely reduced the introduction of exotic plants.

9.1.5  Research Objective

Understanding how both natural and anthropogenic distur-
bances are affecting the spread of exotic plant species across 
the Mount St. Helens landscape is important for both land 
managers and scientists (Dale and Denton, Chap. 8, this vol-
ume). The post-eruption conditions and subsequent manage-
ment activities at Mount St. Helens created a variety of 
conditions with potentially different levels of invasibility to 
exotic plants. In this study, we ask how these different volca-
nic disturbance zones, post-disturbance management, and 
NFR-99 are affecting the richness, abundance, and frequency 
of exotic plant species at Mount St. Helens.

9.2  Methods

9.2.1  Study Area

Our study included three disturbance zones on the north and 
northeast sides of the volcano: pyroclastic-flow zone, blow-
down zone, and tephrafall zone (Swanson and Major 2005) 
(Figs. 9.1 and 9.2). Conveniently, National Forest Road 99 
(NFR-99) transects the blowdown and tephrafall zones, 
 providing an opportunity to assess patterns of exotic plant 
spread within these zones. This 26-km paved road is associ-
ated with several vistas and trailheads and is open for tour-
ism and recreation from June or July until snow covers roads 
in the autumn (USDA 2013). Our study design included 
70-m transects along NFR-99 in the blowdown and  tephrafall 
zones and 2.3 km of the Truman Trail (USFS Trail 207) in 
the pyroclastic-flow zone (Figs. 9.1 and 9.2).

To eliminate potential variation in plant communities 
related to elevation differences across roadside sites, we did 
not collect data along the first 6 km of road, because it has 

substantial elevation gain. Thus, data were collected between 
the 6-km mark, just east of the Bear Meadow Viewpoint, and 
the Windy Ridge Viewpoint (from 46°18′34″N, 122°01′46″W 
to 46°15′03″N, 122°08′07″W), with a modest elevation range 
of 220 m (1100–1320 m) across sites. Data were also col-
lected along Trail 207, beginning at the junction with Trail 
216E and heading 2.3 km northwest, between 46°13′49″N, 
122°09′05″W and 46°14′33″N, 122°09′53″W (Fig. 9.2).

A portion of the pyroclastic-flow zone, named the Pumice 
Plain (Fig. 9.3a), covers 15 km2 directly north of the crater and 
is characterized by primary succession. Two years after the 
eruption, isolated individuals of Lupinus lepidus marked the 
first plant colonization of the area (Halvorson et al. 1991). 
During our study, upland vegetation on the Pumice Plain was 
dominated by a few forbs and graminoids, namely, Agrostis 
pallens, Castilleja miniata, Lupinus lepidus, and Penstemon 
cardwellii, often forming dense and expansive patches, punctu-
ated by scattered Salix sitchensis and Alnus viridis ssp. sinuata 
shrubs and occasional conifer saplings. Dissecting the upland 
communities were springs, seeps, and small streams that sup-
port dense riparian shrub communities of Salix and Alnus.

The blowdown zone covers 370 km2 where overstory trees 
were leveled or snapped off (Swanson and Major 2005). 
Outside the Monument, in replanted areas of our study 
(Fig. 9.3d), extensive plantations of Abies procera now domi-
nate the landscape (Titus and Householder 2007), with under-
story species commonly consisting of Agrostis pallens, 
Anaphalis margaritacea, Hypochaeris radicata, and Vaccinium 
spp., though bare substrate is also common. Canopy openings 
have been created by tree thinning and bough harvesting. 
Thinning occurred at a 4 × 4-m spacing (with 25% variability) 
in 2007, 2008, and 2010 for 8, 7, and 3 of our transects, respec-
tively, whereas 2 transects were unthinned as of 2013. Tree 
boughs were harvested in 2006, 2009, and 2012 along 15, 3, 
and 2 of our transects, respectively, though no boughs were 
harvested within 15 m of the road. Furthermore, half of our 
transects were fertilized: 6 transects in 2005 and 4 transects in 
2010 (R. Pankratz, personal communication).

Inside the Monument, in areas of the blowdown zone where 
trees were not replanted, diverse assemblages of graminoids, 
herbs, shrubs, and trees have developed (Fig. 9.3b, c). Some 
areas are densely vegetated, with shrub thickets dominated by S. 
sitchensis and A. viridis ssp.  sinuata, often with Anaphalis mar-
garitacea, Rubus lasiococcus, Rubus spectabilis, and Vaccinium 
spp. Other areas consist of more open habitat and are character-
ized by forbs, graminoids, and low-lying shrubs, often Agrostis 
pallens, Anaphalis margaritacea, Chamerion angustifolium, 
Hypochaeris radicata, Penstemon cardwellii, and Pteridium 
aquilinum. In areas that were not salvage logged, pre- eruption 
clearcuts are characterized by many stumps and pre-eruption 
forests by numerous down logs (Titus and Householder 2007).

Beyond the blowdown zone, 15 km from the crater, for-
ests were left largely intact, but vast areas were affected by 
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tephra deposits, resulting in the death of many understory 
plants (Antos and Zobel 2005). Forest stands today (Fig. 9.3e) 
are dominated by large late-seral conifer trees (Abies amabi-
lis, Tsuga mertensiana, T. heterophylla, and P. menziesii), 
with saplings in the understory (Antos and Zobel 2005). 
During 2013, the ground cover consisted of large quantities 
of conifer-needle litter, and understory plants included scat-
tered Vaccinium spp. and Menziesia ferruginea.

9.2.2  Study Design and Data Collection

Vegetation and physical site data were gathered over a 
5-week period at peak biomass and flowering season, begin-
ning in August and extending into early September of 2013. 
We studied three zones of disturbance intensity: pyroclastic- 
flow zone (Pumice Plain), blowdown zone, and tephrafall 
zone. Within the blowdown zone, we further discriminated 

between areas that were replanted with Abies procera and 
areas that were left unplanted, creating four total site types: 
Pumice Plain (PP), unplanted blowdown zone (UBZ), 
replanted blowdown zone (RBZ), and tephrafall forest (TFF) 
(Table 9.1). We used a random number generator and Google 
Earth to select random transect sites: 20 sites in each of the 
PP, RBZ, and TFF and 40 in the UBZ, for a total of 100 tran-
sects. The UBZ covered the largest area and had a variety of 
habitat, so we used a stratified random sampling method 
(Michalcov et al. 2011) and imagery from Google Earth to 
ensure data were gathered equally in both shrub-dominated 
and forb-dominated landscapes. We excluded sites with 
recent logging activity or herbicide treatment, as well as 
viewpoints, parking lots, culverts, and areas that were too 
steep or unsafe for walking. Sites were located on the ground 
with the aid of a handheld global positioning system (GPS).

To determine species richness, abundance, frequency, and 
spread of exotic species from the road into the adjacent 

Fig. 9.3 Four different site types. (a) Pumice Plain; (b) unplanted blowdown zone (shrub-dominated); (c) unplanted blowdown zone (forb- 
dominated); (d) replanted blowdown zone; (e) tephrafall forest. (Photos: L.L. Karr).
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 landscape, we recorded the presence of all vascular plant 
species along 100 transects, 70 m in length, positioned per-
pendicular to the road and greater than 20 m away from the 
nearest transect. We placed 1-m2 quadrats along each tran-
sect at increasing distances from the road: 0 m, 2 m, 5 m, 
10 m, 20 m, 30 m, 50 m, and 70 m (following Delgado et al. 
2007). At each quadrat, we recorded all vascular ground 
cover plant species less than 1.5 m in height and rooted in the 
quadrat, with their percent cover values. Species were identi-
fied to the lowest taxonomic level possible, and percent cover 
was visually estimated in increasing increments as follows: 
less than 1% was estimated to be 0.25 or 0.5%, 1–15% was 
estimated at 1% increments, and 15–100% was estimated at 
5% increments (adjusted from Abella et al. 2012). For con-
sistency, one observer made these cover estimates in 92 out 
of 100 quadrats using a 10 × 10-cm square to estimate 1%, 
whereas, the plant cover in the remaining eight quadrats (on 
the Pumice Plain) was estimated by two observers trained by 
the main observer. Unknown plants were collected, pressed, 
and later identified using Hitchcock and Cronquist (1973) or 
Kozloff (2005). Our taxonomy was standardized according 
to the Integrated Taxonomic Information System online 
database, http://www.itis.usda.gov, and data were retrieved 
in April 2014. Shrub species in the genera Salix and 
Vaccinium were identified only to genus level, as all species 
in those genera in the Mount St. Helens area are native. 
Vascular ground cover species included herbaceous flower-
ing plants, as well as crawling and prostrate shrubs (e.g., 
Rubus lasiococcus and Penstemon spp.), ferns, horsetails, 
and graminoids (Poaceae, Juncaceae, Cyperaceae). We also 
included upright woody shrub species typically less than 
1.5 m in height, including member species of the genera 
Arctostaphylos, Gaultheria, Menziesia, Pachystima, Ribes, 
Rubus, and Vaccinium. Larger shrub species of Acer, Alnus, 
Amelanchier, Salix, Sambucus, and Sorbus function more as 
canopy and were thus excluded from ground cover and were 

instead treated as “canopy” species. Canopy cover was visu-
ally estimated and placed into four categories: (1) zero, (2) 
low (1–30%), (3) medium (31–70%), and (4) high (71–
100%) (following Parendes and Jones 2000). For consis-
tency, one observer made all canopy cover estimates, with 
the exception of eight transects on the Pumice Plain where 
canopy cover was zero. We determined elevation at the road 
later using data available from Google Earth.

Although we sampled 800 quadrats, each quadrat was 
only 1 m2, and when considering 12 km of roadside and 
2.3 km of trail, 800 m2 is small. Realizing our resources 
were limited, we decided against collecting data in a few 
large plots in favor of a greater number of transects (100), 
though this would mean less total area would be sampled. 
In doing so, we covered a wide variety of roadside 
habitat.

9.2.3  Data and Statistical Analysis

We classified plant species as either native or exotic accord-
ing to the Natural Resources Conservation Service (NRCS) 
Plants Database (www.plants.usda.gov, April 2014). To 
examine patterns of exotic plant frequency with respect to 
the road, we summed the number of quadrats in which each 
exotic species occurred (with frequency >3), at each dis-
tance from the road for all sites, excluding Pumice Plain 
sites, as they were not adjacent to a road. To characterize 
canopy cover, we calculated median values from four cate-
gories (zero, low, medium, high; see Sect. 9.2.2) for each 
site type. In order to characterize canopy cover without road 
or trail influence, we used canopy cover values of sites that 
were 70 m from the road (or trail).

We determined exotic species richness by summing the 
number of exotic species found in each quadrat and then 
 calculating the mean ±1 standard error (SE) at each transect 

Table 9.1 Site types and descriptions along NFR-99 in the Gifford Pinchot National Forest.

Site type Volcanic features Description
Pumice Plain 
(pyroclastic-flow 
zone)

Debris- avalanche, blast-PDC deposits, 
pyroclastic flows, lahars

Area affected by the 1980 debris avalanche, blast PDC, pyroclastic flows 
(flowing volcanic hot rock and gas), and occasional lahars. Open landscape with 
mostly forbs, mosses, and sparse shrubs and trees. Characterized by primary 
succession.

Unplanted 
blowdown zone

Scorched and blown-down trees, 
tephra deposits

Area is passively managed to allow succession to occur largely unimpeded. Area 
where trees were blown down, snapped off, or scorched by the 1980 blast PDC. 
Some areas were salvage logged. Landscape consists of either open areas 
dominated by forbs, graminoids, and bare ground, or other areas with dense 
shrubs (Alnus, Salix, Vaccinium) and some trees.

Replanted 
blowdown zone

Scorched and blown-down trees, 
tephra deposits

Managed forest outside the National Volcanic Monument. Area where trees were 
blown down, snapped off, or scorched by the 1980 blast PDC. Areas inside this 
zone were salvage logged and replanted by the USFS with mostly Abies procera 
and are occasionally thinned or harvested for tree boughs.

Tephrafall forest Cool tephra deposits Forest outside the area influenced by the blast PDC, affected by cool tephra 
deposits (silt- to gravel-sized) from the 1980 eruption.

L.L. Karr et al.
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distance within each site type. We also determined native, 
exotic, and total plant abundance by calculating the mean 
percent cover ±1 SE for each transect distance, within each 
site type. To evaluate the influence of the road on exotic plant 
richness and abundance, we used the Wilcoxon Rank Sum 
Test to determine whether the richness and abundance of 
exotic plants at 0 m and 70 m were significantly different (at 
α < 0.05) within each site type.

9.3  Results

9.3.1  General Flora and Exotic Species 
Patterns

We identified 152 plant species (Appendix 9.1). Apart from 
Salix spp. and Vaccinium spp., 13 additional taxa were iden-
tified only to the genus level, although some of these taxa 
belonged to the 152 identified species (e.g., some 
Maianthemum spp. specimens could not be distinguished 
between M. racemosum and M. stellatum). Such individuals 
could not be identified to species because they were juve-
nile, lacked fruits or flowers, or had been damaged by 
herbivory.

Twenty-two exotic species, or 14% of the total sampled 
flora, were recorded from the quadrats, all of which were 
forbs (17 species) or grasses (5 species) (Table 9.2). Fourteen 
of those species occurred in more than three quadrats 
(Fig. 9.4). Of these, ten were perennials, two were annuals 
(Euphrasia officinalis, Mycelis muralis), and two were either 
annuals or biennials (Jacobaea vulgaris and Lepidium 
campestre). Several species appeared to be more frequent 
near roadsides: Hypochaeris radicata, Leucanthemum vul-
gare, Poa compressa, Lotus corniculatus, Euphrasia offici-
nalis, Trifolium repens, and Taraxacum officinale (Fig. 9.4). 
With the exception of M. muralis (formerly named Lactuca 
muralis), the shade tolerance of these species was intermedi-
ate to intolerant according to the NRCS (www.plants.usda.
gov, May 2014). According to the Washington State Noxious 
Weed List (www.nwcb.wa.gov, April 2014), five of the more 
frequent species from our study were listed as noxious 
weeds: Linaria vulgaris, Jacobaea vulgaris, Hypericum 
perforatum, Hypochaeris radicata, and Leucanthemum vul-
gare. Three additional exotic species, Cytisus scoparius 
(shrub), Tragopogon dubius (forb), and Verbascum thapsus 
(forb), were observed outside of quadrats and noted in the 
species list (Table 9.2) but not included in analyses. The 
most abundant exotic species, in descending order, were 
Hypochaeris radicata, Rumex acetosella, Anthoxanthum 
odoratum, Leucanthemum vulgare, Hypericum perforatum, 
Mycelis muralis, and Lotus corniculatus. H. radicata was 

Table 9.2 Exotic species in each site type. PP Pumice Plain, UBZ 
unplanted blowdown zone, RBZ replanted blowdown zone, TFF tephra-
fall forest. Values are mean percent cover for all quadrats within each 
site type. 1 = 0–0.09% cover, 2 = 0.1 to 0.39% cover, 3 = 0.4 to 1.85% 
cover. The letter “W” indicates species on the Washington State 
Noxious Weed List (www.nwcb.wa.gov, April 2014).

Species name

Site type Max. obs. 
dist.aPP UBZ RBZ TFF

Agrostis capillaris, 
colonial bentgrass

1

Anthoxanthum odoratum, 
sweet vernalgrass

3 2

Cirsium arvense (W), 
Canada thistle

1

Digitalis purpurea,  
purple foxglove

1

Euphrasia officinalis, 
eyebright

1 1 2 m

Holcus lanatus,  
common velvetgrass

1

Holcus mollis,  
creeping velvetgrass

1 2 m

Hypericum perforatum 
(W), common  
St. Johnswort

2 2

Hypochaeris radicata (W), 
hairy cat’s ear

2 3 3 2

Jacobaea vulgaris (W), 
tansy ragwort, stinking 
willie

1 1

Lepidium campestre,  
field pepperweed

2 1

Leucanthemum vulgare 
(W), oxeye daisy

2 3 1

Linaria vulgaris (W), 
butter and eggs

1 10 m

Lotus corniculatus, 
bird’s-foot trefoil

2 2

Mycelis muralis, 
wall-lettuce

2 2 2

Plantago lanceolata, 
narrowleaf plantain

1 1 10 m

Poa compressa,  
Canada bluegrass

1 2 10 m

Rumex acetosella, 
common sheep sorrel

1 3 2 1

Rumex crispus,  
curly dock

1 10 m

Spergularia rubra,  
red sandspurry

1

Taraxacum officinale ssp. 
officinale,  
common dandelion

1 1 2 m

Trifolium repens,  
white clover

1 5 m

Tragopogon dubius, 
yellow salsifyb

2 m

(continued)
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the most abundant exotic plant species in every site type 
(Table 9.2, Fig. 9.4).

Exotic species abundance was low overall, compared with 
native species (Fig. 9.5, Appendix 9.2). Mean exotic species 
abundance ranged from 0 to 6.1 (±2.6 SE) percent cover, 
whereas native species abundance ranged from 7.5 (±1.8 SE) 
to 39.7 (±6.4 SE) percent cover for the four site types and 
different distances from the road. The highest mean values 
for exotic species richness were 2.1 species (±0.24 SE) 
occurring in the replanted blowdown zone at 2 m from the 
road and 2 species (±0.18 SE) in the unplanted blowdown 
zone at 2 m from the road (Fig. 9.6a, b). The highest mean 
exotic species abundance values were 6.1% cover (±2.6 SE) 
and 6.0% cover (±1.6 SE) in the replanted blowdown zone at 
5 m and 2 m from the road, respectively, and 5.5% cover 
(±0.98 SE) in the unplanted blowdown zone at 0 m from the 
road (Fig. 9.6e, f; Appendix 9.2).

9.3.2  Differences Among Site Types

Overall, 58% of all quadrats contained at least one exotic 
species. In the Pumice Plain, 26% of plots contained an 
exotic species, whereas in the unplanted blowdown zone, 
replanted blowdown zone, and tephrafall forest, 82%, 77%, 
and 23% of quadrats contained at least one exotic species, 
respectively. The two blowdown zone site types contained 
the greatest number of exotic species (Table 9.2). Fifteen of 
the 22 exotic species were found only in the blowdown zone, 
but just two exotic species (Holcus mollis and Trifolium 
repens) were unique to the tephrafall forest, and no exotic 
species were unique to the Pumice Plain (Table 9.2).

The four site types had different median levels of canopy 
cover. Both the replanted and unplanted blowdown zones are 
characterized by low (1–30%) canopy cover. The canopy 
cover in the Pumice Plain was zero, whereas the tephrafall 
forest had the highest median canopy cover (71–100%). 
Before the commercial thinning and bough harvesting of the 
replanted blowdown zone that occurred between 2006 and 
2012, the canopy cover was higher than 2013 levels.

9.3.3  Site Type Differences Across Distances 
from the Road or Trail

On the Pumice Plain, where transects were perpendicular to 
a trail, rather than a road, the total plant cover was low 
compared with other sites and was dominated by native 
plants (Fig. 9.5d). The most abundant species were Lupinus 
lepidus, Penstemon cardwellii, and Agrostis pallens, all 
natives (Appendix 9.1). Only two exotic species were 
observed on the Pumice Plain, Hypochaeris radicata and 
Rumex acetosella (Table 9.2). R. acetosella was observed 
only once and H. radicata was observed at various dis-
tances from the trail in low cover amounts, typically less 
than 1%. The maximum percent cover (6%) for H. radicata 
was observed once. There was no significant difference in 
richness or abundance of exotic species between the trail-
side quadrats (0 m) and quadrats far from the trail (70 m) 
(Fig. 9.6d, h).

In the unplanted blowdown zone, although exotic species 
represented a higher percentage of the total flora than on the 
Pumice Plain, native species still accounted for more of the 
total cover than exotics (Fig. 9.5a). The most abundant spe-
cies were Anaphalis margaritacea, Pteridium aquilinum, 
Rubus lasiococcus, and Vaccinium spp., all natives (Appendix 
9.1). Nineteen exotic species were observed, with 
Anthoxanthum odoratum, Hypochaeris radicata, and Rumex 
acetosella being the most abundant (Table 9.2). Abundance 
of exotic plants was significantly higher near the road than 
far from the road, with 5.5% cover (±1.0 SE) at 0 m from the 
road and 3% cover (±0.6 SE) at 70 m from the road (Fig. 9.6e). 
However, exotic plant richness was not significantly differ-
ent near and far from the road, with 1.8 species (±0.2 SE) at 
0 m from the road and 1.4 species (±0.2 SE) at 70 m from the 
road (Fig. 9.6a).

In the replanted blowdown zone, native species also 
accounted for more of the total flora (Fig. 9.5b), with Agrostis 
pallens, Anaphalis margaritacea, H. radicata, and Vaccinium 
spp. as the most common species (Appendix 9.1). However, 
at 2 m and 5 m from the road, exotic plants composed a 
greater proportion of the total flora than at any other location 
in this study at 44% of total cover (±7% SE) and 43% of total 
cover (±7 SE), respectively (Appendix 9.2, Fig. 9.5b). 
Thirteen exotic plant species were identified, and H. radicata 
and Leucanthemum vulgare were the two most abundant spe-
cies (Table 9.2). Both exotic plant richness and abundance 
were significantly higher near the road (0 m) than far from 
the road (70 m) (Fig. 9.6b, f). Exotic plant richness was 1.8 
species (±0.2 SE) at 0 m from the road and 1.0 species (±0.2 
SE) at 70 m from the road, whereas abundance was 4.7% 
cover (±1.3 SE) at 0 m from the road and 1.7% cover (±0.4 
SE) at 70 m from the road (Fig. 9.6b, f).

The flora in the tephrafall forest, where median canopy 
cover was high, was also largely dominated by native plants 

Table 9.2 (continued)

Species name

Site type Max. obs. 
dist.aPP UBZ RBZ TFF

Cytisus scoparius,  
Scotch broomb

2 m

Verbascum thapsus, 
common mulleinb

Total count of species 2 19c 13 7
aRoadside-only species: maximum distance observed from the road.
bSpecies were observed outside of study plots.
cThe unplanted blowdown zone had 40 transects, whereas other zones 
had 20.
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(Fig. 9.5c), and exotic plants showed a very distinct pattern 
relative to distance from the road. In this zone, almost all exotic 
plants were restricted to the roadside, and thus,  roadside quad-
rats were significantly higher in both exotic plant richness and 
abundance compared with quadrats far from the road (Fig. 9.6c, 

g). At distances of 10, 20, and 70 m, only one exotic plant was 
observed at each distance (either H. radicata or Mycelis mura-
lis), and no exotic plants were observed at distances of 30 and 
50 m (Fig. 9.5c). However, across those same distances, native 
plant cover ranged from 25 (±5 SE) to 32 (±7 SE) percent 

Fig. 9.4 Relative frequency graphs for exotic species occurring in more than three quadrats in the tephrafall forest, unplanted blowdown zone, and 
replanted blowdown zone (n = 640). Species are shown in order of most to least frequent.
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cover (Fig. 9.5c, Appendix 9.2). Exotic plant richness was 1.3 
species (±0.2 SE) at 0 m from the road and 0.05 species (±0.05 
SE) at 70 m from the road, and exotic plant abundance was 
2.6% cover (±0.6 SE) at 0 m from the road and 0.05% cover 
(±0.05 SE) at 70 m from the road (Fig. 9.6c, g). Seven exotic 
plant species were observed, and the two most abundant of 
these species were H. radicata and M. muralis (Table 9.2). 
Overall, the understory was sparsely vegetated, and the most 
abundant plants were Anaphalis margaritacea, Lupinus latifo-
lius, Menziesia ferruginea, Vaccinium spp., as well as Abies 
amabilis and Tsuga mertensiana saplings (Appendix 9.1).

9.4  Discussion

9.4.1  Low Exotic Plant Cover

Different disturbance types resulting from the 1980 eruption 
of Mount St. Helens created a highly variable landscape, and 
aerial seeding, timber management, and NFR-99 have pro-

vided potential pathways for some exotic plant species to 
increase in richness and abundance. Despite this potential 
and the increased richness and abundance of exotic plants 
near the road, the overall richness and abundance of exotic 
plants in all areas and at all distances from the road was rela-
tively low (Fig. 9.6).

One possible explanation for the low richness and abun-
dance of exotic plants relates to the elevation and associated 
climate at Mount St. Helens. In our study, the elevation 
ranged from 1100 to 1320 m, and thus, during the wetter 
months of November through April, much of the precipita-
tion falls as snow, and our study sites may be under deep 
(2–3 m) snowpack for 5–6 months. The summer growing 
period is typically dry, and volcanic tephra substrate has poor 
nutrient status, is porous, and does not retain water well 
(Reynolds and Bliss 1986; del Moral and Wood 1993). Many 
of the more successful exotic plants are small-seeded and 
wind- dispersed, and thus, they dry out quickly and are not 
able to establish, whereas larger seeds are better able to with-
stand the stressful conditions typical at Mount St. Helens 

Fig. 9.5 Total plant abundance divided into native and exotic plant cover. The unplanted blowdown zone, replanted blowdown zone, and tephrafall 
forest are characterized by secondary succession and distances are from a road, whereas the Pumice Plain is characterized by primary succession 
and distances are measured from a trail. For standard errors of total abundance, see Appendix 9.2.
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Fig. 9.6 Means ±1 standard error for (a–d) exotic plant richness and (e–h) abundance in the four site types. A star indicates significant differences 
at α = 0.05 between 0 m and 70 m from the road. The unplanted blowdown zone, replanted blowdown zone, and tephrafall forest are characterized 
by secondary succession and distances are measured from a road, whereas the Pumice Plain is characterized by primary succession and distances 
are measured from a trail. Inset on Pumice Plain abundance graph (h) expands the y-axis scale to show small differences more clearly.
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(Fuller and del Moral 2003). This pattern relates to Wood 
and del Moral’s (1987) finding that many species with high 
dispersal traits are typically not able to establish on the 
stressful sites of open volcanic areas, and to Grime’s (1979) 
conclusions that ruderal, successful dispersers do not typi-
cally establish at high elevations.

The 1980 aerial seeding was a potential source of inva-
sive plant seeds (Carlson et al. 1982). According to Carlson 
et al. (1982), the four exotic seeded plants in the blowdown 
zone (Lolium multiflorum, Lolium perenne, Vicia villosa, 
and Trifolium subterraneum) had low survival rates. 
Furthermore, none of these species were observed in this 
study. However, on the North Fork Toutle River debris ava-
lanche, survival of some of the seeded species was higher, 
and two of the exotic seeded species were found in our tran-
sects (Trifolium repens and Lotus corniculatus). Both spe-
cies had relatively low frequency and were more common 
near the road. As neither of these species is wind dispersed 
and the seeded area is 10 km away from our study site, it is 
possible they were introduced by other sources such as ani-
mals, vehicles, or pre-eruption clearcutting and would have 
arrived in the area regardless of the seeding. Furthermore, 
both T. repens and L. corniculatus are common weeds in the 
Pacific Northwest (Hitchcock and Cronquist 1973; Gilkey 
and Dennis 2001).

Three species were widespread throughout our blowdown 
and forest transects regardless of their distance from the 
road: Hypochaeris radicata, Rumex acetosella, and 
Anthoxanthum odoratum. All three species are recognized 
internationally as invasive weeds, and H. radicata and A. 
odoratum are both found on every continent except Antarctica 
(Ortiz et al. 2008; Invasive Species Compendium November 
2015). Holm et al. (1997) lists R. acetosella as one of the 
worst weeds worldwide, as it infests 45 different crops in 70 
countries. All three species are common in disturbed areas 
(Hitchcock and Cronquist 1973), so it is not surprising they 
would be common at Mount St. Helens.

9.4.2  Habitat Invasibility and Roads

Our results agree with other studies that show that roads 
facilitate the dispersal and establishment of exotic species 
and that these species often spread further from the road in 
disturbed areas with less canopy and are restricted to the 
roadsides in forests (Parendes and Jones 2000; Forman 
et al. 2003; Hansen and Clevenger 2005; Mortensen et al. 
2009; Birdsall et al. 2012). Half of our more common spe-
cies were more frequent near the road: Hypochaeris radi-
cata, Leucanthemum vulgare, Lotus corniculatus, Poa 
compressa, Trifolium repens, Euphrasia officinalis, and 
Taraxacum officinale. Tyser (1992) found exotic species 

richness to be high along a National Park road and low 
100 m away from the road. Birdsall et al. (2012) found that 
roads contribute more to the spread of exotic species than 
do silvicultural treatments. Hansen and Clevenger’s (2005) 
study showed that frequency of exotic plants decreased sig-
nificantly with increasing distance from both a road and 
railway. Their study also showed that distance was signifi-
cant only in forests and not in grasslands, suggesting that 
open habitats provide less of a barrier to exotic plant 
spread.

Six out of seven of the most common species (H. radi-
cata, R. acetosella, A. odoratum, L. vulgare, H. perforatum, 
and M. muralis) have lightweight seeds and/or appendages 
that suggest wind as a primary dispersal mechanism 
(Parendes and Jones 2000). Because vegetation creates a bar-
rier that can reduce dispersal distances (McEvoy and Cox 
1987), roads may increase the distance seeds can travel, and 
cars may increase roadside wind (Hansen and Clevenger 
2005). Seeds, especially those of grasses, can also attach to 
vehicles to be carried even longer distances (Lonsdale and 
Lane 1993).

9.4.3  Habitat Invasibility and Canopy Cover

Although some exotic species are able to establish as a 
result of their life-history traits (e.g., rapid growth, small 
seeds, persistent seedbank) (Rejmanek and Richardson 
1996), many plant invasions have been linked to such habi-
tat characteristics as canopy cover. For example, both Parks 
et al. (2005) and Hansen and Clevenger (2005) found that 
forests had significantly fewer invasive plants than grass-
lands. In our results, both the unplanted and replanted blow-
down zones (low canopy cover) had more exotic plants than 
the tephrafall forest, which had high canopy cover (Fig. 9.5). 
However, as blowdown areas were more disturbed by the 
eruption than the tephrafall forest, it would be difficult to 
tease apart whether the increased abundance and richness of 
exotic plants is due to the disturbance intensity, canopy 
cover, or both as the two are closely related (i.e., the 
 tephrafall forest has higher canopy cover than the blow-
down zone because it only received tephrafall, which 
allowed many mature trees and saplings to survive, rather 
than the force of the blast PDC, which toppled and killed 
trees).

The sharp decline in exotic species richness and abun-
dance with increasing distance from the road in the tephrafall 
forest is a likely edge effect. A study on Pseudotsuga men-
ziesii forests of the US Pacific Northwest found that interior 
forest light levels were less than 15% of edge levels at mid-
day (Chen et al. 1995). In addition to light, Chen et al. (1995) 
also found that edges differ in humidity, wind, soil moisture, 
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and air temperature, and that these differences are greatly 
affected by aspect, season, and time of day. Another study of 
forest edge effect in a laurel and pine forest found that inte-
rior forest conditions appear at 6–10 m from the road 
(Delgado et al. 2007). These studies and others (Chen et al. 
1993; Harper et al. 2005; Alignier and Deconchat 2013) 
show that roadside habitats are considerably different from 
interior forests, which suggests why quadrats at zero and 2 m 
from the road had up to three exotic species and quadrats 
greater than 10 m from the road in the tephrafall forest had 
essentially no exotic species (Fig. 9.6c, g).

Despite the relationship between increased exotic plant 
abundance and areas with greater light, some exotic species 
do well in shaded areas. M. muralis was often found under 
high or medium canopy cover in the blowdown zone site 
types (Appendix 9.1). This result is consistent with the find-
ings of Parendes and Jones (2000), who found that five out of 
six of the most frequent exotic species (H. perforatum, L. vul-
gare, C. vulgare, H. radicata, and T. repens) were present 
significantly more often in areas with greater disturbance and 
greater light, although M. muralis, which occurred frequently, 
was found in both high and low light and disturbance levels.

9.4.4  The Pumice Plain

Although our roadside transect results followed an inverse 
pattern of higher exotic plant cover with lower canopy cover, 
the Pumice Plain followed the opposite pattern (e.g., low 
canopy cover and low exotic plant cover) (Fig. 9.5). It should 
be noted that the total plant abundance and richness on the 
Pumice Plain were also low compared with blowdown-zone 
site types, although the vegetation was still dominated by 
native plants (Fig. 9.5d); essentially only the wind-dispersed 
H. radicata was found (but see Titus et al. [1998], who found 
20 species across a larger area, most of them infrequent). 
Despite the absence of a road and vehicles, seeds of many 
plants, including exotic ones, must be transported to the area 
by wind, water, animals, or pedestrian hikers. Even if this is 
true, the richness and abundance of exotic plants on the 
Pumice Plain remains very low (Fig. 9.6d, h).

One possible reason for the absence of exotic species is the 
stressful habitat conditions (discussed earlier). At the time of 
emplacement, the pyroclastic volcanic material also lacked 
nitrogen and has been slow to accrue this critically important 
plant nutrient (del Moral and Clampitt 1985; Halvorson et al. 
1991). This deficiency greatly limits the establishment of 
plants that cannot supply their own nitrogen. The nitrogen-
fixing Lupinus lepidus was among the first plants to establish 
on the Pumice Plain (Wood and del Moral 1988); it also has 
large seeds and is able to quickly put down roots to survive in 
the harsh landscape (Braatne and Bliss 1999). Hypochaeris 
radicata appeared on the Pumice Plain soon after the 1980 

eruption (Schoenfelder et al. 2010) and was the most com-
mon exotic species in 1993–1994, according to Titus et al. 
(1998). Despite H. radicata’s high dispersal rates and rapid 
nitrogen-uptake abilities that allow it to take advantage of 
small nitrogen pulses (Schoenfelder et al. 2010), its seedling 
survival remains low (del Moral and Wood 1993).

Other possible reasons for the lower abundance of exotic 
plants on the Pumice Plain may be that it was severely dis-
turbed, lacks a road, and receives fewer visitors. The 1980 
eruption removed or buried all vegetation on the Pumice 
Plain, and it is also isolated from other areas of vegetation 
(del Moral and Bliss 1993; Tsuyuzaki et al. 1997). Yet on the 
nearby debris-avalanche deposit, Dale (1989) did not find 
that distance to surviving vegetation was related to number 
of plants that became established. The Pumice Plain also 
lacks a road, and Tyser’s (1992) study showed that hiking 
trails contribute less to exotic plant spread than do roads. 
Furthermore, visitors must hike 3.2 km from Windy Ridge 
before reaching the Pumice Plain, thus greatly reducing both 
the number of visitors and potential of hitchhiking seeds.

9.5  Conclusions

This study showed that quadrats nearer to the road in the 
tephrafall forest, unplanted blowdown zone, and replanted 
blowdown zone exhibited higher exotic plant abundance 
than quadrats far from the road (Fig. 9.6e–g). The low light 
regime of the forest canopy in the tephrafall forest might 
have provided an efficient barrier to exotic plant spread from 
the road. In contrast, exotic species were more prevalent in 
the unplanted and replanted blowdown zones where there 
was less canopy cover and increased disturbance intensity. 
Nonetheless, 33 years after the eruption, exotic species were 
not strongly represented in the flora of any of these areas. As 
succession proceeds, barring other large disturbances, the 
blowdown zone will likely see an increase in canopy cover as 
trees establish and mature. However, continued monitoring 
is warranted to document whether invasion patterns change 
as soils and other environmental conditions alter under a 
developing canopy.
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Glossary

Blast pyroclastic density current In the case of the 
Mount St. Helens 1980 eruption, failure of the volcano’s 
north flank unroofed pressurized magma and super-
heated water. Rapid exsolution of magmatic gases and 
conversion of superheated water to steam produced a 
laterally directed blast, which formed a density current 
that flowed across rugged topography. The current con-
tained fragmented rock debris as well as shattered forest 
material.

Debris avalanche A rapid granular flow of an unsaturated 
or partly saturated mixture of volcanic rock particles (± 
ice) and water, initiated by the gravitational collapse and 
disintegration of part of a volcanic edifice. Debris ava-
lanches differ from debris flows in that they are not water-
saturated. Although debris avalanches commonly occur 
in association with eruptions, they can also occur during 
periods when a volcano is dormant.

Lahar An Indonesian term for a rapid granular flow of 
a fully saturated mixture of volcanic rock particles (± 
ice), water, and commonly woody debris. A lahar that 
has ≥50% solids by volume is termed a debris flow; one 
that has roughly 10–50% solids by volume is termed a 
hyperconcentrated flow. Flow type can evolve with time 
and distance along a flow path as sediment is entrained or 
deposited.

Pyroclastic flow Rapid flow of a dense, dry mixture of hot 
(commonly >700 °C) solid particles, gases, and air that 
moves across the ground surface, often following land-
scape typography. Flows are generally gravity driven but 
may be accelerated initially by impulsive lateral forces 
of directed volcanic explosions. Flows typically move at 
high velocity (up to several hundred km/h).

Tephrafall A rain of volcanic particles to the ground follow-
ing ejection into the atmosphere by an explosive eruption. 
Tephra is a collective term for particles of any size, shape, 
or composition ejected in an explosive eruption.

% Mean cover
Species name PP UBZ RBZ TFF

Anthoxanthum odoratum (E) 0.443 0.336

Arctostaphylos uva-ursi 0.441

Arnica cordifolia 0.025

Aruncus dioicus 0.002 0.288

Asteraceae 0.006

Athyrium filix-femina 0.130 0.050 0.375

Bromus spp. 0.025

Bromus carinatus 0.034 0.003

Bromus vulgaris 0.003

Calamagrostis canadensis 0.028 0.450

Campanula scouleri 0.098 0.091

Carex spectabilis/mertensii 0.009

Carex spp. 0.047 0.002 0.028 0.031

Carex lenticularis 0.234

Carex mertensii 0.059 0.210 0.016 0.025

Carex pachystachya 0.094 0.395 0.166 0.031

Carex preslii 0.013

Carex spectabilis 0.045

Castilleja miniata 0.508 0.316 0.234 0.019

Chamerion angustifolium 0.041 0.227 0.184 0.177

Chimaphila menziesii/
umbellata

0.003

Chimaphila menziesii 0.003 0.006

(continued)

Appendix 9.1 List of all species found and their mean percent cover 
(%). PP Pumice Plain, UBZ unplanted blowdown zone, RBZ replanted 
blowdown zone, TFF tephrafall forest. E following species name desig-
nates exotic species.

% Mean cover
Species name PP UBZ RBZ TFF

Abies amabilis 0.156 0.984

Abies procera 0.019 0.008 0.058

Acer circinatum 0.013

Acer glabrum 0.003

Achillea millefolium 0.108 0.298 0.141 0.006

Achlys triphylla 0.063

Acmispon parviflorus (Lotus 
micranthus)

0.181 0.030

Agoseris aurantiaca/
grandiflora

0.003 0.003

Agoseris aurantiaca 0.009 0.006 0.050

Agoseris grandiflora 0.003 0.022

Agrostis spp. 0.013

Agrostis capillaris (E) 0.003

Agrostis exarata 0.028

Agrostis pallens 1.597 0.801 1.148 0.716

Agrostis scabra 0.144 0.034 0.020 0.013

Alnus viridis ssp. sinuata 0.002 0.001 0.013

Anaphalis margaritacea 0.153 1.814 1.322 3.623

Anemone deltoidea 0.003
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Appendix 9.1 (continued)

(continued)

% Mean cover
Species name PP UBZ RBZ TFF

Chimaphila umbellata 0.006 0.044 0.097

Cinna latifolia 0.009

Circaea alpina 0.006

Cirsium arvense (E) 0.028

Cirsium edule 0.513

Cistanthe umbellata 0.014

Claytonia sibirica 0.025

Clintonia uniflora 0.088

Collomia heterophylla 0.009

Corallorhiza maculata 0.002

Deschampsia spp. 0.006

Dicentra formosa 0.013

Digitalis purpurea (E) 0.006

Elymus glaucus 0.728 0.122 0.044

Epilobium spp. 0.002 0.013

Epilobium anagallidifolium 0.009 0.157 0.130 0.214

Epilobium brachycarpum 0.003 0.108 0.030

Epilobium ciliatum 0.006

Epilobium glaberrimum 0.003

Epilobium hornemannii 0.002

Epilobium howellii 0.006

Epilobium minutum 0.016 0.195 0.139

Equisetum arvense 0.014 0.006

Eriogonum nudum 0.146 0.006

Eriogonum pyrolifolium 0.002 0.044

Eriophyllum lanatum 0.006

Eucephalus ledophyllus 0.013 0.009

Euphrasia officinalis (E) 0.005 0.008

Festuca spp. 0.002 0.256

Festuca rubra 0.025 0.236

Fragaria vesca 0.088 0.288

Fragaria virginiana 0.002 0.036 0.006 0.075

Galium triflorum 0.050

Gaultheria humifusa 0.056

Gaultheria ovatifolia 0.006 0.270

Gaultheria shallon 0.006

Glyceria striata 0.003 0.094

Grass spp. 0.009

Gymnocarpium dryopteris 0.075

Hieracium albiflorum 0.217 0.487 0.634 0.589

Holcus lanatus (E) 0.003

Holcus mollis (E) 0.019

Hypericum perforatum (E) 0.322 0.322

Hypericum scouleri 0.003

Hypochaeris radicata (E) 0.298 1.470 1.803 0.294

Jacobaea vulgaris (E) 0.003 0.022

Juncus spp. 0.006 0.003

Juncus mertensianus 0.008

Juncus parryi 0.316 0.086 0.042

% Mean cover
Species name PP UBZ RBZ TFF

Lepidium campestre (E) 0.100 0.003

Leucanthemum vulgare (E) 0.258 0.438 0.031

Linaria vulgaris (E) 0.041

Lomatium martindalei 0.002

Lotus corniculatus (E) 0.110 0.198

Luetkea pectinata 0.139

Lupinus latifolius 0.175 0.466 0.261 2.902

Lupinus lepidus 2.897 0.019

Luzula spp. 0.003 0.006

Luzula parviflora 0.092 0.267 0.075 0.050

Maianthemum racemosum/
stellatum

0.003 0.002

Maianthemum racemosum 
(Smilacina racemosa)

0.003 0.006 0.063

Maianthemum stellatum 
(Smilacina stellata)

0.041

Menziesia ferruginea 0.125 0.063 2.044

Mertensia paniculata 0.156

Micranthes ferruginea 
(Saxifraga ferruginea)

0.013 0.022

Microsteris gracilis 0.023 0.005

Mitella pentandra 0.016

Montia parvifolia 0.011 0.003

Mycelis muralis (E) 0.177 0.113 0.150

Nothochelone nemorosa 0.412 0.567 0.019

Orthilia secunda 0.038

Osmorhiza berteroi 0.053

Osmorhiza occidentalis 0.006

Paxistima myrsinites 0.047

Penstemon cardwellii 2.531 1.036 0.402 0.058

Penstemon serrulatus 0.036 0.067 0.019 0.013

Phalaris arundinacea 0.036 0.006

Phacelia nemoralis 0.056 0.285 0.402

Pinus monticola 0.044 0.006

Plantago lanceolata (E) 0.003 0.006

Poa spp. 0.031

Poa compressa (E) 0.030 0.197

Poa palustris 0.025

Poa pratensis 0.033 0.013

Polygonum douglasii 0.004

Polygonum minimum 0.150 0.063 0.233

Polystichum munitum 0.066 0.059 0.100

Populus trichocarpa 0.044 0.016

Pseudotsuga menziesii 0.533 0.006 0.022

Pteridium aquilinum 1.363 0.344 0.531

Pyrola asarifolia var. 
purpurea

0.019

Pyrola picta 0.013

Ranunculus uncinatus 0.006
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% Mean cover
Species name PP UBZ RBZ TFF

Ribes acerifolium (Ribes 
howellii)

0.006

Ribes lacustre 0.002 0.163 0.063

Rubus lasiococcus 1.323 0.617 0.391

Rubus parviflorus 0.475 0.300

Rubus spectabilis 0.831 0.063 0.031

Rubus ursinus 0.128

Rumex acetosella (E) 0.002 0.900 0.320 0.025

Rumex crispus (E) 0.002

Salix spp. 0.002 0.003

Sambucus racemosa 0.003

Sedum oreganum 0.005 0.025

Senecio triangularis 0.013

Shrub spp. 0.001

Sorbus scopulina 0.013 0.005

Sorbus sitchensis 0.006 0.006

Spergularia rubra (E) 0.007

Stellaria crispa 0.159 0.006 0.019

Taraxacum officinale ssp. 
officinale (E)

0.013 0.050

Tellima grandiflora 0.025

Tiarella trifoliata var. 
unifoliata

0.122

Trautvetteria caroliniensis 0.025

Trifolium repens (E) 0.020

Trillium ovatum 0.003 0.006 0.014

Trisetum spicatum 0.003

Tsuga heterophylla 0.050 0.002 0.544

Tsuga mertensiana 0.003 2.356

Vaccinium spp. 3.495 3.266 10.364

Valeriana sitchensis 0.025

Vancouveria hexandra 0.006

Veratrum viride 0.003

Veronica americana 0.006

Viola glabella 0.014

Viola palustris 0.006

Viola sempervirens 0.002

Total 10.897 22.14 16.355 29.700

Appendix 9.1 (continued) Appendix 9.2 Mean abundance values (percent cover) for plant spe-
cies at each distance from the road (or from the trail, for the Pumice 
Plain). Native and exotic values do not always add to 100% owing to 
occasional unknown species.

Distance from 
road/trail (m)

Total plant 
percent cover 
±1 std. error 
(%)

Native plant 
percent cover 
(%) and percent 
of total cover

Exotic plant 
percent cover 
(%) and percent 
of total cover

Unplanted blowdown zone
0 18.2 ± 2.4 12.6 (69%) 5.5 (30%)

2 17.3 ± 1.6 12.0 (70%) 5.2 (30%)

5 15.4 ± 2.5 11.4 (74%) 3.9 (25%)

10 18.4 ± 2.0 13.8 (75%) 4.5 (25%)

20 24.9 ± 3.5 21.5 (86%) 3.4 (14%)

30 27.2 ± 5.2 24.3 (89%) 2.9 (11%)

50 23.4 ± 3.6 20.4 (87%) 3.1 (13%)

70 32.3 ± 6.8 29.4 (91%) 3.0 (9%)

Planted blowdown zone
0 16.9 ± 3.0 12.2 (72%) 4.7 (28%)

2 13.5 ± 2.5 7.5 (56%) 6.0 (44%)

5 14.1 ± 2.6 7.9 (56%) 6.1 (43%)

10 16.9 ± 3.4 12.9 (76%) 4.1 (24%)

20 17.0 ± 4.5 13.7 (81%) 3.3 (19%)

30 15.4 ± 4.0 13.6 (89%) 1.7 (11%)

50 21.3 ± 6.1 18.6 (87%) 2.7 (13%)

70 15.8 ± 4.4 14.1 (89%) 1.7 (11%)

Tephrafall forest
0 39.8 ± 5.4 37.2 (93%) 2.6 (7%)

2 41.2 ± 6.5 39.7 (96%) 1.5 (4%)

5 28.7 ± 7.8 28.4 (99%) 0.3 (1%)

10 24.8 ± 5.4 24.6 (99%) 0.1 (1%)

20 31.5 ± 6.7 31.4 (100%) 0.1 (0%)

30 32.2 ± 6.4 32.2 (100%) 0 (0%)

50 22.0 ± 7.3 22.0 (100%) 0 (0%)

70 17.4 ± 5.0 17.3 (100%) 0.1 (0%)

Pumice Plain
0 11.5 ± 1.4 11.5 (100%) 0.03 (0%)

2 9.8 ± 2.1 9.7 (99%) 0.1 (1%)

5 12.3 ± 2.0 11.9 (97%) 0.4 (3%)

10 10.8 ± 1.7 10.6 (98%) 0.2 (2%)

20 9.1 ± 1.0 8.8 (97%) 0.3 (3%)

30 11.9 ± 3.0 11.6 (97%) 0.3 (3%)

50 12.4 ± 3.3 11.6 (94%) 0.8 (6%)

70 9.4 ± 1.6 9.1 (97%) 0.3 (3%)
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10.1  Introduction

Many studies have documented vascular plant community 
responses to volcanic eruptions (e.g., Whittaker et al. 1989; 
Grishin et al. 1996; Tsuyuzaki and Hase 2005; Magnússon 
et al. 2009), and some are specific to the plant reestablish-
ment subsequent to the 1980 eruption of Mount St. Helens 
(Antos and Zobel 2005; Dale et al. 2005; del Moral and 
Wood 2012). Nearly all these studies either omit lichens, 
mention them as a monolithic group with mosses (e.g., Beard 
1945, 1976; Tsuyuzaki and Hase 2005), or focus exclusively 
on lava flows (e.g., Skottsberg 1941; Jackson and Keller 
1970; Jackson 1971; Kurina and Vitousek 1999, 2001).

Lichens are symbiotic composite organisms composed 
of a fungus (ascomycete or rarely basidiomycete), plus an 
alga or a cyanobacterium, or occasionally all three. Lichens 
can be important components of the post-eruption vegeta-
tion recovery because of their ability to fix nitrogen, which 
is absent or at low levels in new volcanic deposits (Kurina 
and Vitousek 1999, 2001). Moreover, lichens can stabilize 
soil and inorganic substrates and weather primary sur-
faces, such as lava, preparing the way for colonization by 
vascular plants (Jackson and Keller 1970). Lichens can 
also greatly increase diversity measures of communities 
when included in vegetation studies and provide a more 
holistic view of vegetation establishment on volcanic sur-
faces. Lichens are also particularly important to conditions 
in wet montane temperate forests, which were widespread 
at Mount St. Helens before the 1980 eruption, where they 
contributed significantly to epiphytic biomass (Berryman 
and McCune 2006), biodiversity (Peck and McCune 1997), 
and nitrogen (Pike 1978). For these reasons, it is important 
to examine lichen community development after the 1980 
eruption of Mount St. Helens. Our goals are to describe 
and interpret patterns of lichen species richness, abun-
dance, and community composition in the context of the 
characteristics of the different volcanic disturbances cre-
ated by a single eruption. Our work on lichens comple-
ments numerous other taxa that have been studied at the 
volcano (Dale et al. 2005).

Early on 18 May 1980, a large earthquake hastened a 
mass downslope movement of the summit and north slope 
of Mount St. Helens, creating a massive rockfall avalanche, 
which displaced Spirit Lake to the north, and, upon turning 
west, buried and filled much of the North Fork Toutle River 
drainage. Within seconds of the avalanche, a powerful later-
ally directed pyroclastic density current (PDC, commonly 
called the lateral blast but herein called the blast PDC), of 
superheated water vapor, volcanic gases, rocks, and 
entrained forest debris uprooted, shattered, and removed 
trees in a nearly 180° swath centered to the north and 
extended outward for 25 km from the crater (Waitt 1981). 

mailto:peter.nelson@maine.edu
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As the blast PDC slowed, trees were knocked down but not 
removed, creating a large zone of toppled forest (blowdown 
forest zone). The blast PDC further slowed and cooled, cre-
ating an area where trees remained standing but were 
scorched (standing dead forest zone). Beyond the standing 
dead zone and in protected pockets within the zone influ-
enced by the blast PDC were areas that experienced only 
cool air-fall deposits of ash and popcorn-size pumice (teph-
rafall zone). Beginning about noon on 18 May and lasting 
for several hours, numerous pyroclastic flows surged from 
the crater, creating a vast, sterile area later referred to as the 
Pumice Plain. Lahars generated from melting snow and ice 
flowed down the river channels draining the eruption, caus-

ing severe impacts on pre-eruption ecosystems. Many shal-
low and less forceful lahars traveled down the cone, causing 
minor damage to vegetation (Foxworthy and Hill 1982) 
(Fig. 10.1). For our sampling purposes, we divided the erup-
tion-influenced landscape into seven strata that correspond 
to the disturbance zones used by other ecologists (Dale et al. 
2005): (1) tephrafall (not shown on map), (2) standing dead, 
(3) blowdown, (4) tree removal (not shown on map), (5) 
lahar, (6) debris-avalanche deposit, and (7) pyroclastic flow 
(Fig. 10.1).

Lichens avoid competition with larger, faster-growing 
vascular plants by living in high-stress environments. 
Compared to vascular plants, most lichens are more toler-

Fig. 10.1 Disturbance zones in the Mount St. Helens National Volcanic Monument study area showing both disturbance and USFS reference 
plots. (Cartography by Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research Station).

P.R. Nelson et al.
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ant of temperature fluctuations, desiccation, and nutrient 
deficiency (Grime 1977). They also derive their nutrition 
from air- and water-borne particles, largely independent 
of the surfaces they inhabit, making them less dependent 
on the nutrient availability of their substrates. Owing to 
these traits, lichens are often the first vegetation to colo-
nize after disturbances produce conditions for primary 
succession, such as following volcanic eruptions 
(Kitayama et al. 1995).

Most previous studies on the response of the lichen com-
munity to volcanic disturbance have focused on lava flows 
(e.g., Skottsberg 1941; Jackson 1971; Bjarnason 1991; 
Kitayama et al. 1995; Sipman and Raus 1995). Lava flows 
are only one of the many types of volcanic disturbance; at 
Mount St. Helens, they were confined only to the crater after 
the 1980 eruption and thus were not present in significant 
areas. Hence, prior studies lend little insight into the lichen 
community responses to the types of disturbances that did 

occur over extensive areas around Mount St. Helens. Only 
one prior study in Russia looked at the lichen response to a 
variety of volcanic disturbance types; they described vegeta-
tion responses along a gradient of tephra depths 90 years 
post eruption (Grishin et al. 1996). We add to that work by 
sampling lichen communities across a variety of volcanic 
disturbance types, using the 1980 eruption of Mount St. 
Helens as a case study.

10.2  Methods

We report lichen abundance and richness for 11 disturbed and 
11 reference plots, which are described below (Table 10.1 and 
Fig. 10.1). In the autumn of 2012, we sampled 11 plots across 
seven disturbance zones, with plot location being constrained 
by road and trail access. To increase understanding of eco-
logical responses of a number of taxonomic groups to the 

Table 10.1 Epiphytic lichen species richness and abundance data, for disturbance zone and reference plots, sorted by richness. Reference plot 
plant associations are derived from USDA Forest Service Region 6 protocols. Abundance is measured on a unitless linear scale calculated as the 
sum of transformed counts of species in four abundance classes (see Sect. 10.2). Disturbance plots were measured in autumn 2012, and most refer-
ence plots were measured in 1996–1997; two reference plots were measured in 2005. Only the first five digits of the reference plot numbers appear 
in Fig. 10.1.

Epiphytic lichens Non-epiphytic lichens

Plot Disturbance zone
Species 
richness Abundance

Species 
richness Abundance Elevation (m)

DA-01 Debris-avalanche deposit 23 0.626 20 3.584 769

DA-02 Debris-avalanche deposit 21 2.784 7 0.133 767

BLDFOR Blowdown 15 0.501 7 0.151 1122

BLDCUT Blowdown 15 0.573 3 0.111 1050

LAHAR A-0 Lahar 14 3.821 9 0.243 929

GHOST-60 Tephrafall 13 2.452 6 0.141 1158

LAHAR A-300 Lahar 11 0.461 4 0.031 919

PNW D-1000 Pyroclastic flow 10 0.037 11 0.722 1125

SCOFOR-700 Standing dead 7 0.610 5 0.410 1153

PMPWEB Pyroclastic flow 0 0 8 0.332 1125

RDRUPL Tree removal 0 0 7 0.340 1165

Reference plot plant 
association

75144 53 59 Douglas-fir/vine maple/salal 26 9.710 – – 1707

79336 53 59 Western hemlock/vine maple/
vanilla leaf

25 7.522 – – 1494

86070 53 59 Silver fir/big huckleberry/bear 
grass

24 6.666 – – 1402

90635 53 59 Silver fir/salal 23 1.427 – – 792

71800 53 59 Silver fir/coolwort foamflower 23 8.834 – – 1036

65627 53 59 Western hemlock/vanilla leaf 23 2.993 – – 701

65082 53 15 Silver fir/big huckleberry/
beadlily

22 15.601 – – 1158

89798 53 59 Silver fir/Alaska huckleberry 20 1.451 – – 853

86316 53 15 Silver fir/big huckleberry/bear 
grass

18 9.621 – – 853

60580 53 59 Silver fir/vanilla leaf-beadlily 18 1.143 – – 1402

75899 53 59 Western hemlock/vanilla leaf 18 8.010 – – 823

10 Lichen Community Development Along a Volcanic Disturbance Gradient at Mount St. Helens
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1980 eruption of Mount St. Helens, we took advantage of pre-
existing studies and superimposed our lichen plots (Fig. 10.1) 
in the tephrafall, standing dead, blowdown, tree- removal, and 
pyroclastic-flow zones on long-term mammal, arthropod, and 
mycorrhizae study sites (Allen et al. 2005; Crisafulli et al. 
2005a; Parmenter et al. 2005). Our sites in the debris-ava-
lanche deposit were on and adjacent to long- term amphibian 
study sites (Crisafulli et al. 2005b), and our lahar sites were 
located on long-term vegetation plots (Frenzen et al. 2005). 
On each circular plot (34.7-m radius), we used the Forest 
Inventory and Analysis (FIA) lichen communities indicator 
survey method (McCune et al. 1997), modified to include 
lichens that were located less than 0.5 m high on trees or 
shrubs and on soil, rocks, and logs. We did not collect species 
that were clearly identified in the field. Collected vouchers 
were identified using standard light microscopy, chemical 
spot tests, and thin-layer chromatography methods following 
the nomenclature of Esslinger (2012), except for some 

 macrolichen genera classified following the nomenclature in 
McCune and Geiser (2009). Voucher specimens reside at the 
Oregon State University herbarium (herbarium code OSC) 
and the Mount St. Helens National Volcanic Monument. The 
same observer (first author) searched each plot area for a min-
imum of 30 min until either 15 min had elapsed without find-
ing a new species or 2 h had elapsed. Each lichen species was 
assigned one of four abundance classes, based on the number 
of thalli (spatially separate and distinct individuals): 1 = 1–3 
thalli; 2 = 4–10 thalli; 3 = >10 thalli, covering less than half 
of the available substrate in the plot; and 4 = more than half 
available substrate in the plot covered by the species. Plots 
ranged from 767 to 1161 m in elevation, one or two plots per 
disturbance zone (Fig. 10.1, Table 10.1). Vegetation on the 
plots ranged from sparse graminoid and shrub cover in the 
blast area to regenerating young conifers in the blowdown 
zone to old-growth coniferous forest in the tephrafall zone 
(Table 10.2).

Table 10.2 Description of vegetation status in 2012 for plots by disturbance zone. Plot short names are in parentheses. See Sect. 10.2 for citations of 
studies from which these vegetation descriptions were obtained.

Disturbance Vegetation description
Tephrafall forest 
(GHOST-60)

Late-seral (300- to 400-year-old) forest dominated by mature Pacific silver fir (Abies amabilis) and mountain hemlock 
(Tsuga mertensiana), with few very large Douglas-fir (Pseudotsuga menziesii). Understory composed of huckleberries 
(Vaccinium membranaceum, V. ovalifolium) and other ericaceous shrubs. Sparse ground layer with prince’s pine 
(Chimaphila umbellata, C. menziesii) and wintergreens (Pyrola spp).

Standing dead 
forest 
(SCOFOR)

Numerous standing dead large conifers. Saplings of mountain hemlock (Tsuga mertensiana) and Pacific silver fir 
(Abies amabilis). Abundant ericaceous shrubs (Vaccinium membranaceum, V. ovalifolium, and Menziesia ferruginea) 
and a mix of herbs (Chamerion angustifolium, Anaphalis margaritacea, Hieracium albiflorum, Chimaphilia umbellata, 
and Pyrola spp).

Blowdown forest 
(BLDFOR)

Pole- and sapling-sized Pacific silver fir (Abies amabilis), mountain hemlock (Tsuga mertensiana), and few Douglas-fir 
(Pseudotsuga menziesii). Complex understory of forest understory shrubs, huckleberries (Vaccinium membranaceum 
and V. ovalifolium), and sun-requiring species (Salix sitchensis, S. scouleriana, and Alnus viridis). Abundant early-
successional forbs and graminoids (Elymus glaucus, Agrostis spp., and Carex mertensii).

Blowdown 
clearcut 
(BLDCUT)

Widely scattered noble fir (Abies procera) and Douglas-fir (Pseudotsuga menziesii). Dense thickets of willow (Salix 
sitchensis and S. scouleriana) interspersed with large openings. Sparse forb and grasses (<10% cover). Moss 
(Racomitrium canescens) abundant in some portions of plot.

Tree removal 
(RDRUPL)

Early-successional herb-dominated community with scattered shrubs (Salix sitchensis) and a few Douglas-fir 
(Pseudotsuga menziesii) saplings. Dominant herbs include Lupinus lepidus, Castilleja miniata, Hieracium albiflorum, 
and Agrostis spp.). Total plant cover is 40–50%.

Pyroclastic flow 
(PMPWEB)

Sparse early-successional herb-dominated community. Total plant cover is 20–30%, composed of mixed grasses 
(Agrostis spp., Elymus glaucus, and Festuca spp.), sedges (Carex spp.), and forbs (e.g., Lupinus lepidus, Castilleja 
miniata, and Hieracium albiflorum). The shrubs, Salix sitchensis and Alnus viridis, are widely scattered.

Pyroclastic flow 
(PNW D-1000)

Mostly barren early-successional herb- dominated community. Total plant cover <10% and composed of widely 
scattered forbs (Lupinus lepidus and Agrostis spp.), with widely spaced willow (Salix sitchensis) and small conifers 
(Abies procera and Pseudotsuga menziesii). Hummocky topography with numerous large boulders.

Debris- avalanche 
deposit (DA-01)

Early-successional grass-dominated community. Total plant cover is 60–70%.

Debris- avalanche 
deposit (DA-02)

Young, closed-canopy red alder (Alnus rubra) forest with dense herbaceous understory of grasses, forbs (Galium spp., 
Cerastium spp., and Montia sibirica), and fern (Polystichum munitum).

Lahar (A-0) Mixed mature conifer forest of Douglas-fir (Pseudotsuga menziesii), western hemlock (Tsuga heterophylla), and 
western white pine (Pinus monticolus). Understory with few vascular plants but high cover of moss (Racomitrium 
canescens).

Lahar (A-300) Young conifer forest dominated by Douglas-fir (Pseudotsuga menziesii) and lodgepole pine (Pinus contorta) pole trees  
and saplings. Tree interspaces with high moss (Racomitrium canescens) cover and numerous patches of manzanita 
(Arctostaphylos uva-ursi).
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To augment our disturbance plot data, we also conducted 
searches of all substrates (trees, shrubs, logs, stumps, rocks, 
soil) near each plot for lichen taxa not captured in the plot 
survey. Three of the coauthors searched for crustose lichens 
(lichens adhering strongly to the substrate) or other macroli-
chens outside the plot using their expertise to guide their 
search to areas likely to yield additional species, ranging up 
to 1000 m away from the plot. No searches for incidental 
lichens (meaning those not collected or observed on the plot 
in the time-constrained search) were conducted on the debris 
avalanche deposit because those plots were sampled a week 
later than the rest of the fieldwork and only two authors were 
available.

In order to compare our observations in the MSH distur-
bance zones to reference areas relatively undisturbed by the 
eruption, we acquired lichen community data surveyed on 
the Forest Inventory and Analysis (FIA) 5.4-km grid by the 
US Forest Service (USFS) Air Resource Management 
Program. We randomly selected 11 plots on the Gifford 
Pinchot National Forest from the USFS data set, constrained 
to an elevation range (701–1707 m) similar to the 11 plots 
sampled in the disturbance zone, at a distance of between 4 
and 45 km from the summit of MSH. One of these reference 
plots was located in the Mt. Adams Wilderness, whereas the 
rest were located in the Monument. Reference plots (Fig. 10.1 
and Table 10.1) reflected a range of forest structure and com-
position in the region, including stands of young, dense 
Douglas-fir (Pseudotsuga menziesii), 50- to 100-year-old 
mixed conifers, 100- to 200-year-old middle- to high- 
elevation fir (Abies amabilis and A. procera), and old-growth 
Douglas- fir or western hemlock (Tsuga heterophylla). Plant 
associations for each plot are given in Table 10.1, excerpted 
from Region 6 US Forest Service protocols (USDA 2014). 
We sampled these plots in the same fashion as the plots in the 
volcanically disturbed areas but restricted surveys to epi-
phytic lichens (those growing on trees or shrubs) greater than 
0.5 m above ground level or litterfall obviously from the 
canopy. Reference plots were sampled by Forest Service 
staff between 1996 and 2005.

To describe differences between lichen communities of 
the disturbance zones, we used nonmetric multidimensional 
scaling (NMS) ordination in PC-ORD (McCune and Mefford 
2011) with a Sørensen distance measure and “slow and thor-
ough” autopilot settings. We calculated species richness (total 
number of species), evenness, and Simpson’s and Shannon’s 
diversity indices to compare lichen communities among dis-
turbance zones. To compare total lichen abundance among 
disturbance zones, we treated abundance categories as loga-
rithmically scaled. We transformed all abundances to the 
units of the highest abundance class (4) by dividing the total 
number of entries in lower abundance classes by a multiple of 
10. We divided the total number of entries in class 3 by 10, 
class 2 by 100, and class 1 by 1000. We then summed the 
transformed abundances across all macrolichens present on a 

plot for a total lichen abundance presented on a relative, unit-
less scale. We used the highest abundance for each lichen spe-
cies if it was found more than once in a disturbance zone. We 
calculated species richness and abundance for epiphytic 
lichens on disturbance plots to compare to reference plots 
where only epiphytic lichens species were surveyed.

10.3  Results

On plots in the eruption disturbance zones, we found 75 mac-
rolichen species, 11 of which occurred on at least half the plots 
and 27 that were found only once (see Fig. 10.2 for images of 
some lichen taxa found at MSH). The 11 species that occurred 
on at least half the plots were Alectoria  sarmentosa, Cetraria 
chlorophylla, Cladonia fimbriata, C. transcendens, C. ver-
ruculosa, Hypogymnia inactiva, H. physodes, Nodobryoria 
oregana, Parmelia sulcata, Peltigera didactyla, and 
Platismatia glauca (Table 10.3). Plot macrolichen richness 
(epiphytic and non-epiphytic richness combined) in the distur-
bance zones ranged from 7 to 43 species (Table 10.1). The 
debris-avalanche deposit had the highest average macrolichen 
richness (36 species), and the blowdown, lahar, and tephrafall 
zones had moderate macrolichen richness (19–20 species). 
The pyroclastic-flow and standing dead zones had moderate to 
low macrolichen richness (12–15 species), whereas the tree-
removal zone had the lowest macrolichen richness (7 species) 
(Table 10.1). Macrolichen richness (epiphytic and non-epi-
phytic richness combined) on disturbance plots was negatively 
related to elevation (R2 = 0.56) and positively related to total 
macrolichen abundance (R2 = 0.60).

Total macrolichen abundance (epiphytic and non- 
epiphytic combined) inside the disturbance zones ranged 
from 0.34 to 4.21 units, and epiphytic lichen abundance 
ranged from zero in the tree-removal zone to 3.821 in one of 
the lahar plots (Table 10.1). Total lichen abundance was 
highest on the debris-avalanche deposit but also very high in 
the lahar plot that was on the edge of the deposit where trees 
were not killed and in the tephrafall plots. The pyroclastic- 
flow and blowdown zone plots had moderate total lichen 
abundance, but much lower than plots with high lichen abun-
dance. The plots in the standing dead forest, tree-removal 
zone, and middle of the lahar had the lowest total lichen 
abundance but were only slightly lower than the pyroclastic- 
flow and blowdown zone plots (Table 10.1).

Epiphytic lichen abundance in the disturbance zones was 
highest in the lahar plot on the edge of the deposit, the plot in 
the tephrafall zone, and the debris-avalanche deposit plot, 
where a red alder (Alnus rubra) patch had established. The 
blowdown zone plot, other lahar plot, and standing dead 
zone plot all had much lower epiphytic lichen abundance, 
and the pyroclastic-flow and tree-removal zones had few to 
no trees, although one plot in the pyroclastic-flow zone had 
some epiphytic species that had colonized a boulder.
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Fifty-seven epiphytic macrolichen species were found on 
the 11 randomly selected plots outside the eruption zone, 30 
species of which were also found in the disturbance plots 
(Table 10.4). Twenty of these lichens occurred on more than 
half the plots outside the disturbance zone, including Alectoria 
sarmentosa, Bryoria glabra, Cetraria chlorophylla, C. orbata, 
Hypogymnia apinnata, H. enteromorpha, H. hultenii, H. 
imshaugii, H. inactiva, H. occidentalis, H. physodes, H. tubu-
losa, H. wilfiana, Nodobryoria oregana, Parmelia hygrophila, 
Parmeliopsis hyperopta, Platismatia glauca, P. herrei, P. sten-
ophylla, and Sphaerophorus globosus (which was split into S. 
tuckermanii and S. venerabilis after the plots were sampled) 
(Table 10.4). Species richness for epiphytic macrolichens on 
the reference plots ranged from 19 to 26 species (Table 10.1) 
and was weakly positively related to elevation (R2 = 0.24). 
Epiphytic macrolichen abundance on plots outside the distur-
bance zone ranged from 1.143 to 15.601 units (Table 10.1) but 
was unrelated to species richness (R2 = 0.07).

Incidental lichens found in the disturbance zone included 
107 lichen species, 30 of which were also found on the plots in 
the disturbance zone (Table 10.5). Most of the additional inci-
dental lichens not recorded on the plots were crustose species 
that are excluded from the Forest Inventory and Analysis 
lichen survey protocol and could have therefore occurred in 
both the disturbance and reference plots. Interesting incidental 
taxa included Lecidea plana, a small crustose species with 
black apothecia and a sparse thallus, which was common 
growing on pumice stones in areas that were otherwise devoid 
of vegetation (Fig. 10.2f). Rhizocarpon (ten species) was the 
most diverse saxicolous crustose genus, followed by Lecanora 
(seven species) and Lecidea (six species), all of which were 
found mostly on andesitic boulders in the Pumice Plain cre-
ated by the pyroclastic flow (Table 10.5). We observed a sur-
prising number of normally epiphytic lichen species colonizing 

andesitic boulders on the Pumice Plain (site PNWD1000), 
including Alectoria sarmentosa, Cetraria chlorophylla, C. 
platyphylla, Platismatia glauca, Hypogymnia inactiva, H. 
physodes, Nodobryoria oregana, Platismatia glauca, P. steno-
phylla, and Ramalina farinacea (Table 10.3).

The nonmetric multidimensional scaling (NMS) ordina-
tion of plots (using all macrolichens found on disturbance 
plots) in species space represented 88% of the community 
variation in the 75 lichen species on 11 plots on two axes 
(p = 0.04, final instability <0.00001, final stress = 6.4, 250 
runs with real and randomized data). Axis 1 explained most 
of the variation (67%), representing a gradient of forested 
plots (negative axis scores) to treeless or sparsely treed plots 
(positive axis scores). Axis 2 explained 21% of the variation, 
representing a gradient of low-elevation, species-rich plots to 
higher-elevation plots with fewer lichen species (Fig. 10.3).

10.4  Discussion

10.4.1  Patterns in Lichen Abundance

Epiphytic macrolichen species richness was similar between 
plots inside and outside the disturbance zones (75 species in 
the disturbance plots and 59 species in the reference plots; 
Table 10.1), although the composition was quite different 
(Tables 10.2 and 10.3). Lichens of mature coniferous forests, 
such as Lobaria oregana and Sphaerophorus tuckermanii, 
were frequent in the reference plots (Table 10.4) but were 
missing from most disturbed plots, except on large relict 
trees in the tephrafall zone plots (Table 10.3). Colonization 
and recruitment by conifers in the blowdown zone may have 
allowed some forest lichen species to colonize, and many 
survived in the relict forest patch of the tephrafall zone 

Fig. 10.2 Common or distinctive lichens of each disturbance zone: (a) Cladonia fimbriata, (b) Placopsis lambii, (c) Platismatia stenophylla, (d) 
Sphaerophorus tuckermanii, (e) Peltigera rufescens, and (f) Lecidea plana. Photos by Tim Wheeler.
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Table 10.3 Lichen species found in eruption disturbance zone plots, sorted alphabetically, with abundances within zone in the 
following categories: 1 = 1–3 thalli, 2 = 4–10 thalli, 3 = >10 thalli but less than half of plot being covered, 4 = more than half 
of available substrate contains the species. A thallus constitutes a single individual. Bold face indicates species found on more 
than half of the disturbance zone plots sampled.

Lichen species

Disturbance zone
Pyroclastic  

flow
Debris  

avalanche
Tree  

removal Lahar Blowdown
Standing  

dead Tephrafall

Alectoria sarmentosa 1 4 2 3 4
Bryoria friabilis 2 3

Bryoria fuscescens 3 2

Bryoria pseudofuscescens 3

Candelariella pacifica 2 2

Cetraria chlorophylla 1 2 2 3
Cetraria orbata 2 3

Cetraria platyphylla 1

Cladonia bellidiflora 2

Cladonia borealis 1

Cladonia cariosa 2 2

Cladonia carneola 2 2 2 2

Cladonia chlorophaea group 2 2 2 2 3

Cladonia coniocraea 2 2 2

Cladonia cornuta 1 3

Cladonia ecmocyna 3

Cladonia fimbriata 3 3 3 2 2 3 2
Cladonia macrophyllodes 1

Cladonia rangiferina 1

Cladonia squamosa 2 1 1

Cladonia transcendens 2 3 3 3 2
Cladonia umbricola 2 3 2

Cladonia verruculosa 3 4 3 2

Evernia prunastri 4 2

Hypogymnia enteromorpha 2 3 1 2

Hypogymnia hultenii 1

Hypogymnia imshaugii 1 3 3 3

Hypogymnia inactiva 1 2 3 2 3
Hypogymnia physodes 2 3 3 3 3
Hypogymnia tubulosa 3 2 3

Hypotrachyna sinuosa 2

Leptogium lichenoides

Leptogium palmatum 2

Lobaria oregana 2

Melanelixia subaurifera 3

Melanohalea exasperatula 2

Melanohalea multispora 2

Menegazzia subsimilis

Montanelia disjuncta 1

Nodobryoria oregana 1 3 2 3
Parmelia hygrophila 3 1

Parmelia sulcata 1 4 2 2
Parmeliopsis hyperopta 1 3 3 3

Peltigera collina 3

Peltigera didactyla 3 3 3 1
Peltigera mebranacea 3

Peltigera rufescens 4

Peltigera venosa 2

Physcia adscendans 2

(continued)
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(Table 10.3). However, structural and climatic conditions 
that produce epiphytic lichen diversity, such as gaps, 
multiple- aged tree cohorts, and a mix of deciduous and 
coniferous trees (Neitlich and McCune 1997), have yet to 
develop in the 32 years since the eruption.

Both the lahar and the tephrafall plots had abundant epi-
phytic lichen communities, with prolific Alectoria sarmen-
tosa and Platismatia glauca (Table 10.3). These species are 
two of the most common and abundant lichens outside the 
disturbance zone (Table 10.4). However, epiphytic lichen 
abundance was an order of magnitude higher in the reference 
plots as compared to plots in the disturbance zones 
(Table 10.1). Forest structure conducive to abundant epi-
phytic lichen growth has not yet developed within the distur-
bance zones studied.

Terricolous lichens (lichens living on the ground or in the 
soil) accounted for the highest lichen abundance in the dis-
turbance zones, especially on the debris-avalanche deposit; 
species included Cladonia verruculosa, Peltigera rufescens, 
and Stereocaulon tomentosum, although a red alder patch on 
the debris-avalanche deposit plot also had the abundant epi-
phytes Evernia prunastri and Parmelia sulcata (Table 10.3). 
The abundance of lichens on the lahar and tephrafall sites 

represents legacy lichen communities that likely survived the 
eruption, whereas the high lichen abundance on the 
 debris-avalanche deposit is attributable to extensive cover of 
a few terricolous, disturbance-adapted species that colonized 
since the eruption. However, most of the disturbance plots 
had low lichen abundance. We hypothesize that the mixture 
of substrates on the debris-avalanche deposit is more condu-
cive to lichen proliferation than the very droughty pumice of 
the pyroclastic-flow or blowdown zones.

10.4.2  Patterns of Lichen Species Richness 
Among Disturbance Zones

Substrate diversity and variable substrate stability were the 
likely drivers of the increased species diversity on the debris- 
avalanche deposit, the most species-rich disturbance zone. 
Substrates on the debris-avalanche deposit plots included 
boulders, mineral and organic soils, down wood, and a few 
small patches of conifers, deciduous trees, and shrubs. On 
the debris-avalanche deposit, there were ground-dwelling 
species commonly found in disturbed areas, such as Cladonia 
verruculosa, Peltigera didactyla, and Leptogium palmatum, 

Lichen species

Disturbance zone
Pyroclastic  

flow
Debris  

avalanche
Tree  

removal Lahar Blowdown
Standing  

dead Tephrafall

Physcia aipolia 1

Physcia tenella 1 2

Physconia enteroxantha 1

Platismatia glauca 2 2 4 3 3 4
Platismatia herrei 3 3

Platismatia norvegica 1

Platismatia stenophylla 2 4 2 2

Polychidium muscicola 1

Protopannaria pezizoides 1

Ramalina dilacerata 2

Ramalina farinacea 3 2 2

Sphaerophorus tuckermanii 2

Stereocaulon tomentosum 2 4 2

Stereocaulon vesuvianum 2 2 2

Umbilicaria cylindrica 2

Umbilicaria hyperborea 3 1

Um. hyperborea var. 
hyperborea

3 2

Umbilicaria polyphylla 3 2

Umbilicaria torrefacta 3 2

Umbilicaria vellea s. lat. 1

Usnea cornuta 3

Usnea flavocardia 2

Usnea scabrata 2 2

Usnea sp. 2

Xanthoria candelaria 3

Xanthoria polycarpa 1 3

Table 10.3 (continued)
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Table 10.4 Epiphytic lichen species found on reference plots outside eruption disturbance zone, sorted alphabetically, with abundances in the 
following: 1 = 1–3 thalli, 2 = 4–10 thalli, 3 = >10 thalli but less than half of plot being covered, 4 = more than half of available substrate contains 
the species. A thallus constitutes a single individual. Bold face indicates species found on more than half of the reference plots sampled.

Lichen species

Reference plot numbers
75899  
53 59

90632 
53 59

86316 
53 15

89789 
53 59

75144 
53 59

71800 
53 59

65082 
53 15

65627 
53 59

86070 
53 59

79336 
53 59

60580  
53 59

Alectoria imshaugii 1

Alectoria sarmentosaa 4 3 4 3 4 4 4 3 4 4 3
Bryoria capillaris 2 2 4 3

Bryoria fremontii 3

Bryoria friabilisa 4 4 2 4

Bryoria fuscescensa 4 4

Bryoria glabra 4 3 3 4 3 3 2
Bryoria pseudofuscescensa 3

Bryoria trichodes 3 4 3 3

Cetraria chlorophyllaa 3 3 3 3 3 4 1 2 3 3
Cetraria orbataa,b 2 3 3 2 2 3
Cetraria platyphyllaa 3 3 3 3

Cladonia coniocraeaa 3

Cladonia fimbriataa 3

Cladonia macilenta 2

Cladonia norvegica 2

Cladonia ochrochlora 3 1 1

Cladonia squamosaa 2 4

Cladonia transcendensa 3 1

Cladonia umbricolaa 2

Evernia prunastria 1

Hypogymnia apinnata 4 3 1 2 3 4 4 4 3 3
Hypogymnia enteromorphaa 3 3 4 3 4 4 4 3 3
Hypogymnia hulteniia 2 3 3 2 4 1
Hypogymnia imshaugiia 3 3 4 3 3 3
Hypogymnia inactivaa 4 3 4 3 4 3 4 3 2 3 2
Hypogymnia occidentalis 3 1 4 4 1 3
Hypogymnia oceanica 1 1

Hypogymnia physodesa 3 3 3 3 3 1 2 1 2

Hypogymnia rugosa 3 1

Hypogymnia tubulosaa 3 3 3 2 3 3
Hypogymnia wilfiana 3 3 3 2 3 3
Hypotrachyna sinuosa1 1 3

Kaernefeltia merrillii 1

Letharia vulpina 1

Lobaria oregana 4 3 3

Melanelixia glabratulaa,c 1 3

Melanohalea subelegantula 1

Menegazzia terebrata 3

Nodobryoria abbreviata 3 3 3

Nodobryoria oreganaa 2 4 3 3 4 4 4 2
Parmelia hygrophyliaa 3 2 3 1 3 2 3 3 2
Parmelia pseudosulcata 3

Parmelia sulcata1 3 2 3 3

Parmeliopsis ambigua 1

Parmeliopsis hyperoptaa 4 1 4 2 4 4 4 4 4 4 3
Physcia aipoliaa 1

Platismatia glauca1 4 3 4 3 4 4 4 4 4 4 3
(continued)
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Lichen species

Reference plot numbers
75899  
53 59

90632 
53 59

86316 
53 15

89789 
53 59

75144 
53 59

71800 
53 59

65082 
53 15

65627 
53 59

86070 
53 59

79336 
53 59

60580  
53 59

Platismatia herrei 4 3 3 4 3 3 3 3 3
Platismata norvegica 3 3

Platismata stenophyllaa 4 3 3 3 3 3 4 3 2 3
Sphaerophorus globosusa,b 3 1 3 2 4 4 3
Tuckermannopsis subalpina 1 3

Usnea chaetophora 1 2

Usnea filipendula 3 2 2

Usnea scabrataa 2

Usnea subfloridana 3
aSpecies also found on plots in the disturbance zone (Table 10.3).
bMelanelixia glabratula was likely misidentified as M. subaurifera.
cSphaerophorus globosus represents a combination of S. venerabilis and S. tuckermanii, which were described after these data were collected.

Table 10.4 (continued)

Table 10.5 All lichen species, including crustose lichens, found in incidental surveys in the areas immediately surrounding 
disturbance zone plots, sorted alphabetically. x = present. Bold face denotes species also found on disturbance zone plots. 
Note that no incidental collections were made on the debris-avalanche deposit.

Lichen species
Disturbance zone

Pyroclastic flow Tree removal Lahar Blowdown Standing dead Refugium

Acarospora fuscata x x

Acarospora oreophila x

Acarospora veronensis x

Agyrium rufum x

Alectoria sarmentosa x x
Arthropyrenia punctiformis x x

Biatora flavopunctata x

Biatora sp. x x

Bryoria glabra x

Bryoria sp.

Buellia aethalea x x

Buellia stigmatea x

Candelaria “cascadensis” x

Cetraria chlorophylla x
Cetraria orbata x
Cetraria platyphylla x x
Cladonia carneola x x
Cladonia coniocraea x
Cladonia gracilis x
Cladonia macrophyllodes x
Cladonia ochrochlora x
Cladonia verruculosa x x
Elixia flexella x

Evernia prunastri x x
Fuscopannaria cyanolepra x

Hypogymnia enteromorpha x
Hypogymnia hultenii x
Hypogymnia imshaugii x x x
Hypogymnia inactiva x x
Hypogymnia metaphysodes x x

Hypogymnia occidentalis x

Hypogymnia physodes x x x

(continued)
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Lichen species
Disturbance zone

Pyroclastic flow Tree removal Lahar Blowdown Standing dead Refugium

Hypogymnia rugosa x

Hypogymnia tubulosa x x

Lecanora argentea x

Lecanora carpinea x

Lecanora circumborealis x x x x

Lecanora intricata x

Lecanora polytropa x x

Lecanora schizochromatica x x

Lecanora zosterae x

Lecidea atrobrunnea x x

Lecidea auriculata x

Lecidea lapicida x

Lecidea paddensis x x

Lecidea plana x x x

Lecidea sp. x x

Lecidea tesselata x

Lepraria borealis x

Lepraria pacifica x

Letharia vulpina x

Melanelixia glabratula x
Melanohalea exasperatula x
Melanohalea subelegantula x

Micarea sp. x

Miriquidica atrofulva x

Mycoblastus affinis x

Mycoblastus caesius x

Mycoblastus sanguinarius x x

Myriospora scabrida x

Nodobryoria oregana x x
Parmelia hygrophila x
Parmelia sulcata x x
Peltigera membranacea x
Peltigera rufescens x
Pertusaria mccroryae x

Pertusaria ophthalmiza x

Physcia aipolia x
Physcia tenella x

Placopsis lambii x x x

Placynthiella dasaea x

Platismatia glauca x

Platismatia stenophylla x

Polysporina simplex x

Porpidia thomsonii x

Pseudephebe pubescens x

Ramalina farinacea x
Rhizocarpon distinctum x

Rhizocarpon geminatum x x

Rhizocarpon geographicum x x

Rhizocarpon grande x

Rhizocarpon macrosporum x x

Rhizocarpon polycarpon x

Table 10.5 (continued)

(continued)
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Lichen species
Disturbance zone

Pyroclastic flow Tree removal Lahar Blowdown Standing dead Refugium

Rhizocarpon postumum x

Rhizocarpon reductum x

Rhizocarpon riparium x

Rhizocarpon sphaerosporum x

Rinodina pyrina x

Staurothele aff. fissa x

Stereocaulon nivale x

Stereocaulon tomentosum x x
Stereocaulon vesuvianum x x x
Thelomma occidentale x

Trapelia sp. x

Umbilicaria sp. x

Umbilicaria decussate x

Umbilicaria hyperborea x x x x
Um. hyperborea var. 
radicicula

x

Umbilicaria polyphylla x x

Umbilicaria torrefacta x x

Umbilicaria virginis x

Usnea sp. x

Usnea subfloridana x

Verrucaria no spore x

Xanthoria candelaria x x

Xanthoria polycarpa x

Xylographa trunciseda x

Table 10.5 (continued)

Fig. 10.3 Ordination of plots 
from the disturbance zone in 
species space. Each symbol is 
a plot coded by disturbance 
type. Plots closer to each 
other have more similar lichen 
communities. Vectors point in 
the increasing direction of 
assumed relationship to 
Shannon’s and Simpson 
diversity indices. Dotted line 
and thick black arrows show 
the main gradient thought to 
be represented by axis 1, from 
forested to nonforested plots.
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as well as rock-dwelling species, such as four Umbilicaria 
species. The epiphytes Hypotrachyna sinuosa, Menegazzia 
subsimilis, and Physcia aipolia were found on the red alders 
in the debris-avalanche deposit plots, and the scattered, small 
Douglas-fir trees also provided substrate for a separate group 
of lichens most common on conifers, including several spe-
cies of Hypogymnia and Cetraria plus Nodobryoria oregana. 
The combination of all these substrates contributed to the 
development of a relatively diverse lichen community on the 
debris-avalanche deposit (Tables 10.1 and 10.2). However, 
the debris-avalanche deposit plots were at the lowest eleva-
tion, confounding the effect of the disturbance on species 
richness with elevation (Fig. 10.3). Interestingly, lichen spe-
cies richness exhibited a weak negative relationship with 
elevation in the reference plots, opposite to the relationship 
between lichen species richness and elevation in the distur-
bance area. This implies that disturbance type is mainly 
responsible for lichen species richness in the eruption zone, 
not factors related to elevation.

We observed abundant Niphotrichum elongatum, a mat- 
forming moss, on the lahar plots, some places in the 
pyroclastic- flow zone, and on the debris-avalanche deposit. 
We suspect these mats inhibited lichen establishment, par-
tially explaining the lower diversity on the lahar and pyroclas-
tic-flow plots. Despite the passage of 32 years since the 
eruption, most of the ground surface in the tree-removal and 
pyroclastic-flow zones was still pumice, which is very unsta-
ble and droughty. This was also the likely cause of the low 
lichen diversity in many disturbance zones. Lichens appar-
ently cannot colonize pumice, except in small patches, despite 
their desiccation tolerance. The exception was Lecidea plana, 
which embedded itself in and on the individual pumice peb-
bles. Habitat heterogeneity within the pyroclastic- flow zone, 
mainly boulders of more stable rock types, gave other lichens 
the opportunity to colonize and persist. Colonization of these 
boulders by saxicolous genera (such as Umbilicaria) and by 
epiphytic taxa increased lichen species richness at one of the 
pyroclastic-flow sites. We suspect that birds transported epi-
phytic lichen propagules to some prominent andesitic boul-
ders in the pyroclastic-flow sites that served as perches.

At the tephrafall site, lichen species associated with 
old- growth forest survived the eruption, including the 
dispersal- limited Lobaria oregana (Denison 1979), which 
was moderately abundant. Forests for miles around the site 
were toppled or singed, greatly reducing the number of 
propagules likely to reach disturbed areas. Many old-
growth-associated lichens have very large propagules, 
which decrease their dispersal distance. Increased distance 
and large dispersal propagules greatly reduce the chance 
of colonization of the remnant patch of old-growth forest 
in the tephrafall zone. Other old-growth-associated lichen 
species that were present, such as Platismatia herrei and 
Sphaerophorus tuckermanii (sensu Pike et al. 1975), lend 

support to the notion that the forest patch in the  tephrafall 
zone served as a refuge for lichens.

In the study most comparable to our Mount St. Helens 
work, researchers sampled the vegetation community, includ-
ing lichens, in disturbance zones created by the 1907 eruption 
of the Ksudach volcano in Kamchatka, Russia (Grishin et al. 
1996). The Ksudach eruption lacked the diverse and spatially 
extensive disturbance features generated by the 1980 Mount 
St. Helens eruption and was studied nearly 90 years post 
 eruption. Nonetheless, the researchers stratified their sampling 
among the different disturbance types created by a gradient of 
tephra-deposit thickness, in which they found that lichens, 
mostly Stereocaulon grande, were most abundant in areas 
with pumice deposits greater than 100 cm deep. Lichen diver-
sity was highest in forest patches that survived the eruption 
where tephra deposits were shallow (Grishin et al. 1996). 
However, they did not sample epiphytic lichens, preventing 
direct comparisons with our species richness estimates. 
Nonetheless, the diversity of substrates likely present at the 
sites with shallow tephra deposits (wood, older outcrops, new 
tephra, organic soils) probably increased species richness in 
the Ksudach eruption in the same way as on our plots on the 
debris- avalanche deposit.

10.5  Conclusions

Lichen abundance and community composition varied 
among disturbance zones. The sampled area of the debris- 
avalanche deposit had the highest total and epiphytic lichen 
species richness, likely as a result of habitat heterogeneity 
that provided substrates for many different lichen species. 
The plots in the tree-removal zone had the lowest species 
richness because most of the surface was covered with pum-
ice, which may have been initially too unstable and droughty 
for lichens to establish or persist. Some old-growth- 
associated lichens survived in forest patches that experienced 
only heavy tephrafall. Compared with lichen communities 
outside the eruption disturbance zones, many epiphytic 
lichen species have yet to colonize trees inside the distur-
bance area. Total lichen abundance peaked in the sample 
plots on the debris-avalanche deposit relative to other distur-
bance zones because there are many different textures of 
substrates available, which provide a diversity of habitats for 
lichens to colonize. Lichen abundance peaked on one lahar 
plot and in the tephrafall zone owing to the survival of abun-
dant epiphytic lichens. Our results are a starting point to bet-
ter understand the variable responses of different groups of 
lichens to a variety of volcanic disturbances produced by a 
single eruption.
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11.1  Introduction

The eruption of Mount St. Helens in May 1980 is a clear 
example of a large, infrequent disturbance (Dale et al. 1998). 
But what does that mean? Biologically, most large distur-
bances encompass many plant communities and soil types 
and have variable intensity within the scope of the single 
event (volcanoes, hurricanes, and landslides are examples). 
Living and dead organisms persist after disturbance, varying 
in type, abundance, and spatial distribution. These are termed 
biological legacies. Legacies come in many forms and may 
include survival of trees, persistence of plant propagules, 
presence of topsoil with its myriad microorganisms, or even 
survival of animals in protected patches or burrowed below 
the soil surface. All of these legacy types and scales can 
occur within a single large disturbance. These legacies may 
strongly influence post-disturbance ecological processes, 
and subsequent small perturbations that disrupt the structure 
and functioning can both facilitate and retard successional 

processes within a disturbance matrix. From a landscape per-
spective, all of these factors interact to create a complex 
array of communities whose trajectories and patterns dictate 
the structure of the resulting landscape.

Much of the theory of ecological succession, beginning 
with Cowles (1899) and Cooper (1923), has been developed 
using space-for-time substitutions in comparing chronose-
quences, where an underlying assumption is that a patch 
advances along a linear trajectory and that differences 
among sites are due to the time since disturbance. The erup-
tion of Mount St. Helens presented a unique opportunity to 
study differences in successional dynamics among locations 
altered to varying degrees by the same event, with its multi-
plicity of disturbance types and intensities. Furthermore, the 
protection of the core research area in the Mount St. Helens 
National Monument and the initial and continued support 
for research activity have provided a novel chance to inde-
pendently observe multiple sites for over three decades, 
with the opportunity to continue observations into the fore-
seeable future.

The conceptual framework of Clements (1916), as modi-
fied by MacMahon (1981) (Fig. 11.1), is still useful for 
describing successional processes that are critical to under-
standing key features of the changing landscape of today and 
to predicting tomorrow’s patterns. Specifically, succession 
is a sequence of organisms affected by processes that occur 
post-disturbance (or post-nudation). These organisms include 
both survivors (also known as residuals) and immigrants, 
organisms and propagules that arrive at the site and undergo 
ecesis, the process of establishment. Biotic interactions, such 
as competition, select successful individuals from the invad-
ing pool of organisms. Together, these processes result in a 
stabilization (or, as per Clements [1916], climax) phase.

In the Pacific Northwest, forest communities change con-
tinually, even across multi-century time scales (e.g., Franklin 
et al. 2002). Tree establishment may occur across multi- 
decadal scales (Poage et al. 2009; Freund et al. 2014), and 
basal area, root biomass, and soil organic matter likely never 
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reach equilibrium (Clemmensen et al. 2013). Thus, depend-
ing on the intervals between stand-replacement disturbances, 
a “climax” may never be reached, but a dynamic equilibrium 
may be established (Edmonds 1982).

In part, the changing nature of forests over time is due to 
the shifting composition of organisms and to complex inter-
actions with symbiotic organisms. Thus, symbiotic microbes 
offer a unique opportunity to understand the intricacies of 
succession. Our focal organisms are the mycorrhizal fungi 
(MF). A mycorrhiza is a mutualistic association between 
plants and fungi, localized in the plant root. These fungi 
form a symbiosis with plants whereby the fungus enters a 
root and its mycelium extends outward from the root surface 
into the soil, where an expanding hyphal network absorbs 
nutrients and water. Nutrients are then exchanged with the 
plant for carbon. Mycorrhizae can be formed between nearly 
all phyla of fungi and almost all land plants, with only a few 
exceptions (Allen 1991). MF indirectly affect other micro-
organisms, such as nitrogen-fixing bacteria, by providing 
the plant with the phosphorus, magnesium, or iron required 
for nitrogen fixation while simultaneously competing with 
the same microorganisms for the plant’s carbon (Allen and 
Allen 2017).

In some locations, MF can survive a large disturbance. If 
soil remains intact, buried soils can retain their biological 
viability. Spores of MF and plant seeds persisted in soil 
below the buried tephra for between 5 and 7 years on Mount 
St. Helens (Allen et al. 2005). Upon exposure and renewed 
contact between plants and MF, new mycorrhizal infections 
are readily established.

In other cases, MF must reinvade (immigrate) into the dis-
turbed area. MF disperse by a variety of mechanisms. Some 

serve as a food source for animals, and in the process, spores 
are dispersed as the animals traverse their environment. 
Spores on the soil surface interact with the physical environ-
ment, and may disperse by wind, depending on the size and 
shape of the spores, the intensity and structure of wind turbu-
lence, and the humidity of the air (Allen et al. 1993).

Once dispersed, an immigrating mycorrhizal propagule is 
subject to conditions specific to the place where it lands in 
the disturbed landscape. This means that an individual organ-
ism is sensitive to legacy effects, defined by the particular 
spatial location across various topographic and disturbance- 
intensity gradients within the disturbance area. Once estab-
lished, the hyphae of an individual MF connect with other 
individuals of compatible strains (anastomosis) to form a 
dikaryotic mycelial network that can expand as much as sev-
eral meters, connecting multiple plants. This process is part 
of ecesis (establishment).

Although MF have similar functions in different ecosys-
tems—that is, soil resources are exchanged by the fungus for 
carbon (C) from the plant—variations on this theme are 
numerous. The role of mycorrhizae in succession has been 
investigated for decades (Allen 1991), but most studies focus 
on how mycorrhizal fungi alter plant communities (e.g., van 
der Heijden and Sanders 2002). In many classic studies of 
mycorrhizae and succession, the first colonizing plants tend 
to be nonmycotrophic, that is, they never form mycorrhizae 
(see, e.g., Allen and Allen 1980; Janos 1980). Mycorrhizal 
plants and their associated MF comprise the next wave of 
colonists. The plant community then shifts from facultative 
to obligate mycorrhizal status. Plant colonization at Mount 
St. Helens never behaved in that predictable manner. 
Beginning with extended work on Mount St. Helens, a new 

Fig. 11.1 Successional 
model for evaluating the roles 
of different processes, derived 
and redrawn from MacMahon 
(1981). S refers to the 
successional state of the 
system. S0 represents baseline 
conditions following 
disturbance, before organisms 
are present; S1 includes the 
total pool of surviving and 
invading organisms before 
they start growing; S2, after 
organisms establish (ecesis), 
is largely a function of soils 
and climate; and S3 results 
after biotic interactions such 
as competition. E refers to 
environmental drivers and R 
to reaction of organisms to 
these actions.

M.F. Allen et al.
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perspective has arisen, focusing on the simultaneous 
 interactions among fungi, plants, animals, and environmen-
tal change in the process of succession. On Mount St. Helens, 
many of the colonizing species (e.g., the trees) are mycor-
rhizal obligates (i.e., they require MF to survive and repro-
duce in nature), and all other plants are facultatively 
mycorrhizal (they form mycorrhizae if both the plant and 
fungus are present). There are no nonmycotrophic higher 
plant species at Mount St. Helens (see discussion in Sect. 
11.4.1). This pattern represents a paradigm shift in studying 
the role of mycorrhizae in succession.

11.2  Mycorrhizae on Mount St. Helens

Mycorrhizae are the most abundant and have the greatest 
biomass of mutualistic associations in terrestrial ecosystems. 
The fungus is an obligate dependent upon its host for carbon. 

To obtain that carbon, it penetrates the root cortex and grows 
intra- or intercellularly (Fig. 11.2). Using up to 30% of the 
net carbon fixed by the plant, the fungus explores the soil for 
nutrients and water. Because of the small size of the indi-
vidual hypha and the large extent of the mycelial network, 
MF access molecules of nutrients, which the hyphae trans-
port and exchange with the plant for the host’s carbon. Many 
of the categorizations of mycorrhizae have changed over the 
years during which symbiosis has been studied at Mount St. 
Helens. Because every known type of mycorrhiza has been 
found at Mount St. Helens, understanding mycorrhizal 
dynamics at the volcano helps us understand mycorrhizal 
functioning at a global scale.

A brief overview of the types of mycorrhizae found on 
Mount St. Helens is given below; for more detail, see van der 
Heijden and Sanders (2002). There are five basic types of 
mycorrhizae on Mount St. Helens—arbuscular mycorrhizae 
(AM), ectomycorrhizae (EM), ericoid mycorrhizae, arbutoid 

Fig. 11.2 Mycorrhizae on Mount St. Helens from the Smith Creek site. Shown are (a) arbuscular mycorrhizae with arbuscules, hyphae, and 
vesicles within a Lupinus latifolius; (b) arbuscular mycorrhizal fungal hyphae extending out from roots; (c) an ectomycorrhizal root tip and extend-
ing hyphae from roots of an Abies amabilis; and (d) black ectomycorrhizal fungi on A. amabilis. Photos: M.F. Allen.
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mycorrhizae, and orchid mycorrhizae. In the AM, the most 
primitive and most common type of mycorrhiza, hyphae of 
fungi of the division Glomeromycota, penetrate the cell 
walls of the inner cortical cells (but not the membrane) of 
plant rootlets. Within the cell walls, nutrients from the fungi 
are exchanged for carbon from the host across the fungal 
membrane, fungal wall, intracellular space, and plant mem-
brane. Most plants form AM, known in the literature at the 
time of our earlier publications as vesicular-arbuscular 
mycorrhizae (VAM). Although not all MF form vesicles 
(members of the Gigasporales do not), neither do they always 
form arbuscules (e.g., in maples, Acer spp.). However, the 
AM label remains. AM fungi (AMF) can infect seedlings of 
taxa that are often not considered to be hosts for AM. For 
example, on Mount St. Helens and elsewhere in the southern 
Washington Cascades, AMF were found in Pinaceae (pine 
family) (Allen, unpublished; see also Smith et al. 1998), 
Lupinus (Allen and MacMahon 1988), Equisetum (horse-
tails), and Carex (sedges) (Allen, unpublished 
observations).

Mycorrhizae of Pinales (conifers) and many angiosperm 
trees (e.g., Fagaceae, beeches, and oaks) do not penetrate the 
plant cell walls but form a mantle covering the tips of fine 
roots. In this relationship, the MF penetrate the fine roots and 
form an interweaving (hartig) net between cortical cells that 
enables nutrients from the fungus to be exchanged for carbon 
from the host plant. These networks are called ectomycor-
rhizae (EM). EM fungi are members of the genus Endogone 
(in the Zygomycota) or two other phyla of fungi, the asco-
mycetes and basidiomycetes. Some plants are switchers that 
can form both AM and EM, including Alnus, Salix, and 
Populus (alders, willows, and cottonwoods), all found at 
Mount St. Helens.

Most AM and EM fungi are generalist taxa with respect to 
host specificity (Molina et al. 1992; Allen et al. 1995), 
although many exhibit preferential relationships. However, 
some EM fungi and other mycorrhizal types have MF that 
form highly specialized partnerships.

At Mount St. Helens, three other mycorrhizal types can 
be found. Ericoid mycorrhizae form between fungi in the 
ascomycetes and plants in the Ericaceae (heath family; sub-
families Vaccinioideae [huckleberries] and Ericoideae 
[heathers and rhododendrons]), in which the MF also pene-
trate the cortical cells. Arbutoid mycorrhizae form between 
basidiomycetes and plants in the subfamilies Arbutoideae 
(manzanitas, kinnikinnick) and Monotropoideae (Indian 
pipe). This type of mycorrhiza is often considered simply a 
variant of an EM but with a less-well-developed mantle and 
with penetration of cortical cells by the MF. Finally, orchids 
(Orchidaceae) form their own type of mycorrhiza with basid-
iomycete fungi in the Cantharellales and Tulasnellales.

A mycorrhiza improves the ability of the host plant to 
acquire soil nutrients and water because the hyphae radiate 

out into the substrate and penetrate small pores and organic 
matter fragments that plant roots cannot access. In the case 
of AM, the individual hypha grows approximately 
0.5–1 mm, then bifurcates, and repeats, approximately daily 
(Allen et al. 2003; Hernandez and Allen 2013). This bifur-
cating network, termed a mycelium, produces approximately 
130 cm of hyphae for each penetration point, with a penetra-
tion point every 1–5 mm of fine root. EM hyphal architec-
ture is not as regular as AM (Allen et al. 2003), but 
sporocarps can be found up to 20 m distant from a host 
plant. Large networks of mycelia link plants in a “common 
mycorrhizal network” (CMN) (Bledsoe et al. 2014), regu-
lating the allocation of resources among individual plants. 
There are both upper and lower limits of soil nutrient con-
centrations that constrain mycorrhizal functioning 
(Fig. 11.3). This concentration threshold is an extensively 
documented part of mycorrhizal dynamics. Mycorrhizal 
activity peaks when nutrient concentrations are low because 
hyphae extend beyond root systems, increasing the soil vol-
ume explored. Above those concentrations, the plant roots 
themselves readily acquire nutrients and will actively reject 
the mycorrhiza, as the fungus becomes a carbon drain. 
However, at extremely low levels of nutrient nitrogen (N) or 
phosphorus (P) availability, the fungal mycelium becomes 
nutrient limited; there is simply an inadequate amount of P 
or N to support fungal biomass and simultaneously trans-
port nutrients to the host plant (Treseder and Allen 2002). 
This conceptual framework is of critical importance in 
understanding the dynamics of microbial symbioses and 
succession on Mount St. Helens.

Fig. 11.3 The response of mycorrhizae to soil and plant nutrient limi-
tations (derived from Treseder and Allen 2002). At extremely low nutri-
ent N or P availability, plants and fungi compete for nutrients, and as the 
fungus is an obligate upon the plant for carbon, it cannot survive and 
grow. At intermediate levels, plants are nutrient limited but can provide 
carbon to increase nutrient uptake. At high nutrient levels (such as arti-
ficial fertilization), the plant no longer needs the fungal nutrients and 
rejects the mycorrhizal partner.
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Mycorrhizal dynamics occur in two predominant phases 
that are often confusing in the literature. The first process is 
colonization. Many authors use the term colonization to refer 
to the actual amount of infection of an individual root or root 
system. Because we are concerned with moving plant and 
fungal inoculum across space, we distinguish the immigra-
tion process (colonization) from the symbiosis formation 
(infection). Infection can occur from residual propagules 
(spores or infected root fragments) that survived the eruption 
or from immigrating propagules.

Infection is the actual penetration of a root by a fungus 
and the establishment of the symbiosis. Nicholson (1960) 
described three factors regulating infection: compatible host 
genotype, edaphic factors (particularly energy, nutrients, and 
water), and the “activity” of the microbe (the active inocu-
lum density, viability, and spatial distance from infecting 
point). Garrett (1970) termed these three factors “inoculum 
potential.” Edaphic factors play a large role in the infection 
process, based on nutrients and water availability (Fig. 11.3). 
These factors will be discussed in Sect. 11.4. Inoculum den-
sity, viability, and spatial pattern are also key to initiating 
new infections.

At sites where there are no residuals, colonization depends 
upon immigration of spores or transport of infected root 
fragments to the site. Immigration occurs via two  predominant 
transportation processes: wind and animals. Wind can move 
propagules up to several km from source populations (e.g., 
Allen 1988). Dispersal depends on wind intensity, direction, 
and landscape characteristics (Allen et al. 1989). This mech-
anism of dispersal has been documented for EM fungal prop-
agules at scales of several km (Allen 1987). Animals can also 
transport propagules, externally or internally, and this 
appears to be a dominant mechanism of dispersal at Mount 
St. Helens (Allen 1988), as discussed in greater detail in 
Sect. 11.4.

Following colonization, hyphae grow from spores or pre-
viously infected root segments toward newly formed root 
segments. This local colonization can include plant-to-plant 
infection (forming the common mycorrhizal network). Only 
primary roots can be infected, so colonization occurs as 
hyphae grow across the patch. Mosse (1977) found that AM 
hyphae could infect new plants across crop rows up to a 
20-cm distance during a growing season. We have observed 
new pine seedlings of many species at many sites being 
infected by Pisolithus tinctorius from neighboring trees 
across tens of meters of mine spoils (Allen, unpublished 
observations).

We previously studied the mechanisms whereby mycor-
rhizae are dispersed and established in a suite of patches 
across a successional landscape and how symbiosis, in turn, 
regulated the plant composition of that patch (Allen et al. 
2005). Subsequently, we have looked at how our initial 
patches changed and how the plant communities across the 

entire Mount St. Helens disturbance area have developed. 
Our goal in this work is to describe how the mechanisms of 
reinvasion and establishment repeated themselves across 
Mount St. Helens, creating the complex landscape that we 
observe today.

11.3  Pre-eruption Vegetation, Disturbance 
Processes, and Their Legacies

Our study sites are located in areas that represented three 
basic types of pre-eruption ecological systems, each capable 
of providing different types and amounts of biological lega-
cies: (1) old-growth forests, with trees often exceeding a 
meter in diameter; (2) timber-harvest areas (hereafter referred 
to as clearcuts) that were dominated by deciduous shrubs or 
herbaceous vegetation; and (3) alpine meadows supporting 
herbaceous vegetation. Overlying these pre-eruption vegeta-
tion conditions were three zones of volcanic disturbance 
(Fig. 11.4) from the eruption on 18 May 1980: the pyroclastic- 
flow, blowdown, and tephrafall zones (Swanson and Major 
2005). The interaction of the pre-eruption vegetation condi-
tions and the type and severity of eruption processes resulted 
in varying post-eruption conditions that affected the process 
of succession through the survival, immigration, and estab-
lishment of mycorrhizal fungi in the three disturbance zones 
studied.

11.3.1  Pre-eruption Vegetation

Both mature forest and previously harvested forest areas 
(clearcuts) existed in our study area before the eruption. 
These two extremes had vastly different architectures and 
supported different biological communities before the 
eruption.

Late-seral forests present around the mountain rep-
resent the Pacific silver fir (Abies amabilis), mountain 
hemlock (Tsuga mertensiana), and western hemlock (T. 
heterophylla) zones (Franklin and Dyrness 1973), each 
with its own codominant and subdominant tree species, 
along with saplings and a variety of ericaceous shrubs in 
the understories (Swanson et al. 2005). All of the tree spe-
cies in these three forest types are exclusively EM (e.g., 
Allen et al. 1995). Most carbon fixation occurs in the upper 
portions of the canopies (Segura et al. 1994). The coarse 
and tannin-rich roots provide little in the way of food 
resources for fossorial mammals but do form EM with 
truffle fungi. These fungi may make up a major fraction 
of the diet of a number of animals, such as northern flying 
squirrels (Glaucomys sabrinus) and southern red-backed 
voles (Myodes [=Clethrionomys] gapperi), and even deer 
(Odocoileus spp.) (Maser et al. 1978).
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In contrast to mature forests, young, pre-canopy-clo-
sure clearcuts are early-successional communities with a 
high diversity and abundant standing crop of highly pal-
atable grasses and forbs, as well as shrubs, hardwood and 
conifer seedlings, and arthropods. These young clearcuts 
supported a wide variety of animals, from diverse assem-
blages of birds and small mammals to large species such 

as elk (Cervus elaphus), deer, and American black bears 
(Ursus americanus).

Natural meadows in subalpine areas near tree line consist 
of AM forbs and grasses, with high densities of northern 
pocket gophers (Thomomys talpoides) that continually churn 
the soil through their burrowing activities, effectively retard-
ing tree production.

Fig. 11.4 Locations around Mount St. Helens of study sites for mycorrhizae and small-mammal survival and recolonization. (Cartography by 
Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research Station).
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11.3.2  Eruption Processes and Effects on Biota

On 18 May 1980, Mount St. Helens underwent a highly 
energetic explosive eruption that involved a complex set of 
geophysical processes that grossly transformed a large seg-
ment of Cascadian terrain (570 km2) over a 12-h period. 
Briefly, the event was initiated by an enormous rockslide 
avalanche that allowed the release of a powerful, horizon-
tally directed, pyroclastic density current (commonly 
referred to as the lateral blast and hereafter as the blast 
PDC) that removed, toppled, or seared vegetation. The tre-
mendous heat associated with the blast melted glaciers and 
snow fields, spawning volcanic mudflows (lahars) down all 
drainages on the volcano. Emanating from the vent, pumice 
and ash formed a large eruptive column that was carried by 
prevailing winds to the northeast, creating a tephrafall zone. 
Finally, searing-hot pyroclastic flows surged from the cra-
ter, creating a vast, sterile area immediately north of the 
volcano. In the aftermath, several structurally distinct dis-
turbance zones were present that dictated the types and 
amounts of biophysical legacies remaining from the pre-
eruption ecosystems—a result of different volcanic pro-

cesses and their associated levels of intensity (Fig. 11.5). In 
our study, we consider sites disturbed by just three of the 
primary volcanic disturbance processes that occurred dur-
ing the eruption: pyroclastic flows, the blast PDC, and 
tephrafall.

Our study area in the pyroclastic-flow zone, the Pumice 
Plain, is a ~10-km2 area immediately north of the mountain 
edifice, bounded to the north by Spirit Lake. The Pumice 
Plain (Fig. 11.4) was formed by a series of pyroclastic flows, 
0.25–40-m thick, that capped the preceding blast PDC and 
debris-avalanche deposits. The deposit is composed of low- 
density, golf-ball- to orange-sized dacite pumice that is 
highly erodible. The superhot (up to 800 °C) pyroclastic 
flows obliterated all life from this area, thus setting the stage 
for primary succession.

Our study sites in the area influenced by the blast PDC lie 
in the blowdown zone, where trees were leveled or snapped 
off and the former forest floor was covered by blast-PDC 
deposits up to 50 cm deep, then topped with 10–50 cm of 
pumiceous tephra. In areas that had been forested before the 
eruption, the downed tree boles remained on site and were 
coated by these deposits.

Fig. 11.5 An overview of the three differing conditions resulting from the 1980 eruption. Shown are Pinto Basin (a) with just tephrafall; Smith 
Creek (b) and Meta Lake (c) in the blowdown zone; and the Pumice Plain (d) with pyroclastic-flow material where plant roots had no access to old 
soil. Photos: M.F. Allen.
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Our third focal area of investigation was in the tephrafall 
zone, which lay beyond the range of the blast PDC. Cool, 
popcorn-sized pumice and ash (particle size <2 mm) were 
carried on the wind from the eruptive column above the vol-
cano and deposited toward the northeast, to depths of about 
20–30 cm in our study area. Further distant from the volcano, 
the eruption deposited a layer of fine ash as far east as 
Nebraska, ~1800 km away.

11.3.3  Post-eruption Biological Legacies 
and Processes Across Disturbance 
Zones

Following the eruption, there were two dominant types of 
small, post-eruption perturbations: water erosion and animal 
activities, particularly burrowing by northern pocket gophers 
that mixed tephra with buried pre-eruption soil. Additional 
perturbations were mediated by other animals, most notably 
trampling and herbivory by elk.

The most severely disturbed area in our study is the 
Pumice Plain, in the pyroclastic-flow zone, where the blast 
force, extreme heat, and cumulative depth of debris- 
avalanche, blast-PDC, and pyroclastic-flow deposits left no 
living or dead biophysical legacies from the pre-eruption 
ecosystem. Therefore, all reestablishment on the Pumice 
Plain came from migrants.

In contrast, there is a strong legacy of survival throughout 
the blowdown zone. Smaller trees were bent under the weight 
of the ash, and shrubs and herbaceous vegetation were buried 
but often not killed. Many of these plants or their propagules 
survived, as did many animals living in sheltered habitats 
(e.g., logs, soil, lakes) or protected beneath layers of snow or 
ice (Franklin et al. 1985; Crisafulli et al. 2005). Although 
larger mammals did not survive in the blowdown zone, fosso-
rial animals, particularly northern pocket gophers, often per-
sisted through the eruption (MacMahon et al. 1989; Crisafulli 
et al. 2005). When they emerged, they brought buried soils 
back to the surface, along with both chemical resources and 
biological soil communities. We observed nematodes, col-
lembolans, and saprotrophic and mycorrhizal fungi in sites 
that had previously been clearcut (e.g., Allen et al. 1984). The 
underlying soil may well have been the source of rhizobia 
(bacteria) that colonized lupines in these areas.

In the tephrafall zone, forest overstory trees, saplings, and 
robust shrubs survived, but short-statured shrubs, herbs, and 
bryophytes were decimated (Antos and Zobel 2005), and 
these communities have remained severely altered for 
30 years. Animal survival was also much higher in the teph-
rafall zone as compared with the other disturbance zones 
studied (Franklin et al. 1985). Fossorial rodents, insects, and 
most of the belowground community elements survived 
(Allen et al. 1984).

Subalpine meadow vegetation experienced high survival 
at our Butte Camp site, despite being subjected to 15-cm- 
thick tephrafall deposit of pumice lapilli and ash (Allen et al. 
1984). Here, surviving gophers and ants mixed the new 
tephra with buried meadow soil, producing an almost perfect 
potting mix for plants consisting of aerating material (pum-
ice) and organic matter brought up from below the tephra 
(Allen et al. 1984). On steep slopes, rain and snowmelt water 
eroded the tephra, creating rills and gullies that exposed 
 buried soil and releasing buried perennial plants that sent up 
new shoots. In these areas, surviving small-mammal and 
insect populations rapidly rebounded.

11.3.4  Signature of Prior Eruptions

Past eruptions have left evidence that forces us to carefully 
examine the current patterns of succession. The forests 
present around Mount St. Helens grew atop an organic 
layer that covers the tephrafall from an earlier eruption in 
1842–1843 (Yamaguchi and Lawrence 1993). In the inter-
val between eruptions, roots and EM proliferate through 
the new soils. Organic compounds leach downward from 
the surface organic layers, turning deeper tephra layers a 
darker, yellow- to- brown color. Although we do not yet 
know the exact chemistry of the leachate, deeper, coarse 
roots penetrate through these tephra layers but proliferate 
laterally only in the old organic layers, not within the tephra 
layers. This layering is repeated at least a meter deep 
through multiple cycles of eruption and forest reestablish-
ment (Allen et al. 2005).

One needs only to look at the numerous road cuts east of 
Mount St. Helens to see clear evidence of the “ghost of erup-
tions past,” where earlier eruptions deposited successive 
tephra layers, each laid down on top of an organic soil layer 
that developed as forest grew between volcanic episodes. As 
a specific case, one of the Goat Rocks eruptions (possibly the 
explosive 1800 eruption) left a deep tephra layer (>1 m) in a 
road cut between Meta and Ryan Lakes (Fig. 11.6). No roots 
were observed in this tephra layer in either 2010 or 2012. All 
plant roots and MF were found in the finer-textured, organic 
soils that developed prior to the 1800 Goat Rocks eruption 
(below the tephra layer) or above the Goat Rocks tephra in 
the organic layer preceding the 1980 eruption.

Given the repeated eruptive activity at Mount St. Helens 
over past millennia, the biota has contended with repeated 
volcanic disturbances and has developed resilience to these 
perturbations (Adams et al. 1987). Mycorrhizal fungi, their 
host symbiont plants, and their vectors were clearly lost from 
the pyroclastic-flow zone, but surviving organisms were 
observed in patches where topographic features or snow 
cover protected animals, plants, and microbes along the edge 
of the pyroclastic flow. The frequency and abundance of 
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 survivors increased with distance from the volcano as the 
intensity of disturbance diminished (Dale et al. 2005). 
Although there were areas where all life perished in the erup-
tion, the vast majority of the landscape disturbed by the blast 
PDC inherited numerous biophysical legacies that strongly 
influenced the pace and pattern of succession (Crisafulli 
et al. 2005). Variation in the types, amounts, and spatial dis-
tribution of legacies, among other factors, led to a number of 
successional trajectories (Dale et al. 2005).

11.4  Post-eruption Dynamics of Individual 
Patches: Immigration and Ecesis

Three sets of post-eruption templates are critical to our dis-
cussion here: the buried soils and surviving animals, plants, 
and their propagules, from sites previously covered by 

mature forests; the different biological legacies from sites 
that supported clearcut, early-successional or young-forest 
communities or natural alpine meadows; and the blank 
slate of sites where all such legacies were eliminated 
(Fig. 11.5). Mycorrhizal development and plant succession 
followed different trajectories in each of these three types 
of sites.

11.4.1  Mycotrophy and Colonizing Plants

A generalized model of succession for most disturbance 
studies has revolved around perturbation of a relatively 
nutrient- enriched soil, as depicted in old-field succession 
studies. In this framework, the initial invading plants tend to 
be nonmycotrophic, that is, not forming mycorrhizae, and to 
use soils enriched in nutrients from the dead plants and 
microbes (e.g., Allen and Allen 1980; Janos 1980). In oce-
anic sand dune succession, nonmycotrophic plants initially 
colonize (Nicolson 1960), but this substrate is enriched with 
high concentrations of nutrients delivered by high tides 
(Allen and Allen 1991).

Early succession at Mount St. Helens showed an intrigu-
ingly different suite of patterns. Across all disturbance zones, 
a common feature is the high silica content of volcanic prod-
ucts (60–65% by mass) (MacMahon and Warner 1984). In 
1980–1981, both N and P were at the low end of detection 
capability. In this substrate with virtually no organic matter 
but high silica and pH 6.7, bicarbonate-extractable P was 
0.5 mg kg−1 and NO3-N was 0.9 mg kg−1 (MacMahon and 
Warner 1984). These values are extremely low compared 
with available P of 26 and NO3-N of 10.9 mg kg-1, respec-
tively, in the organic soil (pH = 4.9) buried below the fresh 
volcanic deposits.

In the tephrafall and blowdown zones, the volcanic depos-
its were relatively thin (15–30 and 40–80 cm, respectively) 
layers overlying a buried soil rich in nutrients and organic 
matter. In many cases, plants were able to access these soils 
(see Sects. 11.3.2 and 11.3.4). No nonmycotrophic plants 
were observed, but many of the plants that were observed are 
facultatively mycotrophic, that is, they form mycorrhizae 
when inoculum is present but can also grow and reproduce 
without mycorrhizae. Plants that are facultatively mycotro-
phic, such as Chamerion angustifolium and Anaphalis mar-
garitacea, are common to the three disturbance types 
studied.

Lupines (Lupinus spp.) are keystone species that exert a 
crucial influence on succession at Mount St. Helens. Lupines 
have been considered as either nonmycotrophic or faculta-
tively mycotrophic plants. By 1982, in the tephrafall and 
blowdown zones, L. latifolius was mycorrhizal when grow-
ing where inoculum was present in the form of spores or old 
infected root fragments (Allen et al. 1984). In old soil 
exposed by erosion of overlying deposits or by gopher 

Fig. 11.6 The ash layers at a blowdown site between Meta and Ryan 
Lakes. Observable features include alternating layers of organic soil 
and tephra from multiple eruptions (see Sect. 11.3.4). Roots and mycor-
rhizae proliferate in the organic layers, rapidly penetrating the ash lay-
ers without spreading out laterally. Organic materials leach downward 
from the organic layers, coloring the tephra brown. Photo: Michael F. 
Allen.
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 burrowing, both Lupinus latifolius and L. lepidus formed 
nitrogen- fixing nodules (an association with the bacterium, 
Rhizobia) as well as AM, whereas in the tephra, with no 
inoculum, both species formed nodules but neither had 
AM. No evidence of growth enhancements with AMF has 
been documented; however, the mycorrhizal plants had 
higher N and P concentrations and a higher conductance for 
water and CO2, evidence for greater rates of photosynthesis 
(Allen et al. 1992). In 1982, small patches of L. lepidus were 
found on the Pumice Plain. None of these plants were mycor-
rhizal, but all were heavily nodulated, forming large, red 
nodules indicative of O2-rich leghemoglobin and active N2 
fixation. To test for conditions under which colonization of 
mycorrhizal inoculum occurred, we placed a northern pocket 
gopher in an enclosure around an individual Lupinus plant at 
our Smith Creek blowdown site (L. latifolius) and on the 
Pumice Plain (L. lepidus) (Fig. 11.7). The gophers remained 
for 24 h and then were returned to point of capture. These 
gophers presumably transported inoculum, perhaps passed 
in their fecal pellets, as by 1 year later, the enclosed plants 

were inoculated with AM but the surrounding individuals 
outside the enclosures were not (Allen and MacMahon 1988) 
(Fig. 11.8).

11.4.2  Succession in Study Plots

A key element in the successional process was the simultane-
ous invasion of plants and MF, under environmental factors 
in which plants can establish, infection can occur, and plants 
and MF can grow and reproduce.

11.4.2.1  Tephrafall Zone
Tephra provided few nutrients and minimal water-holding 
capacity (MacMahon and Warner 1984; Allen, unpublished 
data). Even by 2015, tephra deposited by eruptions from 
both the 1800s and 1980 supported roots and mycelial net-
works only poorly at best.

In the old-growth forests surrounding Bear Meadow 
(Fig. 11.4), the surviving overstory trees persisted through-
out the 30-year duration of our study. A new organic layer 
has developed on top of the 1980 tephra layer. With few fos-
sorial rodents mixing the soil, roots and fungi proliferated 
throughout the organic layers, but only a few coarse taproots 
penetrated through the tephra layer without lateral branching 
and then ramified in the deeper, pre-eruption organic layers 
(Allen et al. 2005). EMF hyphae expanded out from the colo-
nized root tips. By 2012, achlorophyllous plants became 
common in the old-growth forest as an organic horizon accu-
mulated above the 1980 tephra layer. Achlorophyllous plants 
in the Ericaceae (heath family) (Fig. 11.9a) form an ericoid 
or an arbutoid symbiosis with known EM fungi, extracting 
carbon from its MF, which had ultimately been captured 
from the nearby tree (e.g., Zimmer et al. 2007). The fungi of 
achlorophyllous orchids (Fig. 11.9b), in contrast, may para-
sitize neighboring trees with their MF.

Mixing of old soil and tephra by fossorial rodents pro-
vided the plant-growth medium that was still apparent in 
2000 in the Butte Camp meadow and in the formerly clearcut 
openings that were buried by deep tephrafall (Bear Meadow, 
Snyder Pasture, Pinto Basin). In 2000, the mycorrhizae at 
Butte Camp meadow were indistinguishable from pre-erup-
tion levels except that new tephra (20 years old) had been 
mixed into the soils by extensive gopher bioturbation. Most 
of the former clearcuts are now young forests with a high 
diversity of fungal associations, including both hypogeous 
and epigeous EM fungi.

11.4.2.2  Blowdown Zone
Prior to the eruption, the region that would become the blow-
down zone consisted of a mix of timber, meadows, and 
 clearcut areas. The blast PDC toppled, sheared, and killed all 
trees, except in some locations where late-lying snowpack 

Fig. 11.7 The original gopher study plot on the Pumice Plain. In 1982 a 
gopher, trapped at Pinto Basin, was placed in an enclosure around a lupine 
for 24 h (a) and then returned to point of capture. The gopher inoculated 
this plot (Allen and MacMahon 1988), presumably with AM spores 
deposited in its droppings. (b) This patch has remained mycorrhizal 
through 2015 (Allen, personal observations). Photos: Michael F. Allen.
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was deep enough to protect saplings. These patches of sur-
viving saplings (A. amabilis and Tsuga spp.) and their MF 
persisted through our 2015 sampling. Different AM and EM 
inoculum survived in these patches, affecting the matrix of 
diverse vegetation that could be seen by 1984.

One site, Smith Creek (Fig. 11.4), is especially interest-
ing. This pre-eruption clearcut site was severely disturbed by 
the powerful blast PDC. The site received about 30 cm of 
lithic blast deposit that was overtopped with pumiceous 
tephra of lapilli and ash ~30–40-cm thick. This site was not 

Fig. 11.8 Density of arbuscular mycorrhizal fungal spores at the Pumice Plain site since the eruption through 2012. For 24 h in 1982, a gopher 
was enclosed with the lupine plant shown in Fig. 11.7a. The lupine plant was found to be mycorrhizal in 1983 (Allen and MacMahon 1988). At 
that time no other plants on the Pumice Plain were found to be mycorrhizal. For the first decade, AM fungal spores tended to occur at higher densi-
ties under the original inoculated plant and the vegetation that subsequently developed around it (Fig. 11.7b).

Fig. 11.9 The last group of plants reestablishing at Mount St. Helens, the achlorophyllous plants, including (a) Indian pipe (Monotropa hypopitys) 
and (b) orchids (Corallorhiza maculata). In both cases, the plant depends upon its mycorrhizal fungus for both nutrients and carbon, and the fungus 
derives its carbon from the adjacent trees. Photos: M.F. Allen.
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actively managed by planting young conifers, but instead 
was managed passively, allowing natural succession to pro-
ceed. On steep slopes, water erosion cut through the tephra 
deposits during the first few post-eruption years, exposing 
the former, buried soil. Here, numerous residual early-seral 
herbaceous and woody (Salix spp.) plants sprouted from 
perennial rootstocks, which had preexisting AM fungal asso-
ciations. AM fungal spores were observed in these erosional 
features (rills and gullies) but not in adjacent tephra (Allen 
1987). At numerous locations across the valley walls, patches 
where pocket gophers mixed tephra with old soils could be 
observed. Lupinus latifolius, Anaphalis margaritacea, 
Chamerion angustifolium, Hieracium albiflorum, and many 
other AM plants were observed and remained dominant in 
2015. Interestingly, chronic gopher bioturbation has main-
tained the early-successional, herbaceous status of this site. 
In the areas where the erosional tephra was >1 m deep, L. 
latifolius established with extensive root systems and 
N-fixing nodules. These plants and adjacent seedlings of L. 
latifolius and many other species became AM by the mid- 
1980s (Allen et al. 1992).

Mountain hemlock and Pacific silver fir saplings in the 
vicinity of Meta Lake (Fig. 11.4) survived the 1980 eruption 
because they were protected beneath snow and remained 
rooted in the old soil. Their roots were EM. As surface 
organic matter accumulated from dead and decaying 
senesced plants, fungi, and other organic inputs (e.g., dead 
arthropods, lichens), a new EM/organic profile developed 
atop the tephra. Again, a layered profile emerged, consisting 
of a root/EM/organic-matter layer of old soil, a tephra layer 
with taproots running through it but not branching, and a new 
surface root/EM/organic soil layer.

Pocket gophers survived at the Bean Creek blowdown site 
(Fig. 11.4), mixing buried soil with tephra, forming patches 
of excellent growth medium, and producing high rates of 
AM plant growth. Gophers concentrated their burrowing 
activities in areas of abundant preferred forage, creating 
areas of composite mounds from which spores dispersed lat-
erally between 1982 and 1984 (Allen 1987). In 1983, the site 
was planted with 2-year-old nursery-grown conifer seed-
lings, likely introducing at least one EM fungus, Pisolithus 
tinctorius, to the site. Other conifer seedlings were augur- 
planted into the buried soil with EM inoculum. The diversity 
of EM fungi at this site has continued to increase. During a 
2012 foray, Melanogaster sp., a basidiomycete truffle, was 
found.

11.4.2.3  Pyroclastic Flow
The Pumice Plain, our only primary successional site, repre-
sents an entirely new surface that has base material derived 
from the debris avalanche up to 200 m thick, overtopped 
with blast-PDC deposits, and then capped with numerous 
pyroclastic-flow deposits that collectively are several meters 

thick. The searing heat of the pyroclastic flows (up to 800 °C) 
sterilized these pumice and ash deposits. On this necessarily 
inorganic substrate, it is not surprising that nitrogen was the 
primary nutrient limiting plant growth, below detectable lev-
els when the pyroclastic material was assayed (MacMahon 
and Warner 1984). Among initial colonizers of this area were 
the prairie lupine (Lupinus lepidus), symbiotic with Rhizobia 
bacteria capable of fixing N2 in root nodules.

We hypothesize that the Pumice Plain soils would initially 
fall at the extreme low-nutrient end of the mycorrhizal func-
tioning curve (Fig. 11.3). However, carbon produced by 
plants could provide resources allowing for successful estab-
lishment and persistence of MF, even if the plants showed 
little or no growth increment. This pattern also fits other fac-
ultatively mycotrophic plants on Mount St. Helens, as dis-
cussed in Sect. 11.4.1 (Titus and del Moral 1998).

Over time, the large (golf-ball-sized) pumice in the top 
5 cm of deposits has weathered to a smaller grain size, pri-
marily sand (0.0625–2.0 mm). By 1997, the root, leaf, and 
microbial litter formed an organic-rich patch around each 
established lupine that could hold nutrients, including fixed 
N2 (Halvorson and Smith 2009). These patches supported a 
wide variety of forbs (Allen et al. 1992; Titus et al. 2007).

The gopher enclosure patch continued to increase in C 
and N over time (Halvorson et al. 2005; Halvorson and Smith 
2009; Halvorson et al., Chap. 5, this volume) and continued 
to support an array of mycorrhizal forbs (Fig. 11.7). It also 
continued to attract animals that transport an increasing 
diversity of AM fungi to the patch. The initial experimental 
gopher treatment inoculated the lupine with Glomus macro-
carpum. After two decades, Allen et al. (2005) reported 
Acaulospora morrowiae, Ac. sp. 1, Glomus aggregatum, Gl. 
claroideum, Gl. geosporum, Gl. leptotichum, Gl. spurcum, 
Gl. tenue, Sclerocystis coremioides, and Scutellospora calos-
pora in this plot. By 2012, the spore counts of the interspace 
between lupine mounds equaled those of the mounds, a sign 
that the initial difference in inoculum between the experi-
mental mound and its immediate vicinity appears to have 
largely disappeared (Fig. 11.8 graph).

11.4.3  Interactions and Scaling

Mammals that can transport inoculum, ranging in size from 
shrews (Sorex spp.) to elk, rapidly dispersed across the 
Pumice Plain (Fig. 11.10), following willows growing along 
stream courses and attracted to scattered lupine patches 
(MacMahon et al. 1989; Crisafulli et al. 2005; Crisafulli 
et al., Chap. 15, this volume). Small mammals also migrated 
among microsites favorable for plants and mycorrhizal fun-
gal establishment. By 1985, lupine patches surrounding the 
original Pumice Plain  enclosure treatment plot (described 
in Sect. 11.4.1) had AM fungi associated with local rodent 
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dispersal (Allen 1987). By 2003, Titus et al. (2007) found 
that most sampled microsites had AMF, including a variety 
of taxa such as Acaulospora delicata, A. koskei, A. mel-
lea, two additional undescribed species of Acaulospora, 
Archaeospora trappei, Gl. intraradices, Gl. luteum, Gl. 
microaggregatum, Gl. tortuosum, Paraglomus occultum, and 
an undescribed Glomus sp. AZ123.

By 1985, the first EM trees had established in protected 
areas such as the lee sides of rocks or ridges (Allen 1987). 
The majority of coniferous species present on the north slope 
of Mount St. Helens prior to eruption could be found by 

2000, but conifers occurred only at low densities, scattered 
across the Pumice Plain (Birchfield 2011).

Willows (Salix spp.) and alders (Alnus spp.) are genera 
that have member species that form AM and EM. By grow-
ing along streams, these plants form corridors for animal 
movement and, in turn, dispersal of AM fungi. All willows 
sampled in 2015 were AM, with 25% (±16%) of root seg-
ments infected. In any place where woody plants emerge, the 
vegetation architecture facilitates trapping of airborne fungal 
spores (Allen 1987), so EM fungi may also be migrating 
along stream corridors. We have observed Laccaria bicolor, 

Fig. 11.10 Migration of small mammals across the successional landscape following the eruption of Mount St. Helens (see Crisafulli et al.,  
Chap. 15, this volume). In all cases, AM fungi were found approximately 1 year following the invasion of these mammals. Shown are the distribu-
tions of Peromyscus maniculatus alone, Peromyscus maniculatus with Microtus spp., Peromyscus maniculatus plus Thomomys talpoides, and all 
three taxa. (Cartography by Kelly Christiansen, USDA Forest Service, Pacific Northwest Research Station).
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a common EM fungus in the Pacific Northwest, in riparian 
alder stands.

The most recognizable pattern emerging from our study 
sites is that succession is not necessarily directional. In many 
of our study plots, plant species have come and gone and 
returned again, and only where shrubs have colonized mesic 
sites have we seen a substantial shift in plant community 
structure. Individual EM tree seedlings have colonized and 
disappeared, but the mycorrhizal fungi remain and are poten-
tially available to develop symbioses with new seedlings. 
Over time, the substrate of each patch weathers to a finer 
texture, and organic-matter inputs from plant litter and fun-
gal organic residues, such as glomalin and chitin, accumulate 
(Halvorson et al., Chap. 5, this volume). Each patch under-
goes succession at its own rate and in its own pattern. But as 
each patch grows, it eventually becomes a magnet for ani-
mals, such as elk, that strongly influence site conditions 
through herbivory, trampling, and additional nutrient inputs. 
When coupled with periodic drought or wet conditions, 
which alter the competitive relationships among plants and 
their mycorrhizal partners, a dynamic trajectory of succes-
sion emerges.

11.5  Complex Structure of a Successional 
Landscape

Mount St. Helens has been an extremely important study 
area for understanding successional processes (Crisafulli 
et al. 2015; Swanson and Crisafulli, Chap. 16, this volume). 
The model of Clements (1916), as modified by MacMahon 
(1981) (Fig. 11.1), represents all of the steps that happen 
within a small spatial unit (a few m2). Ecologists often 
extrapolate to a broader disturbance and make the assump-
tion that when two areas are different, the difference is due 
to time since disturbance. This assumption is often crucial 
for management purposes or for assessing external stress-
ors. However, as we can see at Mount St. Helens, differ-
ences in composition or structure between two locations can 
also be due to legacies, distance from sources of propagules, 
or landscape structure. Because Mount St. Helens repre-
sents a single large disturbance, when two patches differ, it 
is due to the distinctive ecological phenomena that drive 
those patches.

Within a few years of the eruption, patterns emerged that 
foreshadowed differences in the rate, patterns, and processes 
of succession that would unfold across disturbance zones 
over the following decades. Initial conditions of the vegeta-
tion and the specific types and intensities of volcanic distur-
bance would have a lasting impression throughout our 
30-year study, but ecological differences among the distur-
bance zones did lessen, particular during the third post- 
eruption decade.

The Pumice Plain is the most obvious area where the 
effects of the eruption remain. Here, succession processes 
were initialized exclusively by colonizers, occurred at a 
much slower rate, and appear to be more stochastic when 
compared with the blowdown and tephrafall disturbance 
zones. As facultatively mycorrhizal plants establish in favor-
able microsites (Titus et al. 2007), these patches attract ani-
mals and provide hosts for MF. The primary vector for MF 
dispersal was mammals, especially small mammals such as 
gophers and voles. These rodents disperse across the land-
scape, moving from one patch of plants to another 
(Fig. 11.10), not along a migration front.

MF do not remain only where the initial inoculum was 
deposited. In 1985, we found that wind dispersed inoculum 
locally from gopher mounds that rose high enough above the 
surrounding substrate to allow entrainment of spores. Most 
AMF spores are too heavy for long-distance dispersal by 
wind (Allen 1987), but tree patches could provide inoculum 
for epigeous EMF dispersal (Allen et al. 1993).

By 2010, gopher activity was widespread across the lower 
Pumice Plain. Gopher mounds continued to be focal points 
for AMF inoculum in newly colonized areas. However, by 
2012, the interspace areas contained as many spores as the 
gopher mounds (Fig. 11.8), but the soil surrounding the 
mounds was highly patchy. The mean spore count of the sur-
rounding soil equaled that of the gopher-mound soil, but dis-
played more variability, with both higher and lower counts. 
The relative importance of this patchiness varies with topog-
raphy and plant-species composition. As patches develop at 
different rates in different locations, they create a complex 
array of communities across the landscape.

From the initial inoculation enclosure study to the natural 
inoculation a year later, animals and wind have continued to 
move AMF and EMF inoculum across the Mount St. Helens 
landscape as the fungi reinvaded the primary substrate. Titus 
et al. (2007) found that by 2003, AMF were widely distrib-
uted across the Pumice Plain. Our continuing observations 
show that all of the AM plants studied were facultatively 
mycorrhizal and that each of those patches continues to build 
up inoculum. Individual tree seedlings became inoculated 
with EM by 1985 (Allen 1987). Although most seedlings 
germinated, grew for a few years and then died, some persist. 
All these surviving trees form EM, although the EMF spe-
cies composition remains to be analyzed. Our observations 
demonstrate that, 35 years after the eruption, mycorrhizal 
fungi continue to follow the plant patches across and upslope 
on the Pumice Plain and to infill between colonizing patches. 
As of 2015, all mycorrhizal types (AM, EM, ericoid, orchid, 
monotropoid) that were present prior to the eruption have 
colonized and are continuing to spread.

In contrast to the Pumice Plain, millions of residual plants 
emerged from blowdown sites, grew, created patches, and 
eventually spread and coalesced. The rapid development of 
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plant resources fueled a positive feedback between the plants 
and animals, such as the northern pocket gopher. Residual 
plants provided food that facilitated the growth of gopher 
populations, which in turn increased the rate of bioturbation, 
leading to additional improvements in edaphic conditions 
and increased the concentrations of spores on the tephra sur-
face. However, these processes were spatially patchy in the 
landscape during the first two post-eruption decades, and 
large gaps existed between loci of activity.

In some portions of the blowdown zone, the vertical and 
horizontal structure of patches of plants, mycorrhizae, and 
soil are beginning to resemble the pre-eruption conditions. 
The young, planted conifers present in clearcuts shortly after 
the eruption are now young forests, and the vertical layering 
resulting from past eruptions and cycles of reestablishment 
can be readily seen in the aggrading forest soils.

In the tephrafall zone, linkages among plants, animals, 
and fungi established quickly and appeared to be much more 
ephemeral than in the blowdown zone and Pumice Plain. 
This was probably caused by the relatively thin deposits 
(<30 cm) at our tephrafall-zone study sites, as well as the 
high-level survivorship for MF, plants, and animals. However, 
the suite of processes differed dramatically based on the pre- 
eruption plant community condition. Pre-eruption clearcut 
sites followed the pattern outlined above and stood in sharp 
contrast to the old-growth forest sites where groundcover 
vegetation survivorship was low, fossorial mammals few, 
bioturbation and mixing of tephra and buried soil infrequent, 
all of which retarded the rate of understory regeneration.

11.6  Space-for-Time Substitutions 
as a Research Model

As discussed in Sect. 11.1 for studies of succession more 
generally, the role of mycorrhizae has largely been studied 
using space-for-time substitution (e.g., Allen and Allen 
1980; Janos 1980; Helm and Allen 1995). However, that 
model has proved to be of limited use in understanding the 
complexities of landscape-scale recovery. The different lega-
cies of survival of plants, animals, and fungi set the stage for 
an intricate pattern of both primary and secondary succes-
sion. Mount St. Helens has demonstrated that primary suc-
cession is largely a process of interacting patch dynamics, 
dependent upon migrations and establishment of plants, 
rodents, and mycorrhizal fungi. Secondary succession at 
Mount St. Helens is also patchy but depends more upon the 
depth of the tephra layer and the underlying topography. 
Some animals and plants that invaded the primary succes-
sional area (Pumice Plain) immigrated from surviving 
patches of the secondary-successional areas. Many of these 
areas inherited legacies from the meadows, clearcuts, and 
forests that predated the eruption.

During the first 15 years following the eruption, we docu-
mented the mechanisms whereby mycorrhizal fungi inter-
acted with animals and plants to establish successional 
patches scattered across the landscape. During the subse-
quent 20 years, we have observed that plants and animals 
disperse across the newly formed landscape. The mecha-
nisms of succession were the same, but the legacies and spa-
tial topography, not only the passage of time, dictated the 
rate of recovery. Succession at Mount St. Helens is not domi-
nated by time since disturbance but rather by convoluted and 
often contradictory biotic and environmental interactions 
through time. MF were vectored by animals and wind in 
unpredictable patterns, but continue to expand across this 
complex landscape, depending upon individuals and patches 
of plants that simultaneously migrated and germinated. The 
incredible biological diversity, even in an area formerly dom-
inated by coniferous forest, demonstrates the intricate web of 
interactions among numerous species, integrating dispersal, 
food webs, ecesis, competition, and reproduction. If any one 
of these interactions was absent, the existing, dynamic pat-
tern of succession on Mount St. Helens would not have fol-
lowed the multiple trajectories that we see expressed on the 
landscape 35 years later.
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12.1  Introduction

The eruption of the Mount St. Helens volcano on 18 May 
1980 created a landscape mosaic of disturbances. A rock fall- 
debris avalanche, pyroclastic flows, and lahars created new 
land surfaces of pumice and other volcanic rock; other areas 
were influenced by a powerful blast pyroclastic density cur-
rent (commonly referred to as a lateral blast, herein called 
the blast PDC) that leveled forest in a large swath, creating 
the blowdown forest zone, heat-killed standing trees in the 
standing dead forest zone, and landscapes blanketed beneath 
varying depths of lapilli and ash in the tephrafall zone 
(Fig. 12.1). Within the pyroclastic-flow zone, where no lega-
cies of the former forest persisted, ecological responses have 
followed patterns of primary succession, beginning with 
mineral substrate of volcanic materials such as juvenile 
dacite pumice and assorted older volcanic lithics of varying 
dimensions. However, even as the main eruption event slack-

ened, an aerial bombardment of flying and wind-borne inver-
tebrates immigrated to the newly created landscape, 
providing a significant source of organic materials and nutri-
ents (Edwards 1986a, b; Edwards et al. 1986; Edwards and 
Sugg 1993; Sugg and Edwards 1998). Some new species 
searched for this type of microhabitat, but most were “acci-
dental” arrivals, having been blown into the volcanic land-
scape and unable to escape to undisturbed habitats. Hence, 
the vast majority of insects arriving on the barren Pumice 
Plain in the initial post-eruption years required unavailable 
habitats and quickly perished. However, over time, ambula-
tory species arrived in the area, dispersing from adjacent 
source populations less disturbed by the eruption and even 
from distant undisturbed areas. During this time, the mineral 
surface began to weather, soils began to form, and cobble- 
and gravel-sized particles changed to finer-textured materi-
als. Concomitantly, a small but increasing proportion of 
organic matter arrived by wind (loess) or was created by the 
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early-colonizing flora and fauna. In 2010, 30 years post 
 eruption, primary successional processes have transformed 
much of the pyroclastic-flow zone into a montane meadow 
dominated by forbs and grasses, with scattered thickets of 
shrubs and young trees (Fig. 12.2, bottom).

The newly created Pumice Plain north of the Mount St. 
Helens’ crater provided an opportunity for studying primary 
successional processes. As described in Parmenter et al. (2005) 
for Coleoptera assemblages during 1987–2000, these pro-
cesses followed relay successional patterns (Egler 1954), with 
a sequential replacement of species through time driven by 
temporal changes in both abiotic and biotic factors. Initial suc-
cessful colonists (species that established reproducing popula-
tions) to the Pumice Plain included scavengers and predator 
species able to take advantage of the “rain” of arthropods fall-

ing either on the Pumice Plain or onto the surface of Spirit 
Lake and later washed ashore (Sugg and Edwards 1998). 
Species that were well adapted to the gravelly habitats of the 
Pumice Plain prospered in the prey-rich environment, becom-
ing numerically dominant during early post-eruption years. 
During soil formation, vegetation established (Dale et al. 
2005a), facilitating the colonization of herbivorous arthro-
pods. As microhabitats transformed from gravelly barrens to 
montane meadow, early colonist beetle species became less 
abundant, and in some cases disappeared altogether on moni-
tored study plots, but still persisted in the region in ever-
shrinking suitable microsites. With the arrival of additional 
insect prey species, predatory beetle species also shifted, 
 leading to the establishment of new predator populations. 
Interspecific relationships of predation, competition,  herbivory, 

Fig. 12.1 The Mount St. Helens volcano, showing the Pumice Plain study area south of Spirit Lake. (Cartography by Kathryn Ronnenberg, USDA 
Forest Service, Pacific Northwest Research Station).

R.R. Parmenter et al.



219

and disease-parasite-parasitoid interactions concomitant with 
dynamic abiotic processes (climate, soil weathering) contrib-
uted to each species’ likelihood of establishment (Dale et al. 
2005b). These patterns of arthropod succession observed on 
the Pumice Plain mimic other volcanoes worldwide (see 
Elizalde 2014 for a recent review), especially during the initial 
periods of primary succession (e.g., Hodkinson et al. 2002).

To examine and illustrate the patterns of beetle species 
turnover during primary succession, we have selected the 
family Carabidae, commonly known as ground beetles. 
Ground beetles are common inhabitants of forests, meadows, 
and riparian zones of the Pacific Northwest and are often 
found in abundant numbers and species-rich assemblages. 
Carabid beetle communities worldwide have been exten-
sively studied as indicators of environmental conditions and 
ecosystem disturbances, such as forestry (Pearce and Venier 
2006; Niemelä et al. 2007; Blanchet et al. 2013), agriculture 
(Cole et al. 2012; Rusch et al. 2013), livestock grazing 
(Dennis et al. 1997, 1998), mining (Parmenter and 

MacMahon 1987; Dunger 1989), wildland and prescribed 
fire (Sasal et al. 2010, Elia et al. 2012, Iglay et al. 2012), 
windstorms (Gandhi et al. 2008), polder construction (Meijer 
1989), natural successional processes (Schirmel and 
Buchholz 2011), and urbanization (Martinson and Raupp 
2013). As such, ground beetle assemblage dynamics across 
time should provide insights into rates of changing succes-
sional conditions on the Pumice Plain and provide interpre-
tive results applicable to future changes in other taxa that 
may respond more slowly to environmental change.

The overall goal of this report is to document the temporal 
and compositional changes of the ground beetle assemblage 
over the 30-year period following the 1980 eruption, with 
particular attention to the patterns of ground beetle species 
accumulation versus species turnover. This study has the 
advantage of examining species-specific changes on a single 
site for three decades, compared with the many, more com-
mon, successional “snapshot” studies assessing biotic com-
munities at a single point in time across an array of disturbed 
sites of varying ages (substituting “space for time” to illus-
trate long-term patterns). The specific objective of our study 
is to assess the continuing primary successional patterns of 
Carabidae on the Pumice Plain for the decades of 1980–2010 
and determine if the relay succession of species is still con-
tinuing, and if so, at what rate of species gains, losses, and 
turnover. In addition, we ask what natural-history character-
istics (body size, trophic level, dispersal traits [flying or 
ambulatory], microhabitat tolerances, etc.) might explain 
each species’ colonization success, population expansion, 
and where applicable, population collapse and extirpation.

12.2  Study Area and Methods

The Pumice Plain study area is located immediately north of 
the volcano and south of Spirit Lake and covers approxi-
mately 10 km2 of the original 15 km2 pyroclastic flow that 
swept northward from the volcano into Spirit Lake basin in 
May 1980 (Swanson and Major 2005); the nearest undis-
turbed forested sites are 12.5 km to the east, 12.8 km to the 
west, 11.9 km to the north, and 7.4 km to the south (on the 
other side of the volcano) (Fig. 12.1). Prior to the eruption, 
the site had been an old-growth forest dominated by Pacific 
silver fir (Abies amabilis). However, the collapse of the north 
flank of the volcano at the beginning of the eruption on 18 
May 1980, followed by a massive pyroclastic density current 
culminating in numerous pyroclastic flows, completely dis-
placed all biota and buried the site in up to 100 m of gravelly 
sand, pumice, rock, and ash at temperatures of 300–730 °C 
(Banks and Hoblitt 1981; Foxworthy and Hill 1982; Swanson 
and Major 2005). As a result, subsequent biotic colonization 
and establishment over the following three decades consti-
tuted a primary successional process.

Fig. 12.2 Time series photographs of the Pumice Plain study site. (a) 
Pumice Plain (foreground) and Spirit Lake in 1982. Note lack of vege-
tation and pumice-gravel surface. (b) Same area in 2010. Note nearly 
complete ground coverage of herbaceous vegetation with much reduced 
presence of pumice gravel.

12 Primary Succession on the Mount St. Helens Volcano: Ground Beetle (Coleoptera: Carabidae) Community Assembly…
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Our specific sampling site was located approximately 
10 km north of the volcano on an intact pyroclastic-flow sur-
face (N 46°14′ 51″, W 122°09′55″, elevation 1160 m; 
Fig. 12.1). We sampled ground-dwelling arthropod assem-
blages with ten pitfall traps placed along a line transect at 
10- to 15-m intervals across the study area. Traps consisted 
of plastic cups (9.5 cm diameter, 11 cm deep, half-filled with 
propylene glycol) and were opened in the spring (late May to 
mid-June, depending on time of snowmelt), left open con-
tinuously between sample collection times (four to five times 
per year, generally 3 weeks apart) and closed in autumn at 
the end of the growing season (October–November). This 
sampling effort throughout the growing season (snowmelt 
through summer to early winter) enabled us to assess and 
incorporate ground beetles with different seasonal phenolo-
gies and peak activity periods into our annual analyses.

Carabid beetle data from the early post-eruption years of 
1983–1985 were collected by Drs. P.M. Sugg and J. S. 
Edwards at the University of Washington and originally pub-
lished in Dr. Sugg’s dissertation (Sugg 1989); sampling by 
the present authors was conducted each year during 1987, 
1990, 1995, 2000, 2005, and 2010. Of the multiple sites sam-
pled by Sugg and Edwards on the Pumice Plain, the specific 
site that most closely matched our site was the Spirit Lake 
site (“S.L.” in Table 3.1, p. 42, in Sugg 1989). This site was 
both geographically very close to our study site and similar 
in elevation, topography, and surface substrates. Dr. Sugg 
deployed a total of 20 pitfall traps at this site (6.35-cm diam-
eter cups, partially filled with ethylene glycol, set at 10-m 
intervals) and sampled from mid-May to mid-October each 
year; carabid beetle data for this site can be found in Sugg 
(1989: see Table 4.6, pp. 90–93).

Arthropods were preserved in 70% ethanol, transported to 
the laboratory, sorted, identified, and counted. Species iden-
tifications were made by D. Shpeley (University of Alberta) 
and G. Parsons (Michigan State University). Carabid beetle 
voucher specimens from the authors’ samples are archived in 
the Division of Arthropods, Museum of Southwestern 
Biology, University of New Mexico, Albuquerque, and with 
the USDA Forest Service’s Pacific Northwest Research 
Station in Amboy, Washington. Voucher specimens collected 
by Sugg and Edwards were deposited in the collections of 
the California Academy of Sciences, San Francisco.

To analyze multiyear successional patterns of the ground 
beetle assemblage, we calculated species-specific, annual 
catch per unit effort as the number of individuals per species 
divided by the number of traps and trapping days (i.e., days 
traps were open). We compared beetle assemblages across 
years using Jaccard’s similarity index (S; Jaccard 1908) that 
produced percentage similarities of species composition 
between years calculated as:

 
S a a b c1 2 100, /= + +( ) ×  

where a = the number of species common to both years 1 and 
2, b = the number of species unique to year 1, and c = the 
number of species unique to year 2. We assembled these 
paired similarity indices into a resemblance matrix for each 
sample year (1983–2010) to evaluate patterns of similarity 
within the study area through time. To evaluate patterns of 
beetle species succession on the study sites, we plotted the 
mean catch per unit effort over time (years).

To quantify species gain, loss, and turnover rates during 
succession, we used the rate metrics described in Anderson 
(2007). Three basic metrics were calculated: species gain 
rate (proportion of new species between sample periods), 
species loss rate (proportion of species lost between sample 
periods), and species turnover rate (proportional changes 
between sample periods). Species gain rate between sample 
periods (Gp) was calculated as:

 
G Gp = +( ) / /St St1 2 2  

where G = number of new species gained during the time 
period and St1 and St2 are the number of species present at the 
beginning (t1) and end (t2) of the sample time period. In cal-
culating species gain rate in any given year, we included not 
only newly arrived species but also species that had previ-
ously occupied the site but had temporarily disappeared and 
then reappeared in subsequent years.

Species loss rate per time period (Lp) was calculated as:

 
L Lp = +( ) / /St St1 2 2  

where L = number of species lost during the sample time 
period. Finally, species turnover rate per time period (Tp) was 
calculated as:

 
T G Lp = +( ) +( )/ St St1 2  

We calculated carabid beetle species gain rate, loss rate, 
and turnover rate for each time interval between samples; to 
calculate annual gain, loss, and turnover rates, we divided 
rate values by the number of years between samples. We 
assumed that species richness on the Pumice Plain was zero 
immediately after the 1980 eruption. Annual rate values 
were then plotted on a timeline (1980–2010), and linear or 
nonlinear regressions (exponential, polynomial, logarithmic, 
power function) were used to assess successional patterns 
(selected regression models had the best fit indicated by 
maximum coefficient of determination). We then compared 
these patterns with the generalized successional patterns dis-
cussed in Anderson (2007).

From published sources (Hatch 1953; Parsons et al. 1991; 
Ball 2001; Ball and Bousquet 2001; Larochelle and Larivière 
2003; Pearson et al. 2006; Erwin 2007), we collected natural-
history attributes for each species, including known preferred 
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habitats (riparian, lakeshore, meadow, forest), preferred soil 
type (texture), trophic role as adults and larvae (predator, par-
asitoid, omnivore, herbivore, granivore), activity periods 
(diurnal, nocturnal), seasonal activity (year-round, growing 
season, spring, spring-summer, summer, summer-autumn, 
autumn), dispersal capability (flight, ambulatory), and body 
size (length). We analyzed successional patterns of natural-
history attributes using Pearson correlations for numbers of 
species, percentage of species, and percentage of total num-
ber of individual beetles collected in each sample year.

12.3  Results

12.3.1  The Ground Beetle Assemblage 
on the Pumice Plain

Over the 30 years of this study, 51 species of carabid beetles 
(20,202 individuals) were collected on the Pumice Plain site 
(Tables 12.1 and 12.2). Few species were very common, but 
15 species, represented by >90 individuals each, comprised 
98.8% of the total sample. Six species had 10–54 specimens 
collected, but the remaining 30 species were relatively uncom-
mon, with <10 individuals sampled (10 of these 30 species 
were represented by only a single specimen (Table 12.1)). 
[Note: two species of Trachypachus have been included in our 
analyses, although their family-level classification is still 
uncertain (some authors place them in their own family, 
Trachypachidae, whereas others include them in Carabidae; 
see Ball [2001]); given the similarity of their natural histories 
with those of ground beetles, we have included them here.]

12.3.2  Ground Beetle Population Patterns 
During Colonization

As noted above, most species (30 of 51 species) were rare, 
defined as being represented by only a few individuals (<10) 
or single occurrences. These rarer species apparently failed 
to establish sustainable populations on the study site, 
although they may have existed in different nearby micro-
habitats. The more abundant species (>10 individuals) fol-
lowed a pattern of “boom and bust” population dynamics. 
For example, Trachypachus spp. became established in 
large numbers shortly after the eruption during 1983–1985 
but had nearly disappeared by 1990 (Fig. 12.3). In contrast, 
Apristus constrictus was present in low numbers in the early 
1980s, and then this species increased rapidly in 1985 and 
1987, before declining by 1990, and was not observed in 
later years (Fig. 12.3). The tiger beetle, Cicindela depres-
sula, was first detected in 1987 (five specimens), peaked in 
abundance in 1990 and 1995, and became much less com-
mon in subsequent years. The caterpillar hunter, Calosoma 

tepidum (a wingless, ambulatory species), arrived on the 
Pumice Plain in 1995 and displayed a rapid population 
growth by 2000, after which it declined in numbers but 
remained in the assemblage through 2010 (Fig. 12.3). The 
first few Calathus fuscipes were observed in 2000, and this 
species exhibited a rapid population increase by 2005, after 
which the population crashed to low levels by 2010; how-
ever, a closely related species (C. ruficollis) failed to estab-
lish a population despite a few colonizing individuals 
(Fig. 12.3). The genus Amara, represented by four species, 
was present in small numbers during the first 20 years after 
the eruption; in 2005, two species (A. idahoana and A. 
obesa) displayed large population increases, followed by a 
moderate decline in numbers by 2010 (Fig. 12.3).

Similar patterns to Amara were exhibited by the five spe-
cies in the genus Harpalus (Fig. 12.4). Only H. nigritarsus 
attained large population sizes (97 specimens) and, except for 
1987, has consistently occupied the Pumice Plain since 1983 
(Fig. 12.4). The other four species were relatively uncommon 
(≤4 specimens), with one species (H. affinis) being recorded 
up to 1990 and the other three present from 1990 onward.

The Bembidion species group, represented by 16 species 
in the genera Bembidion, Amerizus, and Lionepha, also fol-
lowed the “boom and bust” population patterns on the 
Pumice Plain (Fig. 12.5). This diverse group included some 
of the early colonists, but each species appeared for only 
relatively short periods of time. Of the 14 species recorded 
on the study site during 1983–1990, 11 species were gone 
after 1990. Even B. planatum, the most abundant beetle 
recorded in the entire study (Table 12.1), had disappeared 
from the study site by 2000 (Fig. 12.5). In 2010, only two 
species of this group remained.

12.3.3  Successional Turnover Patterns 
of Ground Beetles

The ground beetle assemblage displayed continuous addi-
tions and losses of species during sampling years 
(Table 12.2). Of the 13 species of carabids collected in 1983, 
only two species (A. idahoana and H. nigritarsis) were still 
present on the study site in 2010. Calculated values of 
Jaccard’s percentage similarity coefficients (Table 12.3) 
showed that the maximum species similarity occurred in 
1983–1984 (56%). By 2000, species similarity to the 1983 
assemblage was reduced to 8% (Table 12.3). In general, 
Jaccard’s similarity coefficients, including number of spe-
cies in common, declined as temporal periods between sam-
ples increased (Table 12.3).

Calculations of annual species gains, losses, and turnover 
(Anderson 2007) illustrated the patterns of continuous gains 
and losses of ground beetle species (Fig. 12.6). Annual spe-
cies gain (Gp) was initially high, going from zero species 
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Table 12.2 List and numbers of ground beetles (Carabidae), species richness, and total number of individuals collected from the Pumice Plain of 
Mount St. Helens, by year of occurrence (shaded boxes).

Carabidae species
Year of occurrence (number of individuals collected)

1983 1984 1985 1987 1990 1995 2000 2005 2010

Amara conflata 1

Amerizus oblongulus 1

Sericoda obsoletum 1 1 1

Bembidion rupicola 4 2 3

Harpalus affinis 1 1

Opisthius richardsoni 2 81 172 1

Apristus constrictus 5 5 175 49 14

Bembidion improvidens 177 229 2514 112 93

Trachypachus inermis 26 5 86 4 1 1

Bembidion obscurellum 177 18 61 1 4 287

Bembidion planatum 137 1612 7063 63 46 1

Harpalus nigritarsis 3 3 1 26 5 21 23 15

Amara idahoana 3 1 5 3 6 4 35 134 29

Bembidion incertum grp. 3 5

Bembidion iridescens 1 2

Trechus obtusus 1 7 1 1

Pterostichus adstrictus 1 4 1 151 139 44

Nebria mannerheimii 1 1 140 1270 666 57 14 13

Amara sp. 1

Bembidion breve 5

Bembidion recticolle 10

Amerizus spectabilis 4

Lebia perita 1

Lebia viridis 1

Nebria sahlbergii 2

Nippononebria virescens 3

Trachypachus slevini 19 34 1

Nebria eschscholtzi 18 18 3 2

Calathus ruficollis 1 4 1

Amara obesa 5 3 41 432 263

Bembidion (Plataphus) sp. #2 3

Bembidion curtulatum 2

Lionepha erasa 1 5 43 25 18

Cicindela depressula 5 662 971 197 35 5

Bembidion (Plataphus) sp. #1 1

Omophron ovale 5

Notiophilus sylvaticus 1 7

Harpalus cordifer 1

Calosoma tepidum 7 295 26 24

Agonum cupripenne 9

Anisodactylus binotatus 1

Agonoleptus conjunctus 1

Bembidion quadrimaculatum 12 1

Calathus fuscipes 8 801 25

Bembidion (Peryphus) sp. 1 8

Harpalus caliginosus 2

Scaphinotus angusticollis 2

Carabus taedatus 3

Cicindela longilabris 6

Cymindis seriata 30

Harpalus cautus 1

Total species 13 15 28 16 15 12 16 14 14

Total number of individuals 538 1964 10,171 440 2133 2108 863 1544 441
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immediately following the eruption to 13 species by 1983, 
but declined from 1983 to 1984, followed by a large species 
gain from 1984 to 1985 (Fig. 12.6a). Coupled with the later 
years (1987–2010), overall rates of annual species gain 
showed a significant negative exponential pattern from 1980 
to 2010. However, a regression analysis using only the period 
of 1987–2010 revealed no significant correlation 
(Gp = −0.0018Yr + 0.11, r = 0.56, df = 4, P > 0.05), indicat-
ing that annual species gain rates stabilized after 1985.

Annual species loss rate (Lp) between sample periods var-
ied from 0% during 1980–1983 and 1984–1985 to 36% per 

year between 1985 and 1987, but no significant trend in spe-
cies loss patterns occurred over the 30 years of the study 
(Fig. 12.6b); however, using the period 1987–2010, annual 
species loss rate did show a significant negative trend 
(Lp = 0.342Yr−0.538, r = 0.96, df = 4, P < 0.01), indicating that 
annual species loss rates were decreasing through time after 
1987 during the same time period that annual gain rates were 
stabilizing. Overall, from 1990 to 2010, annual species loss 
rates averaged 9.5% per year between sample periods, and 
species gain rates averaged 8.8% per year during the same 
time period.

Fig. 12.3 Abundances of common ground beetle species (Carabidae) by year on the Pumice Plain of Mount St. Helens, illustrating the “boom and 
bust” population dynamics of each species through the successional process.

Fig. 12.4 Abundances of ground beetle Harpalus species (Carabidae) by year on the Pumice Plain of Mount St. Helens.

12 Primary Succession on the Mount St. Helens Volcano: Ground Beetle (Coleoptera: Carabidae) Community Assembly…
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Annual turnover rate (Tp) also showed an initial high dur-
ing 1980–1983 and displayed a significant negative trend 
through 2010 (Fig. 12.6c). The best-fit power function indi-
cated a rapid rate of change in the early post-eruption years, 
followed by a stabilizing trend after 1990. Annual turnover 
rate averaged 9.2% per year from 1990 to 2010.

12.3.4  Temporal Patterns of Natural-History 
Attributes

For the great majority of the ground beetle species, we found 
published information on their natural-history characteris-
tics, including preferred habitats, preferred soil type, their 

Fig. 12.5 Abundances of the ground beetle Bembidion species group (Bembidion, Amerizus, and Lionepha; Carabidae) by year on the Pumice 
Plain of Mount St. Helens.

1983 1984 1985 1987 1990 1995 2000 2005 2010
1983 56 35 26 47 19 12 8 8
1984 10 54 41 41 30 19 21 12
1985 11 15 38 34 21 19 20 14
1987 6 9 12 41 40 33 30 20
1990 9 9 11 9 35 19 16 16
1995 4 6 7 8 7 40 37 30
2000 3 5 7 8 5 8 50 43
2005 2 5 7 7 4 7 10 47
2010 2 3 5 5 4 6 9 9

Table 12.3 Jaccard’s (1906) 
percentage similarity 
coefficients (upper right 
portion of matrix) and 
numbers of common species 
(lower left portion of matrix) 
among years for ground 
beetle species (Carabidae) on 
the Pumice Plain of Mount  
St. Helens.
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trophic role as both adults and larvae, dispersal capabilities, 
activity periods on a daily and seasonal basis, and average 
body sizes (Table 12.1). Analyses of these attributes of the 
ground beetle assemblages from 1983 through 2010 yielded 
a number of significant trends. First, the early post-eruption 
years on the Pumice Plain were dominated by species that 
preferred riparian/lakeshore environments and open meadow 
habitats (Fig. 12.7, left). Through time, as the Pumice Plain 
was colonized by meadow vegetation, species that preferred 
riparian/lakeshore habitats became significantly less com-
mon (Pearson’s r = −0.79, df = 7, P < 0.02); this was mir-
rored by reductions in the percentage of species (Pearson’s 

r = −0.88, df = 7, P < 0.01) and the total number of individu-
als (Pearson’s r = −0.95, df = 7, P < 0.01). Although the 
absolute number of ground beetle species preferring meadow 
habitats did not significantly increase, there were significant 
increases in the percentage of meadow species present 
(Pearson’s r = 0.79, df = 7, P < 0.02) and the total number of 
meadow individuals (Pearson’s r = 0.96, df = 7, P < 0.01). In 
1984, over 85% of the ground beetle individuals were 
 specialists for riparian and lakeshore habitats, but by 2010, 
more than 90% of the ground beetles on the Pumice Plain 
were meadow-dwelling individuals.

The majority of ground beetle species on the Pumice 
Plain either preferred sand/gravel soils or were soil gener-
alists (normally inhabiting a wide variety of soil types). 
Only a few species (and a very small number of individu-
als) typical of forested or shaded habitats with clay/loams 
and fine organic soils were observed on the Pumice Plain, 
and these species did not establish reproducing populations 
(Fig. 12.7, center). Through time, even these species sig-
nificantly diminished, both in total number of species 
(Pearson’s r = −0.77, df = 7, P < 0.05) and in number of 
individuals (Pearson’s r = −0.72, df = 7, P < 0.05). 
Concomitantly, the percentage of species preferring sand/
gravel soils significantly increased over time (Pearson’s 
r = 0.82, df = 7, P < 0.01).

The trophic roles of ground beetles were heavily dom-
inated by predators as both adults and soil-dwelling lar-
vae (Fig. 12.7, right). A small number of species (in the 
genera Amara and Harpalus) were omnivorous and gra-
nivorous (Table 12.1). Although these species were con-
sistently present in all years, their numbers of individuals 
were very small for the first two decades after the erup-
tion. As vegetation increased, there was a significant 
increase in the numbers of both omnivorous individuals 
(Pearson’s r = 0.86, df = 7, P < 0.01) and granivorous 
individuals (Pearson’s r = 0.88, df = 7, P < 0.01); however, 
in 2010, over 90% of total individuals were still predators as 
adults and larvae.

Successional changes in dispersal capabilities of 
ground beetle species were also observed. All but one of 
the ground beetle species collected on the Pumice Plain 
during 1983–2000 were flight capable, although these 
 flying species were moderate to strong runners; only a 
single species was ambulatory (wingless). After 2000, the 
number of obligate ambulatory species significantly 
increased (Fig. 12.8, left), both as total species (Pearson’s 
r = 0.84, df = 7, P < 0.01) and as the percentage of species 
present (Pearson’s r = 0.86, df = 7, P < 0.01).

Diel ground beetle activity patterns on the Pumice 
Plain were mixed between diurnal and nocturnal species, 
with some species being active during day and night 
(Fig. 12.8, center). In 1983, the total numbers of indi-
vidual beetles were dominated by diurnal species, but 

Fig. 12.6 Successional patterns of ground beetle (Carabidae) species 
gain rates (a), loss rates (b), and turnover rates (c) on the Pumice Plain 
of the Mount St. Helens volcano.
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this switched to dominance by nocturnal individuals and 
species in 1984. Nocturnal species and individuals were 
more common than diurnal species (except 1990) in most 
years through 2010.

Ground beetles on the Pumice Plain exhibited a wide 
range of seasonal activity patterns, but most species and 
individuals were active throughout the growing season 
(spring- summer- autumn; Fig. 12.8, right). Between 20% and 
40% of the species in a given year were limited to particular 
 seasons; the overall successional pattern showed a signifi-
cant increase in the percentage of species active during the 
entire growing season (Pearson’s r = 0.70, df = 7, P < 0.05). 

Only one or two species in a given year were active in all 
sample periods, and these species were represented by only a 
few individuals.

Finally, an analysis of ground beetle body size 
through time found significant increases in body length 
from 1983 to 2010 for both average lengths across species 
and for lengths of total numbers of individuals (Fig. 12.9). 
In 1983, the mean species body length was 6.6 mm, 
whereas in 2010 it had increased linearly to 11.0 mm. 
Mean body lengths of total individuals also significantly 
increased from 7.4 mm in 1983 but peaked in 2000 at 
13.9 mm before declining to 10.4 in 2010.

Fig. 12.7 Successional changes in ground beetle (Carabidae) natural- history traits from literature sources (see text for citations) for 1983–2010 
on the Pumice Plain of the Mount St. Helens volcano. Left = preferred habitats; center = preferred soils; right = trophic role. Each column of graphs 
reports actual numbers of species (top), percentage of species (middle), and percentage of total individuals (bottom).
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12.4  Discussion

The ground beetle assemblage proved to be a sensitive indi-
cator of primary successional processes on the Pumice Plain. 
Carabid species surrounding Mount St. Helens provided a 
continuous influx of potential colonists, and rapidly chang-
ing microenvironments and biotic/abiotic resources led to a 
progression of different resident species, as demonstrated by 
species turnover. However, unlike many other faunal and flo-

ral generalists repopulating the Pumice Plain, ground beetles 
expressed sensitivity through species loss as microhabitats 
changed during successional progression. Such “relay” suc-
cession of ground beetle species also provided a fine-scale 
temporal illustration of the rapid succession of microhabitats 
on the Pumice Plain.

Other inventories of carabid beetles on Mount St. Helens 
volcano observed the formation of a species-rich assemblage 
quickly following the 1980 eruption. Edwards (1986a, b), 
Edwards et al. (1986), and Edwards and Sugg (2005) 

Fig. 12.8 Successional changes in ground beetle (Carabidae) natural- history traits from literature sources (see text for citations) for 1983–2010 
on the Pumice Plain of the Mount St. Helens volcano. Left = dispersal traits; center = daily activity period; right = seasonal activity period. Each 
column of graphs reports actual numbers of species (top), percentage of species (middle), and percentage of total individuals (bottom).
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 conducted extensive surveys for arthropods during 1981–
1985 across the pyroclastic-flow deposits (incorporating 
many different microhabitats) and found a total of 35 species 
of ground beetles. Of these, 13 species were found in suffi-
cient numbers with larvae present to verify established repro-
ducing populations. Adams and Leffler (1986) reported 11 
carabid species from the debris-avalanche deposit and adja-
cent blowdown zone sites in the North Toutle River valley 
 (northwest of the Pumice Plain, Fig. 12.1) during only 
10 days of pitfall trapping in August 1984.

Ground beetle natural histories emphasize the important 
roles of soil and the ground surface characteristics in provid-
ing microhabitat requirements of each carabid species. The 
soil microhabitat of the Pumice Plain changed rapidly fol-
lowing the eruption owing to physical weathering (Hoffer 
and Hoffer 1986; Reynolds and Bliss 1986; Wagner and 
Walker 1986; Halvorson et al., Chap. 5, this volume), the 
continuous “rain” of arthropods and other organic materials 
(Edwards and Sugg 1993), development of vegetation, and 
animal activity (e.g., bioturbation of pocket gophers 
[Thomomys talpoides] and concentration of nutrients by 
ants). The original post-eruption surfaces on the Pumice 
Plain consisted of rocks and loose tephra/pumice gravels, 
infused with minor amounts of fine volcanic ash and sand 
similar to riverbanks (gravel bars) or small “beaches” along 
a mountain lakeshore. The initial colonizing ground beetle 
species (see Table 12.2 and Fig. 12.7) inhabited the intersti-
tial spaces among the gravels, likely feeding on detritus and/
or preying on the aerial fallout of arthropods. However, these 
species also had to contend with fine ash from the eruption. 
Arthropods exposed to the fine dust from volcanic ash (par-
ticles of <40 to 1400 μ; Hoffer et al. 1982) suffered debilitat-
ing and lethal injuries primarily owing to increased water 
losses from cuticular abrasion and loss of saliva during 
increased grooming activities, as well as obstruction of spir-
acle valves and blockages in the digestive system (Edwards 

and Schwartz 1981; Masciocchi et al. 2012; Fernández-
Arhex et al. 2013).

Most species of ground beetles in the early post-eruption 
years were strong fliers and could easily have flown in from 
nearby undisturbed habitats and landed on or near the study 
site (Fig. 12.8); in later years, ambulatory (wingless) species 
began arriving “on foot” (e.g., Calosoma tepidum, 
Scaphinotus angusticollis). The majority of these species 
were predators (Fig. 12.7) and, in the early years, would have 
taken advantage of the large numbers and wide variety of 
arthropods falling onto the site (Sugg 1989; Edwards and 
Sugg 1993). Other species (e.g., in the genera Amara and 
Harpalus) were at least partially herbivorous, occasionally 
feeding on seeds or other plant parts; however, even in these 
genera, the soil-dwelling larvae were all predators.

As the pumice and tephra gravels weathered to sand and 
smaller particles, the interstitial rock spaces filled, creating a 
pavement-like surface and greatly reducing the extent of 
rocky interstitial microsites. These microsites still existed on 
the Pumice Plain during our study but were restricted to the 
western portion of the plain where lobate pyroclastic flows of 
coarse texture (cobbles) persisted. Ground beetle species 
adapted to more open, drier, sandy ground, and compacted 
soils were able to colonize this habitat, but those species 
requiring moist, gravelly microhabitats were extirpated. 
Herbaceous vegetation began to establish, providing food for 
herbivorous arthropod species. These “islands of fertility” 
with live and dead plant materials provided new resources 
for both predatory and herbivorous ground beetle species, 
and species preadapted for meadow environments began to 
increase (Fig. 12.7). For example, by the late 1990s, caterpil-
lars (Lepidoptera larvae) had reached high densities and 
were defoliating many of the lupine plants (Lupinus lepidus) 
on the Pumice Plain, with a peak in leaf defoliation and root 
destruction in 2000 (Bishop 2002; Bishop et al. 2005, 2010). 
In 1995, a few individuals of “caterpillar hunters” (Calosoma 
tepidum) had been recorded. By 2000, C. tepidum popula-
tions had numerically exploded and subsequently leveled off 
at lower numbers through 2010. In this example, the pres-
ence of suitable herbivorous prey species presumably facili-
tated the establishment and persistence of this predatory 
ground beetle.

The addition of a vegetation cover on the Pumice Plain 
not only provided direct food resources (seeds and leaf 
material) and indirect food resources (via supporting her-
bivorous prey species) to the ground beetle assemblage but 
also provided greater shelter from both predators and abi-
otic variables under the developing plant architecture. With 
a greater range of thermal and predator cover opportunities, 
one would hypothesize that the average body sizes of the 
ground beetle assemblage would increase, as a result of 
larger-bodied species surviving on the Pumice Plain 
(Fig. 12.9). Prior to establishment of plants (and  burrowing 

Fig. 12.9 Successional pattern of body size of ground beetles 
(Carabidae) on the Pumice Plain of the Mount St. Helens volcano, 
1983–2000.
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rodents as well), shelter space was limited to the small 
spaces among gravels and pieces of pumice, and small 
body size would have been well suited for survival in such 
a barren environment. But with growth of clumps of forbs, 
grasses, shrubs, and colonizing trees (with concomitant 
accumulations of plant leaf and stem litter), the breadth of 
favorable habitat clearly increased. Although definitive 
experiments to determine differential survivorship of cara-
bid beetles with varying body lengths have yet to be under-
taken, the increase in the body size of the ground beetle 
assemblage appears to be associated with this plant-based 
facilitation of increasing habitat complexity.

The temporal dynamics of ground beetle species gains, 
losses, and turnover rates were quantified with metrics of 
species presence/absence through time. As noted by 
Anderson (2007), successional theory predicts that the rates 
of species change during succession should decline through 
time but that “harsh abiotic conditions or spatial isolation of 
the community appear to substantially alter temporal pat-
terns in rates of successional change” (Anderson 2007: 780). 
In the case of ground beetle species dynamics on the Pumice 
Plain (a harsh and somewhat isolated environment), the pat-
terns indicated high values for species gain and turnover, 
with highly variable loss rates, immediately after the erup-
tion. However, in the subsequent years (1987–2010), the 
rates of annual species gain remained constant instead of 
declining (see Fig. 12.6a). Annual species loss rates and 
turnover rates did gradually decline, consistent with other 
successional studies. Yet this pattern contrasts sharply with 
observed patterns of species change for several major faunal 
taxa on the Pumice Plain (e.g., amphibians, birds, small 
mammals). For these groups, species numbers had generally 
continued to accumulate over the 30 years since the 1980 
eruption, experiencing minimal species losses once a species 
becomes established with reproducing populations 
(MacMahon et al. 1989; Crisafulli et al. 2005a, b; Crisafulli 
et al., Chap. 15, this volume). Although these vertebrate taxa 
displayed species-gain dynamics comparable to those of 
ground beetles, the species loss rates and turnover rates were 
due entirely to rarer species that “wink in and out” but had 
not established breeding populations (see Crisafulli et al., 
Chap. 15, this volume). In contrast, numerous carabid beetle 
species through time successfully colonized and established 
breeding populations and then went locally extinct as succes-
sional habitat changes occurred. These results indicate that 
vertebrate taxa were less sensitive to the observed biotic and 
abiotic changes in the Pumice Plain environment and there-
fore changed more slowly through time in terms of loss and 
turnover rates of successfully established species.

Future changes in the ground beetle assemblage on the 
Pumice Plain will likely continue to include recruitment of 
additional species and losses of existing species. Arthropod 
sampling in forests and clearcuts of the Mount St. Helens 

region has produced a list of 20 additional carabid species 
that have not yet been recorded on the Pumice Plain, and 
there are undoubtedly others (R.R. Parmenter, unpublished 
data). A number of ground beetle species are generally found 
only in old-growth forest stands, and therefore their estab-
lishment on the Pumice Plain may be decades away. 
Continued monitoring of the ground beetle assemblage, in 
concert with other faunal and floral taxa, will undoubtedly 
yield additional insights into the rates and directions of 
successional change and community reassembly in the 
post- eruption Mount St. Helens landscape.
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Diversity of Large-Bodied 
Macroinvertebrates in Ponds Created 
on the Debris-Avalanche Deposit 
Following the 1980 Eruption of Mount 
St. Helens     

Shannon M. Claeson, Charles M. Crisafulli, 
and William J. Gerth

13.1  Introduction

One of the most notable aspects of the 1980 eruption of 
Mount St. Helens was the enormous rockslide-debris ava-
lanche from the cone of the volcano that immediately pre-
ceded the blast pyroclastic density current (blast PDC), 
commonly referred to as the lateral blast (Swanson and 
Major 2005). The majority of the 2.5-km3 deposit of uncon-
solidated rocky debris came to rest in the North Fork Toutle 
River Valley (Fig. 13.1) and created a large complex of fish-
less ponds varying in size and hydroperiod (the duration that 
a pond basin holds water). Initial monitoring of these ponds 
focused on the invasion and reproductive biology of amphib-
ians (Karlstrom 1986; Crisafulli et al. 2005). During the 
summers of 2003–2005, aquatic amphibians in many of the 
ponds were surveyed using funnel traps (also known as min-
now traps). The macroinvertebrates captured in these traps 
were also collected for identification and community analy-
sis. We recognize that funnel-trapping is not the standard 
method for sampling aquatic macroinvertebrates in lentic 
habitats because traps are biased against small-sized indi-
viduals (e.g., Diptera, oligochaetes, zooplankton) and less-
mobile taxa (e.g., Ephemeroptera, Trichoptera) and may not 

accurately estimate taxa richness throughout the pond 
(Turner and Trexler 1997). However, this data set is unique 
in the literature, primarily owing to the rarity of large-scale 
disturbances that create lentic water bodies. It is even more 
unusual to have aquatic macroinvertebrate samples from 97 
ponds in the same ecoregion that were all created at the same 
time, and from a geologic perspective, quite recently.

Previous investigations of aquatic invertebrate responses 
to volcanism have focused on macroinvertebrates in rivers 
and streams (Anderson and Wisseman 1987; Hawkins 1988; 
Meyerhoff 1991; Anderson 1992; Dorava and Milner 1999; 
Collier 2002; Miserendino et al. 2012) or on zooplankton 
communities in lakes and ponds (Scharnberg 1995; Larson 
et al. 2006). Limited work relating to lentic aquatic macroin-
vertebrates can be found from tropical volcanoes, concen-
trating on large caldera lakes (Ball and Glucksman 1978, 
1980) or 100+-year-old lentic water bodies on the Krakatau 
Islands, Indonesia (Yukawa and Yamane 1985; Thornton and 
New 1988; van Tol 1990), but we are unaware of any work in 
lentic habitats from temperate volcanoes.

Aquatic macroinvertebrates are ecologically important 
members of temperate freshwater ecosystems. Their high 
diversity, abundance, biomass, and varied trophic relation-
ships influence primary productivity, nutrient cycling, preda-
tor and prey dynamics, and community structure of aquatic 
systems. When the regional pool of potential colonists and 
environmental conditions (e.g., elevation, biome, geology, 
and climate) are shared, local variations in habitat conditions 
are expected to play a large role in community assembly. 
Habitat conditions considered important in determining the 
distribution of aquatic macroinvertebrates in lakes and ponds 
include substrate and vegetation, pond size and permanence, 
water chemistry, and temperature (Larson 1985; Heino 2000; 
Della Bella et al. 2005; Tarr et al. 2005).

Of these factors, hydroperiod, the duration over the course 
of a year that a pond basin holds water, is often thought to be 
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the most important and positively related to taxa richness 
(Della Bella et al. 2005; Williams 2006; Silver et al. 2012). 
In temporary ponds, desiccation and extreme or unpredict-
able environmental conditions are expected to exert a strong 
influence on community composition, supporting species 
that can colonize quickly, develop rapidly, and exploit tem-
porary food-rich resources. Conversely, permanent pond 
communities are thought to be primarily structured by biotic 
interactions, such as competition and predation, because 
environmental conditions are relatively stable and predict-
able (Tarr et al. 2005; Verberk et al. 2008; Silver et al. 2012). 

In fishless ponds and lakes, invertebrate predators are typi-
cally more diverse and abundant in permanent waters 
 compared with temporary habitats (Wellborn et al. 1996; 
Tarr et al. 2005).

Our objective for this study was to document and address 
how macroinvertebrate assemblages in these recently cre-
ated, natural ponds are structured. Given the data available, 
we attempt to answer the following questions: (1) does 
 macroinvertebrate community structure vary among ponds 
or between years; (2) do different rates of seasonal drying of 
pond habitats (hydroperiods) affect the number of species 

Fig. 13.1 Distribution of primary volcanic deposits and disturbance zones of the 1980 Mount St. Helens eruptions, showing location of study area. 
(Cartography by Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research Station).
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present (taxa richness) or community composition; and (3) 
are identifiable aquatic or riparian habitat features associated 
with macroinvertebrate community composition? Owing to 
the nonstandard sampling methods and potential biases in 
the data set, we limit our analyses to large-bodied, mobile 
species presence/absence (not detected). Large-bodied and 
mobile species are typically quite abundant in established 
ponds and lakes, especially lakes without fish (Schilling 
et al. 2009); therefore our findings are relevant to newly cre-
ated ponds in landscapes of natural disturbance, as well as to 
artificially created ponds.

13.2  Ponds on the Debris-Avalanche 
Deposit

The debris-avalanche deposit consisted of a mix of sand- to 
boulder-sized particles, extending 25 km from the volcano, 
with an average thickness of 45 m and a maximum thickness 
of 195 m (Voight et al. 1981; Glicken 1996). As the ava-
lanche traveled downslope, numerous hummocks (pointed or 
domed-shaped mounds up to 75 m tall) and depressions were 
created. The melting of glacial ice trapped in the deposit and 
collapse between adjacent avalanche block facies created 
additional depressions. Overall, more than 130 ponds were 
formed as they filled with groundwater and precipitation 
over the first year post eruption (Crisafulli et al. 2005; 
Swanson and Major 2005).

The Mount St. Helens area has a wet, mild, maritime cli-
mate with total annual precipitation around 200 cm, most of 
it falling as rain or snow in the winter. Average annual air 
temperature is about 7.0 °C, and average July air temperature 
is about 15 °C. The ponds are located in the Western Hemlock 
Zone, where the potential natural vegetation is coniferous 
forest dominated by the seral tree species Douglas-fir 
(Pseudotsuga menziesii), and at later stages of development 
by western hemlock (Tsuga heterophylla) and western 
 redcedar (Thuja plicata) (Franklin and Dyrness 1988). 
However, in the aftermath of the 1980 eruption, all vegeta-
tion was stripped away or buried beneath a thick rocky 
deposit, leaving a barren landscape devoid of vegetation. At 
the time of this study (23–25 years post eruption), plant suc-
cession was underway, and the vegetation was a complex 
mosaic of early-seral patches of herbs, willows (Salix spp.), 
and young red alder (Alnus rubra) trees (Dale et al. 2005; 
Dale and Denton, Chap. 8, this volume).

Unlike most lakes of the Cascade Range that were histori-
cally fishless and later stocked with non-native trout (Liss 
et al. 1995), the debris-avalanche ponds are free of fish, but 
most support amphibians. Northwestern salamanders 
(Ambystoma gracile), in their fully aquatic form (referred to 
as the neotenic lifeform, retaining larval characteristics into 
reproductive adulthood), are carnivorous and were present in 

most of the perennial ponds. Adult and larval rough-skinned 
newts (Taricha granulosa), also carnivorous, occurred in 
many of the ponds, irrespective of water permanence. 
Herbivorous tadpoles of Pacific treefrog (Pseudacris regilla) 
and northern red-legged frog (Rana aurora) were present at 
nearly every pond, and western toad (Anaxyrus boreas) tad-
poles occurred in a third of the ponds (Crisafulli et al. 2005).

13.3  Methods

13.3.1  Study Ponds

Our study focused on 97 ponds distributed over 460 ha on the 
debris-avalanche deposit, at elevations of 708–781 m. Two 
groups of ponds are divided by Coldwater Creek (Fig. 13.2). 
The study ponds range in surface area from 4.9 to 76  465 m2 
and in depth from 0.17 to 8 m, the largest being Maratta 
Lake. Although not all ponds were sampled every year, over 
the course of 3 years (2003–2005), we sampled a subset of 
97 ponds for amphibians and macroinvertebrates once per 
summer, for a total of 238 samples: 73 ponds sampled in 
2003, 69 ponds in 2004, and 96 ponds in 2005. Sampling 
occurred in early- to midsummer (late May through July) 
each year based on prevailing site conditions for that year. 
The accumulated precipitation for each water year (starting 1 
October the previous year, through 30 September) was 
167 cm in 2003, 216 cm in 2004, and 169 cm in 2005, as 
determined from daily SnoTel recordings at nearby Spirit 
Lake (NRCS 2013).

13.3.2  Macroinvertebrate Collection

We set aquatic funnel (minnow) traps (50 × 24 × 24 cm, 
mesh size 2.5 mm2, with 5-cm diameter openings at each 
end) for 24 ± 2 h in the littoral zone of each pond. Trap loca-
tions were distributed at more-or-less-equidistant intervals 
around the pond perimeters and in water 25–100 cm deep. 
The number of traps per pond ranged from 2 to 9 traps, 
depending on pond size. We pooled macroinvertebrates from 
each trap into a single composite sample for each pond. 
Aquatic macroinvertebrate specimens were immediately 
removed from traps and placed in 95% ethanol. We later 
sorted, counted, and identified individuals to the lowest prac-
tical taxon, generally species or genus depending on the life 
stage (Stonedahl and Lattin 1982, 1986; Larson et al. 2000; 
Needham et al. 2000; Westfall and May 2006; Merritt et al. 
2008). Voucher collections for the taxa described in this 
analysis currently reside at the Mount St. Helens National 
Volcanic Monument. We assigned each taxon a functional 
feeding group (FFG) that generally describes an individual’s 
feeding mechanism (Merritt et al. 2008).
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13.3.3  Habitat Parameters

During the summer of 2003, we recorded biophysical char-
acteristics of all 97 ponds and riparian areas (Table 13.1). For 
our analyses, we assumed these habitat parameters to be con-
stant across the three sampling years (2003–2005). We 
placed primary emphasis on hydrologic condition, substrate, 
and aquatic and riparian vegetation. We determined the 
hydro-days (number of days that a basin held water) from a 

water-level gauge, measured on at least six visits from May 
through October. For analyses, we divided hydro-days into 
four group classifications (hydroperiod) based on natural 
breaks in the data set, using January 1 as day 0: perennial, 
held water for 365 days; dry in autumn, 279 days or dry by 6 
October; dry in summer, 215 days or 3 August; and dry in 
spring, 147–189 days or 27 May–8 July. Of the 97 ponds, 40 
were perennial, 18 autumn-dry, 11 summer-dry, and 28 
spring-dry.

Fig. 13.2 Location of the 97 study ponds on the debris-avalanche deposit. Pond symbols are color-coded by hydroperiod and sized relative to 
pond surface area, following natural breaks in size groupings (5 circle size classes from small to large: 5–43 m2; 46–308 m2; 309–1265 m2; 
1359–9112 m2; 9331–76 465 m2). (Photo: USDA National Agricultural Imagery Program, 2013).
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We measured pond surface area at maximum water level 
with a tape or GPS (Trimble Scientific Instrument Model 
TSC1). During peak water level, we measured maximum 
pond depth with a graduated PVC pipe installed at the deep-
est location in each pond, or in the case of the deepest ponds, 
by sounding using a graduated, weighted line. We estimated 
benthic substrate proportions in the littoral zone by visually 
inspecting or scooping material into a collector at stations 
equidistant around the pond. We classified substrates as soil 
(including mineral, organic, or volcanic ash), sand, gravel 
and cobble, or boulder (Wolman 1954). Water chemistry and 
temperature are often important factors affecting the distri-
bution of aquatic organisms (Ward 1992); however, we were 
not able to gather that information from the study ponds over 
the course of this study.

For each pond, we visually estimated proportions of 
aquatic and riparian vegetation cover using a modified 
Daubenmire (1959) cover-class system (eight categories 
ranging from 0 to 100%). We used the midpoint of each 
cover class for analyses. We recorded the proportion of the 
pond covered by rooted emergent, rooted submergent, or 
free-floating vegetation. We defined the riparian zone as a 
3-m-wide band around each pond and recorded the propor-
tion of the riparian area covered by willows or trees (e.g., red 
alder or cottonwood, Populus sp.) separately. We estimated 
pond canopy cover (CC) with a densiometer at each sam-
pling location around the pond.

13.3.4  Statistical Analyses

We examined taxa-richness patterns at two levels, by sample 
and by hydroperiod. First, we analyzed taxa richness per 
sample (each pond separately for each year, n = 238). 
Because the number of traps set at each pond varied with 
pond size (two to nine traps/pond at each sampling event, 
more traps set in larger ponds), we needed to account for the 
effect of unequal effort on sample taxa richness. An explor-
atory analysis revealed a linear relationship between num-
bers of traps set, pond area, and sample taxa richness, so we 
chose analysis of covariance (ANCOVA). We fit a general-
ized linear model (GLM, R v.3.3.1) with a Poisson distribu-
tion (log link) to sample taxa richness to test for significant 
effects of number of traps, year, hydroperiod, pond area, 
depth, and their interactions. We log-10 transformed pond 
area and depth prior to statistical analyses to normalize their 
distributions.

Next, we analyzed total richness in the four hydroperiod 
groups. We used rarefaction to help account for unequal 
sampling effort within and among groups (different numbers 
of traps per pond and numbers of ponds per hydroperiod). 
Rarefaction is a method for estimating species richness 
through repeated sampling of pooled individuals by group 
(Gotelli and Colwell 2001). We conducted individual-based 
rarefaction of abundance data (EstimateS v.9.1) to generate 
taxa-richness curves with 95% confidence intervals (CIs) for 
each hydroperiod group and estimated taxa richness with 
standard error (SE) after standardizing the data to 606 indi-
viduals from the spring-dry group, the lowest number of 
invertebrates collected in any group (Colwell et al. 2012).

To examine assemblage-composition patterns, we used 
nonmetric multidimensional scaling (NMS, PC-ORD v.6.2) 
with Sorenson distance to ordinate 238 samples and 110 taxa 
with presence/absence data (McCune and Grace 2002). We 
limited multivariate analysis (and the following community 
analyses) to the presence or absence of taxa observed to 
reduce abundance biases associated with funnel-trap sam-
pling. The final solution was three dimensional with a stress 
of 20.85 and instability <0.0001, representing 61% of the 
total variance: axis 1 26%, axis 2 18%, and axis 3 17%. Joint 
plots (line vectors) display sample-level taxa richness and 
habitat parameters associated with each axis (Pearson’s cor-
relation coefficient |R| ≥ 0.45).

We used the multi-response permutation procedure 
(MRPP, PC-ORD v.6.2), a nonparametric analysis, with 
Sorenson distance, to test for community differences between 
samples grouped by hydroperiod (Mielke and Berry 2001). 
The MRPP provides a p-value and a measure of the effect 
size, or chance-corrected within-group agreement (A), that is 
independent of the sample size for each pairwise group 

Table 13.1 Habitat mean (±1 SE) parameters, by hydroperiod, mea-
sured at all 97 ponds during the summer of 2003. Canopy cover over the 
pond surface area is abbreviated as Pond CC.

Habitat Perennial Autumn-dry
Summer-

dry
Spring- 

dry
Ponds (#) 40 18 11 28

Area (m2) 5127 (2006) 1883 (666) 1514 (854) 217 (66)

Depth (cm) 228 (27) 121 (15) 83 (12) 76 (11)

Substrate
Soil (%) 19 (4) 39 (8) 60 (10) 68 (5)

Sand (%) 55 (4) 51 (8) 29 (7) 21 (4)

Gravel (%) 13 (2) 3 (2) 6 (4) 1 (1)

Cobble (%) 9 (2) 5 (2) 2 (2) 7 (2)

Aquatic vegetation cover
Emergent (%) 13 (3) 16 (4) 27 (11) 7 (2)

Submergent (%) 22 (5) 12 (4) 5 (2) 0

Floating (%) 14 (4) 9 (5) 1 (1) 0

Riparian vegetation cover
Willow (%) 12 (3) 11 (3) 31 (10) 36 (6)

Tree (%) 57 (5) 64 (7) 61 (10) 41 (8)

Pond CC (%) 31 (4) 35 (7) 50 (9) 54 (6)
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 comparison. The agreement statistic A describes within-group 
homogeneity compared to random expectation and can range 
from <0 (less agreement) to 1 (all items are identical).

To highlight large-bodied macroinvertebrate species posi-
tively associated with each hydroperiod group (Dufrene and 
Legendre 1997), we used indicator species analysis (ISA, 
PC-ORD v.6.2). We calculated indicator values for each 
taxon based on the relative abundance and frequency of 
occurrence in each of the four hydroperiods. Indicator values 
(IV) can range from 0 to 100, with a value of 100 meaning 
perfect indication (all individuals in a taxon only occur in 
one group, and all samples in that group contain that taxon). 
We tested indicator values for statistical significance using 
Monte Carlo randomizations (4999 permutations). Only spe-
cies with IV >10 and p-values <0.10 are listed for each 
hydroperiod.

13.4  Results

13.4.1  Taxonomic Diversity

Macroinvertebrate taxa varied among the 97 study ponds, 
both spatially and temporally, and were heavily influenced 
by relatively rare taxa. We collected 10,994 individuals rep-
resenting 110 taxa from 2 phyla and 4 classes (Arthropoda 
Insecta, Mollusca Gastropoda), 8 orders, 35 families, 68 sub-
families or genera, and 50 species or groups (Appendix 
13.1). Of the individuals collected, the majority were coleop-
teran, hemipteran, or odonate predators (Table 13.2). All of 
the scrapers were snails. Collector-gatherers were more 
diverse, represented by some coleopterans, dipterans, one 
ephemeropteran, and one trichopteran. Piercer-herbivores 
were primarily represented by a few coleopterans and hemip-
terans. The few shredders collected were mostly trichopter-
ans. The most widely distributed species was the predacious 
diving beetle, Acilius abbreviatus (85 ponds). Other fre-
quently observed taxa included another predacious diving 
beetle (Agabus sp., from 79 ponds), ram’s horn snails 
(Gyraulus spp. from 64 ponds), water boatmen (Callicorixa 
spp. and Hesperocorixa spp.), a backswimmer (Notonecta 
kirbyi), and midge and phantom midge larvae (Chironominae 
and Chaoborus spp.), all from 47 to 57 ponds.

Many taxa were spatially limited in distribution but not in 
any discernable pattern. Of the taxa observed, 20% (22 out of 
110 taxa) were collected from only one pond and 11% (12 
taxa) from two ponds. Only 7% (8 taxa) were collected from 
more than 50% of the ponds (Appendix 13.1). Taxa presence 
also varied temporally. Over the course of 3 years of sam-
pling, nearly a third of the taxa, 28% (31 taxa), were col-
lected in only 1 year, whereas 48% (53 taxa) were collected 
in all 3 years. The mean number of taxa per pond in each of 

the 3 years ranged from 10.2 to 11.4 (0.5–0.6 SE). In total, 76 
taxa were collected from 73 ponds in 2003, 73 taxa from 69 
ponds in 2004, and 95 taxa from 96 ponds in 2005. Temporal 
variability in taxa presence was high, but community com-
positions were ordinated similarly among years (Fig. 13.3a).

Table 13.2 Distribution by hydroperiod of macroinvertebrate taxa 
richness, catch per unit effort (CPUE, number of individuals/trap), 
dominance (% abundance by most abundant taxon), and proportional 
trap densities by functional feeding group and taxonomic order. Sample 
size (n) is the number of ponds sampled from 2003 to 2005 (total of 238 
samples). Most values are the sample average (±1 SE), except for 
observed total richness, which is the total number of taxa from all sam-
ples per hydroperiod. Rarified total richness was standardized to the 
number of invertebrates collected in the spring-dry group. FFGs that are 
entirely or primarily (~) represented within each taxonomic order are 
noted in parentheses.

Metric

Hydroperiod

Perennial
Autumn-
dry

Summer-
dry

Spring-
dry

N (no. samples) 120 52 31 35

Observed total richness 96 80 63 45

Rarefied total richness 63 (4.8) 50 (4.2) 54 (2.8) 45 (2.9)

Observed sample 
richness

12.0 (0.5) 11.4 (0.6) 9.8 (0.7) 6.4 (0.6)

CPUE (individuals/
trap)

7.1 (0.5) 10.7 (2.3) 7.1 (0.8) 4.5 (0.6)

Dominance (%) 36 (1.4) 40 (2.9) 38 (3.0) 47 (3.8)

Functional feeding group (%)
Predatora 69 (2.2) 68 (3.1) 73 (4.3) 73 (4.8)

Collector-gathererb 9 (1.3) 9 (1.7) 13 (3.9) 14 (3.4)

Scraperc 11 (1.3.) 12 (2.2) 7 (2.4) 4 (2.9)

Piercer-herbivored 10 (1.1) 11 (1.7) 6 (1.1) 7 (1.9)

Shreddere 1 (0.4) 1 (0.4) 1 (0.4) <1 (0.2)

Taxonomic order (%)
Coleoptera (~PRa) 33 (2.3) 33 (2.9) 43 (5.2) 60 (5.4)

Hemiptera (~PRa, 
~PHb)

26 (1.8) 32 (3.5) 22 (3.7) 13 (3.9)

Odonata (PRa) 18 (1.5) 11 (1.9) 11 (2.2) 2 (0.5)

Diptera (~CGb,~PRa) 8 (1.4) 9 (2.3) 15 (4.6) 18 (4.2)

Pulmonata (SCc) 11 (1.3) 12 (2.2) 7 (2.4) 4 (2.9)

Trichoptera 
(~CGb,~SHe)

3 (0.6) 1 (0.5) 1 (0.5) <1 (0.2)

Ephemeroptera (CGb) 1 (0.2) 1 (0.4) 1 (0.5) 2 (1.7)

Megaloptera (~PRa) 0 (0) <1 (<0.1) <1 (<0.1) 0 (0)

Functional feeding groups:
aPredator (PR)—attack and engulf or pierce live prey (aquatic insects, 
tadpoles, or small fish).
bCollector-gatherer (CG)—scavenge for decomposing fine particulate 
organic matter (detritus).
cScraper (SC)—scrape and graze live biofilm (algae, diatoms, bacteria, 
etc.) from rocks and plants.
dPiercer-herbivore (PH)—pierce tissues of live aquatic plants (emer-
gent, submergent, or floating plants).
eShredder (SH)—shred and chew coarse particulate organic matter (leaf 
litter, wood, etc.).
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13.4.2  Hydroperiod

Without accounting for differences in sampling effort, mean 
macroinvertebrate taxa richness was highest in perennial 
pond samples and lowest in spring-dry pond samples, but % 
dominance by the most abundant taxon was greatest in spring-
dry samples and lowest in perennial pond samples. Measures 
from summer-dry and autumn-dry samples were intermediate 
(Table 13.2). At the sample level, taxa richness was linearly 
related to pond area and to the number of traps set (Fig. 13.4). 
In Pearson correlation analyses, the number of traps was 
highly correlated to pond area (0.82), but less so to depth 
(0.51), whereas area and depth were somewhat correlated to 
each other (0.58). Thus, the number of traps was the only 
significant explanatory variable for taxa richness (p < 0.0001) 
when compared against hydroperiod, area, depth, year, and 
their interactions (p > 0.05). Rarefaction curves of taxa rich-
ness for each of the four hydroperiods show significantly 
greater richness in perennial ponds (63 taxa) compared with 
spring-dry ponds (45 taxa), having non- overlapping 95% CIs 
(Fig. 13.5), but not enough individuals were collected from 
spring-dry ponds for the rarefaction curve to reach an asymp-
tote, suggesting that more taxa would likely have been 
encountered with greater sampling intensity.

The NMS ordination of large-bodied macroinvertebrate 
communities showed a slight difference among samples 

grouped by hydroperiod (Fig. 13.3b). However, only spring- 
dry samples, as a group, were significantly different com-
pared with groups of perennial, autumn-dry, or summer-dry 
samples (MRPP, A ≥ 0.03, p < 0.0001). The other 
hydroperiod- group comparisons were either not statistically 
significant (p > 0.05) or had very low within-group agree-
ment (A < 0.01). Indicator taxa identified as significant by 
hydroperiod (higher indicator values than expected by 
chance) were diverse and represented 15 genera or species 
from 5 different orders (Table 13.3). However, the indicator 
taxa all had relatively low indicator values (11.1–30.3), 
meaning that their association to a hydroperiod, although 
statistically significant, was not strong.

Predatory macroinvertebrates were by far the most propor-
tionately abundant functional feeding group represented 
among all hydroperiods (mean 68–73%, Table 13.2). This is 
not surprising given the use of submerged funnel traps, which 
primarily capture large-bodied, mobile aquatic fauna such as 
coleopteran, hemipteran, and odonate predators. On average, 
proportionately more coleopteran larvae and adults, primarily 
Acilius abbreviatus, were collected from spring- dry ponds as 
compared with the other hydroperiods. However, a number of 
other coleopteran species were selected as indicator species 
of summer-dry, autumn-dry, or perennial ponds (Table 13.3). 
Hemipteran and odonate individuals were collected from 
ponds of all hydroperiods but were proportionately most 

Fig. 13.3 NMS ordination of large-bodied macroinvertebrate communities from 238 samples by 110 taxa of presence/absence data. Each point 
(sample) represents one pond sampled in 2003, 2004, or 2005. NMS axes 1 (26%) and 2 (18%) show samples coded by (a) year and (b) hydrope-
riod. Joint plots (black line vectors) show taxa richness and habitat variables correlated with the ordination axes (Pearson’s |R| ≥ 0.45). Axis 3 
(17%, not shown) was not correlated with any of the habitat variables measured.
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abundant in perennial or autumn- dry ponds. Water boatman 
(Corixidae spp.) and damselfly species (Enallagma, Ischnura, 
and Lestes) were indicators of perennial or autumn-dry ponds. 
Diptera, representing many different FFGs (Appendix 13.1), 

were proportionately most abundant at spring-dry ponds, pri-
marily Chironominae and Chaoborus species, the latter an 
indicator species for spring- dry ponds. The snails encoun-
tered in this study were all pulmonates (air-breathing), 

Fig. 13.5 Rarefaction curves (solid lines) with 95% CIs (shaded area) depicting estimated number of macroinvertebrate taxa by the number of 
individuals sampled, grouped by hydroperiod. Confidence intervals are not shown for autumn-dry or summer-dry curves, as they always over-
lapped the other curves.

Fig. 13.4 Taxa richness by the (a) number of traps set and (b) pond surface area. Each point represents one pond sampled in 2003, 2004, or 2005; 
color coded by hydroperiod (n = 238). In a, points are jiggered by hydroperiod along the x-axis around each whole number of traps. In a and b, 
not all points are visible owing to overlapping x- and y-axis values.

S.M. Claeson et al.



243

 scrapers of algae and detritus, and proportionately most abun-
dant from perennial and autumn- dry ponds. The bladder 
snails (Physa or Physella spp.) and European or big-ear radix 
(Radix auricularia, syn. Lymnaea auricularia), a non-native 
pond snail, were indicator species for perennial ponds.

13.4.3  Habitat

Only a few of the habitat parameters measured in this study 
were correlated with the ordination of large-bodied 
 macroinvertebrate community compositions from 238 
 samples collected over a 3-year period (Fig. 13.3). 
Macroinvertebrate communities distributed along axis 1 
were correlated with pond area, depth, and % canopy cover 
(Pearson’s R = −0.67, −0.49, and +0.72, respectively). In 
general, ponds with small areas and shallow depths were 
heavily shaded (high % canopy cover) when riparian vegeta-
tion was present. In contrast, larger and deeper ponds were 
more open to solar exposure (low % canopy cover) and 
tended to have greater macroinvertebrate taxa richness. 
Cover (%) by both emergent and submergent aquatic plants 
was weakly correlated with axis 1 (R = −0.37 and −0.35, 
respectively) and tended to be greater in large, open ponds. 
Taxa negatively correlated with axis 1 and large, open ponds 
were the water-scavenger beetles (Hydrophilidae, 
Tropisternus sp.), backswimmers (Notonecta kirbyi), and 
damselflies (Ischnura and Lestes) (R = −0.49, −0.48, −0.40, 
−0.41, respectively). The predacious diving beetle 

Colymbetes densus was positively correlated with axis 1 and 
small, shaded ponds (R = 0.43).

Macroinvertebrate communities distributed along axis 2 
were positively correlated with % riparian tree cover (R = 0.44) 
and weakly negatively correlated with % riparian willow cover 
and soil substrate (R = −0.41 and −0.35). Gyraulus snails, 
Chironominae larvae, and Aeshna dragonflies were positively 
correlated with axis 2 (R = 0.63, 0.48, 0.46, respectively); and 
A. abbreviatus was negatively correlated (R = −0.42). No mea-
sured habitat parameters were correlated with axis 3.

13.5  Discussion

The numerous ponds created in the wake of the 1980 erup-
tion of Mount St. Helens provided a unique opportunity to 
investigate fauna, including macroinvertebrate communities, 
in young (23- to 25-year-old) ponds following a large natural 
disturbance. Although the macroinvertebrates collected in 
this study were generally limited to large-bodied and mobile 
taxa owing to sampling methods meant for amphibians, the 
taxa reported here are the first and only documentation of 
invertebrates from this unique complex of ponds on the 
Mount St. Helens debris-avalanche deposit. The aquatic 
macroinvertebrates observed in these young ponds are 
already more diverse and functionally complex than those 
found in older volcanic lakes isolated on oceanic islands 
(e.g., Lake Wisdom and Lake Dakataua, Papua New Guinea) 
(Ball and Gluckman 1980). This diversity is likely due to the 

Table 13.3 Community composition indicator species for each hydroperiod with indicator values (IV) >10 and α = 0.10. 
Functional feeding group abbreviations match those defined in Table 13.2.

Order Family Genus/species
Functional  
feeding group Indicator value p-value

Perennial

Odonata Coenagrionidae Ischnura sp. PR 30.3 0.0002

Odonata Coenagrionidae Enallagma sp. PR 18.1 0.0042

Coleoptera Hydrophilidae Tropisternus sp. PR 17.7 0.0844

Hemiptera Corixidae Hesperocorixa sp. PH 17.3 0.0886

Pulmonata Lymnaeidae Radix auricularia SC 12.5 0.0066

Coleoptera Dytiscidae Neoporus undulatus PR 11.7 0.0088

Pulmonata Physidae Physa/Physella sp. SC 11.1 0.0264

Autumn-dry

Hemiptera Corixidae sp. PH 20.5 0.0736

Coleoptera Dytiscidae Rhantus consimilis PR 18.9 0.0112

Odonata Lestidae Lestes sp. PR 18.3 0.0296

Summer-dry

Coleoptera Dytiscidae Dytiscus sp. PR 19.4 0.0088

Odonata Libellulidae Sympetrum sp. PR 14.1 0.0128

Spring-dry

Coleoptera Dytiscidae Acilius abbreviatus PR 24.7 0.0790

Diptera Chaoboridae Chaoborus sp. PR 18.4 0.0164

Coleoptera Hydrophilidae Hydrobius sp. CG 14.4 0.0074

Coleoptera Dytiscidae Rhantus binotatus PR 11.3 0.0092
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relatively close proximity of the Mount St. Helens ponds to 
other water bodies and sources of potential colonists, as 
compared with freshwater-limited islands. Although taxa 
richness was greater at Mount St. Helens, the general types 
of aquatic invertebrates observed here were similar to those 
found at other volcanoes (e.g., snails, dytiscid beetles, drag-
onflies, damselflies, backswimmers, water striders, chirono-
mid larvae, and some caddisflies).

Invertebrate predators were proportionately the most 
abundant FFG collected from both seasonal and perennial 
ponds, and they increased in richness with increasing water 
permanence. Sampling methods undoubtedly influenced our 
results; however, in water bodies without fish, a robust 
invertebrate- predator assemblage is expected (Larson 1990; 
Wellborn et al. 1996; Tarr et al. 2005). Plus, many of the taxa 
identified here were also reported from 41 oligotrophic lakes 
in North Cascades National Park, Washington (Hoffman 
et al. 1996). Of the insect orders that are predominantly pred-
ators, we observed five of six Odonata families (all but 
Cordulegastridae), four of six Hemiptera families, the one 
Megaloptera family and genus, and four of five Coleoptera 
families (all but Chrysomelidae) that Hoffman and col-
leagues found using sweep nets, benthic cores, and hand-
picking of invertebrates. We also observed three of four 
gastropod families (all but Ancylidae), three of five 
Ephemeroptera families (all but Heptageniidae and 
Siphlonuridae), five of six Trichoptera families (all but 
Brachycentridae), and eight of 14 Diptera families found by 
Hoffman and colleagues. However, we did not collect any 
stoneflies, whereas Hoffman and colleagues found seven 
Plecoptera families. Surveys of lakes in Glacier National 
Park, Montana, in the Northern Rocky Mountains, yielded 5 
families and 11 genera of stoneflies (Newell and Baumann 
2013). Plecopteran nymphs are primarily invertebrate shred-
ders or predators, and many have body sizes as large as or 
larger than individuals of other species we collected in the 
funnel traps. Although typically lotic, some plecopteran spe-
cies can occur in lentic environments such as windswept 
shorelines that are similar in many respects to lotic habitats. 
Plecopterans may be present in Mount St. Helens ponds at 
low densities or in habitats not sampled. More thorough 
invertebrate and habitat-sampling efforts would be required 
to detect whether they are present.

Although other studies have reported decreased species 
richness with decreasing hydroperiod length (Collinson et al. 
1995; Della Bella et al. 2005; Tarr et al. 2005; Silver et al. 
2012), in our analysis at the sample level, we were not able 
to find a clear, significant relationship between taxa richness 
and hydroperiod when sampling effort was taken into 
account. However, we did observe lower rarified taxa- 
richness estimates and different community compositions in 
the shortest hydroperiod, spring-dry ponds, as compared 
with perennial ponds. Communities from perennial ponds 
had odonate, corixid, and snail indicator species, whereas 

communities from spring-dry ponds had dipterans and the 
dytiscid Acilius abbreviatus as indicator species. These 
results are similar to others who have observed odonates to 
be dominant predators in permanent waters and dytiscids, 
especially Acilius spp., to be more abundant in temporary 
habitats (Larson 1990; Tarr et al. 2005).

Hydroperiod, both in terms of seasonality and predictabil-
ity, can affect species survival and population dynamics. For 
some species, like odonates, seasonal ponds could be popula-
tion sinks, as many species require 1–2 years in water to 
mature (Merritt et al. 2008). However, we collected both drag-
onfly (Aeshna, Libellula) and damselfly (Enallagma, Lestes) 
nymphs in a few spring-dry ponds. These individuals may not 
have survived to metamorphosis, but at least some species of 
Lestes are known to successfully reproduce in temporary 
ponds (Westfall and May 2006). Aquatic invertebrates have 
evolved different ways to survive a dry phase to complete their 
life cycles, including burrowing, desiccation- resistant or dia-
pausing eggs, residing under moist benthic material, and adult 
emergence before pond desiccation. The majority of the spe-
cies observed in this study are capable of aerial dispersal as 
adults and many are considered strong fliers, especially the 
beetles, hemipterans, and dragonflies (Poff et al. 2006). 
Although not capable of active overland dispersal, aquatic 
snails are able to use water birds as passive dispersal vectors 
through internal (e.g., stomach) or external (e.g., legs, feath-
ers, or bill) transport (van Leeuwen and van der Velde 2012; 
van Leeuwen et al. 2012). Therefore the distance between 
ponds was likely not as important to species establishment as 
the availability and synchronization of wet and dry habitats 
that coincide with species life-history requirements.

In general, differences in macroinvertebrate communities 
between the ponds appeared to be influenced more by pond 
size and canopy cover, rather than by hydroperiod alone. 
Larger ponds may have greater within-pond habitat diver-
sity and may also be larger targets for discovery and coloni-
zation by immigrating species. Pond hydroperiod, size, and 
canopy cover are all somewhat correlated, as perennial 
ponds were generally large and deep, with low canopy 
cover, although this was not always the case. Some ponds 
were quite large in surface area but shallow and seasonal. 
Other ponds were small in area, but deep and perennial, and 
may or may not have been surrounded by riparian vegeta-
tion that shaded the pond.

13.6  Conclusions

Large-bodied macroinvertebrate communities from ponds on 
the Mount St. Helens debris-avalanche deposit were highly 
variable in spite of their overall close geographical proximity, 
shared regional species pool, and similar creation/disturbance 
history. The ponds comprised a broad range of hydroperiods 
and biophysical characteristics. Much of the variability in 
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taxa presence may be due to seasonal drying, stochastic colo-
nization events, or habitat differences, including factors not 
measured in this study. The vegetation on the debris-ava-
lanche deposit during our study was at an early- successional 
stage and ranged from meadow to early deciduous- forest 
communities. As the plant communities become dominated 
by coniferous forest, the aquatic  communities will likely 
change in response to environmental conditions. This study 
was the first to look at aquatic macroinvertebrates inhabiting 
these ponds; however, it is clear that to better understand their 
faunal assembly, we need macroinvertebrate community data 

from unbiased sampling methods and water-quality measure-
ments of temperature, dissolved oxygen, and chemistry.
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Appendix 13.1 Taxa collected from 97 ponds on the MSH debris-avalanche deposit from 2003 to 2005 via funnel traps in the 
littoral zone. Species in parentheses were identified from only a few reference individuals; therefore, other species are possibly 
present. Functional feeding groups (FFG) are collector-gatherers (CG), piercer-herbivores (PH), predators (PR), scrapers (SC), 
shredders (SH), and unknown (UN). The number of ponds each taxon was captured from is listed below. CPUE (individuals/
trap) are the sum of the number of individuals, by life stage, per pond per year standardized by the number of traps.

Class, order, family Subfamily, genus, and/or species FFG Ponds (no.)
CPUE (indiv./trap)

Larvae Pupae Adults
Insecta
 Coleoptera

  Dytiscidae spp. PR 30 6.4 0 2.3

Acilius abbreviatus PR 85 80.7 0 127.0

Agabus spp. (austinii, lutosus, 
seriatus)

PR 79 15.0 0 76.9

Boreonectes sp. PR 21 0.5 0 8.4

Boreonectes griseostriatus PR 17 0 0 4.7

Colymbetes spp. PR 5 1.9 0 0

Colymbetes densus PR 34 0.3 0 15.7

Colymbetes sculptilis PR 1 0 0 0.2

Coptotomus longulus PR 18 0.9 0 7.7

Dytiscus spp. PR 45 30.7 0 0.3

Dytiscus cordieri PR 9 0 0 1.6

Dytiscus hatchi PR 1 0 0 0.3

Dytiscus marginicollis PR 20 0 0 4.5

Graphoderus spp. PR 5 1.3 0 0

Graphoderus liberus PR 7 0 0 1.5

Graphoderus perplexus PR 14 0 0 6.0

Hygrotus spp. PR 6 0 0 1.9

Hygrotus sayi PR 4 0 0 0.8

Hydaticus aruspex PR 3 0 0 0.7

Hydroporus spp. PR 8 0 0 1.8

Ilybius spp. PR 16 0 0 3.8

Ilybius fraterculus PR 1 0 0 0.3

Ilybius quadrimaculatus PR 16 0 0 5.4

Laccophilus maculosus decipiens PR 31 0.8 0 18.1

Liodessus obscurellus PR 1 0 0 0.1

Neoporus undulatus PR 14 0.1 0 6.9

Rhantus spp. PR 17 5.5 0 0.3

Rhantus binotatus PR 13 0 0 5.3

Rhantus consimilis PR 42 0 0 30.3

(continued)
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Appendix 13.1 (continued)

Class, order, family Subfamily, genus, and/or species FFG Ponds (no.)
CPUE (indiv./trap)

Larvae Pupae Adults
  Gyrinidae Gyrinus spp. PR 17 0.3 0 3.5

  Haliplidae Haliplus spp. PH 15 0.4 0 2.5

Peltodytes spp. (callosus) PH 10 3.7 0 1.3

  Hydrophilidae spp. PR 9 2.8 0 0

Berosus spp. PH 39 1.6 0 15.3

Hydrochus spp. SH 2 0 0 0.4

Hydrobius spp. CG 24 5.4 0 8.3

Tropisternus spp. (lateralis, 
limbalis)

PR 44 2.0 0 34.5

 Diptera

spp. UN 6 0.3 0.9 0

  Ceratopogonidae spp. PR 2 0.3 0.1 0

Bezzia spp. PR 3 0.3 0 0

Chaoborus spp. PR 49 42.0 23.9 1.5

  Chaoboridae spp. CG 18 0.4 3.6 2.3

Chironominae spp. CG 52 93.1 0 0

Orthocladiinae spp. CG 11 3.0 0 0

Tanypodinae spp. PR 14 10.4 0 0

  Culicidae spp. CG 3 0 6.8 0

Aedes sp. CG 2 3.0 0 0

Anopheles sp. CG 1 0.3 0 0

Culiseta sp. CG 4 17.0 0 0

Culex sp. CG 2 0.4 0 0

  Dixidae Dixella sp. CG 6 2.0 0 0

  Sciomyzidae spp. PR 2 0.3 0 0

  Tabanidae spp. PR 1 0.1 0 0

  Tipulidae Tipula sp. SH 1 0.1 0 0

 Ephemeroptera

sp. UN 1 0.3 0 0

  Baetidae Callibaetis fluctuans CG 33 14.4 0 0.3

  Caenidae Caenis youngi CG 7 3.2 0 0

  Leptophlebiidae Paraleptophlebia spp. CG 2 0.5 0 0

 Hemiptera

  Belostomatidae Lethocerus americanus PR 16 0.5 0 2.7

  Corixidae spp. PH 66 80.5 0 9.7

Callicorixa spp. (vulnerata) PR 46 0.7 0 29.7

Hesperocorixa spp. (atopodonta, 
laevigata, michiganensis, vulgaris)

PH 57 0 0 49.1

  Gerridae Gerris spp. PR 17 3.0 0 1.7

  Nepidae Ranatra fusca PR 11 0 0 2.7

  Notonectidae spp. PR 43 140.4 0 0

Buenoa spp. PR 1 0 0 0.1

Notonecta spp. PR 55 63.6 0 16.8

Notonecta kirbyi PR 49 0.3 0 172.0

Notonecta undulata PR 26 0 0 23.0

 Megaloptera

  Sialidae Sialis rotunda PR 2 0.4 0 0

 Odonata

spp. PR 2 0.1 0 0.1

  Aeshnidae spp. PR 16 3.6 0 0

Aeshna sp. PR 46 22.0 0 0

(continued)
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Characteristics of a New Rainbow Trout 
Population: Spirit Lake, Mount St. 
Helens Volcano, 2000–2015
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14.1  Introduction

Intense large-scale natural disturbances such as deep-seated 
landslides, extreme floods, and volcanism have shaped fresh-
water fish communities in the Pacific Northwest for millen-
nia. Extreme disturbance may result in evolution of aquatic 
habitats on new landforms or, in other cases, create habitats 
that retain legacies of the prior landscape. Yet, little is known 
about the immediate ecological responses of fish to these 
post-disturbance aquatic habitats. In the Pacific Northwest, 
volcanism is a pervasive agent of disturbance, and much of 
the region’s physiography and associated biota have been 
shaped by Cascade Range eruptions. Mount St. Helens, 
Washington, is the most active stratovolcano in the Cascade 
chain, with at least 20 eruptions in the last 4000 years, 
including the most recent large eruption on 18 May 1980. 
This eruption was highly energetic, grossly transforming 
more than 570 km2 of Cascadian forest, meadow, riverine, 
and lake habitats. Several 1000s km2 were disturbed to a 
lesser extent by the deposition of wind-borne pumice and ash 
(Foxworthy and Hill 1982). The geophysical events during 
this eruption created multiple disturbance zones (Fig. 14.1) 
that collectively form a disturbance mosaic or gradient 
(Swanson and Major 2005). The resulting landscape pro-
vides a rare opportunity to observe responses of fish in a 
post-eruption landscape. Our objective was to observe long- 

term responses of adfluvial rainbow trout (Oncorhynchus 
mykiss) following their establishment in the post-eruption 
Spirit Lake basin, the water body nearest to Mount St. 
Helens.

14.1.1  Pre-eruption Fish at Mount St. Helens

Streams and rivers draining Mount St. Helens are part of the 
lower Columbia River system, the largest drainage in the 
Pacific Northwest. The lower Columbia River network has 
historically supported 37 of the 52 freshwater fishes found 
throughout the entire Columbia River basin, 12 of which 
exist only in that part of the network (McPhail and Lindsey 
1986). Fish fauna in the three major drainage networks at 
Mount St. Helens, the Lewis River, Kalama River, and 
Cowlitz River, are represented by 8 families and 26 species 
(Bisson et al. 2005). This includes 11 species of salmonids, 
making this region among the most productive for anadro-
mous fish in southern Washington (McPhail and Lindsey 
1986). The distributions of these fish communities are deter-
mined primarily by natural barriers (e.g., waterfalls) that 
limited dispersal (Swanson et al. 2005) and gene flow 
(McPhail and Lindsey 1986).

Natural geologic barriers also influence fish access to 
lakes in the region. Prior to 1980, there were 37 lakes in the 
Mount St. Helens vicinity, most of which were probably 
devoid of fish prior to the arrival of European settlers in the 
late nineteenth century (Crawford 1986). The notable excep-
tion was Spirit Lake (Fig. 14.1), owing to its connectivity 
with the Toutle River and the lack of physical barriers to fish 
dispersal. As a result, Spirit Lake was accessed by sea- run 
coastal cutthroat (O. clarkii clarkii), winter steelhead (sea-
run O. mykiss), and coho salmon (O. kisutch) (Bisson et al. 
2005). Numerous other species that are present throughout 
the region may also have inhabited Spirit Lake, though no 
comprehensive survey records exist for the pre-1980 fish 
community. Additionally, Spirit Lake was inhabited by fish 
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that arrived via stocking activities, a common practice among 
Mount St. Helens lakes in the early to mid-1900s. Rainbow 
trout (resident form of O. mykiss) were the first documented 
species to be stocked in Spirit Lake, beginning circa 1913 
and continuing through 1979 (Lucas and Weinheimer 2003). 
Limited records from the Washington Department of Fish 
and Wildlife, Vancouver, document that summer-run steel-
head, brook trout (Salvelinus fontinalis), and cutthroat trout 
stocking activities also occurred prior to the eruption.

14.1.2  Post-eruption Aquatic Environments

How aquatic environments were affected by the 1980 erup-
tion depended on the type and intensity of disturbance they 
received. Several major tributaries of the lower Columbia 
River, including the North Fork Toutle and Cowlitz Rivers, 
were affected by lahars and subsequent flooding related to 

the debris-avalanche deposit (Swanson and Major 2005) that 
was created by the catastrophic collapse of the volcano’s 
northern flank. The South Fork Toutle River also received a 
large, intense lahar spawned from melting glaciers on the 
volcano’s western flank. The most severely affected was the 
Toutle River drainage, a tributary to the Cowlitz River, in 
which the entire main stem and the lower reaches of numer-
ous tributaries were obliterated (Major et al., Chap. 2, this 
volume). The immediate outcome was likely a loss of all 
fishes throughout the main stem Toutle River and a reduction 
of fishes throughout some tributaries of the watershed 
(Bisson et al. 1988, 2005). Smaller lahars affected the Muddy 
River and Smith Creek, tributaries of the Lewis River, when 
pyroclastic flows melted snow and ice on the north and east 
flank of the volcano (Swanson and Major 2005; Lisle et al., 
Chap. 3, this volume). The Green River and the upper reaches 
of Clearwater Creek received lithics, pumice, and ash from 
the blast pyroclastic density current, commonly referred to 

Fig. 14.1 Disturbance zones from the 1980 eruption of Mount St. Helens (Cartography by Kathryn Ronnenberg, USDA Forest Service, Pacific 
Northwest Research Station).
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as the lateral blast and hereafter called the blast PDC, which 
altered channel substrate and morphology (Bisson et al. 
2005). Drainages in the tephrafall zone such as the Cispus 
River and Clear Creek received varying thicknesses of pum-
ice and ash.

Lakes were disturbed at varying intensities ranging from 
a light dusting of tephra in distant locations to the total trans-
formation of basin morphometry in the Spirit Lake basin. 
The primary disturbance to Spirit Lake was displacement of 
the lake’s water and filling of the former basin by a gigantic 
debris avalanche generated by the collapse of the volcano’s 
northern flank. The debris avalanche was succeeded by a 
blast PDC. When the avalanche entered the lake, it generated 
an enormous wave that sloshed water up the basin’s steep 
walls, stripping off the forest and carrying back down into 
the elevated basin where it created a massive floating log mat 
on the lake’s surface (Fig. 14.2a). In the aftermath, the opti-
cal, chemical, and biological properties of the water had 
been grossly transformed; this included diminished light 
transmission and water clarity, elevated water temperatures, 
and increased levels of nutrients and chemically reduced 
metals. The substantial input of organic materials caused 
proliferation of heterotrophic bacteria leading to anoxic con-

ditions, resulting in a loss of all biota requiring oxygen 
(Dahm et al. 2005). Moreover, the gross nutrient enrichment 
increased productivity and transformed the lake from an 
ultra-oligotrophic system (Bortleson et al. 1976; Wissmar 
et al. 1982) typical of high lakes in the Cascades to a meso-
trophic system. The 1980 eruption created conditions such 
that in-lake survival of fish was not possible and the lake was 
no longer accessible to fish from source populations down-
stream, as all water connectivity was blocked by the debris- 
avalanche deposit.

Studies of fish in the post-eruption Mount St. Helens 
aquatic landscape focused primarily on the responses of 
game fish (steelhead, coho salmon, and cutthroat trout) in the 
Toutle River (Stober et al. 1981; Martin et al. 1982; Redding 
and Schreck 1982; Lucas and Crawford 1986; Lucas and 
Pointer 1987; Bisson et al. 1988; Leider 1989; Olds 2002), 
probably because it was the most intensely disturbed water-
shed and represented an important fishery in the lower 
Columbia River Basin. Other work assessed the influence of 
in-stream habitat on survival and recolonization. Between 
1981 and 1982, studies of nine streams in the debris- 
avalanche deposit found that high winter mortality of coho 
salmon was associated with unstable channel morphology, 

Fig. 14.2 Photoplate of (a) the Spirit Lake basin and (b–d) tributaries in three disturbance zones. In Spirit Lake photo (a), note floating logs form-
ing a large mat in the western portion of the lake. Photos: (a) Douglas Larson, (b–d) Tara Blackman.
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high suspended-sediment loads, and insufficient cover as 
compared with undisturbed reference streams (Martin et al. 
1986). In the blowdown-forest and tephrafall zones (see 
Fig. 14.1), survival of resident fish was attributed to refugia 
provided by headwater lakes covered by snow and ice during 
the 1980 eruption (Hawkins and Sedell 1990; Crisafulli and 
Hawkins 1998) and to tributaries with connectivity to the 
less disturbed tephrafall zone (Bisson et al. 2005).

Trout surveys in lakes within the blast area were also con-
ducted in the post-eruption landscape. Between July 1980 
and August 1985, 12 of 18 previously stocked lakes in the 
blast area contained surviving fish populations, attributed to 
protective snow and ice covering the lakes during the erup-
tion (Crawford 1986). Char (S. fontinalis and S. namaycush) 
subsequently persisted in lakes for decades in the absence of 
stocking (Lucas and Weinheimer 2003), presumably because 
of their lentic-spawning characteristics. In contrast, stream-
spawning rainbow trout and cutthroat trout perished as a 
result of initially lethal water quality and the absence of suit-
able spawning and rearing habitat (Bisson et al. 2005). In 
Spirit Lake, gillnetting in the years immediately following 
the eruption yielded no fish (Crawford 1986; Lucas and 
Weinheimer 2003), which was no surprise given the post-
eruption conditions. Unexpectedly, rainbow trout were 
observed in Spirit Lake in 1993, likely the result of clandes-
tine stocking, and have since maintained a self- sustaining 
population (Bisson et al. 2005). No other fish species are 
known to live in the lake as of 2015. Some of Spirit Lake’s 
tributaries were opportunistically surveyed (visually and by 
electrofishing) between 1983 and 2005; fish were not 
observed (Lucas and Weinheimer 2003), although the extent 
and rigor of these surveys is unclear. In 2011, rainbow trout 
were visually observed by the authors in several streams on 
the southwest shoreline that drain the pyroclastic-flow zone. 
By 2012, we detected fish in six of the nine flowing tributar-
ies. These observations coincided with major geomorphic 
and ecological changes to the terrestrial landscape in the 
basin (Fig. 14.2b–d), during which time drainage networks 
began to stabilize and incipient riparian vegetation had mark-
edly increased. These observations, in part, provide the foun-
dation for this study because lake-dwelling rainbow trout use 
streams for reproduction (Wydoski and Whitney 2003) and 
the availability of stream habitat may strongly influence the 
recruitment of new individuals and, by extension, may 
directly affect trout population characteristics of the lake.

In this study, we observed changes in the Spirit Lake rain-
bow trout population between 2000 and 2015 using hook-
and-line and gillnet sampling to assess how individual length, 
mass, size-at-age, and population size have changed. We 
expected that population size would increase over time but 
individual lengths and mass would decline as a result of 
increased intraspecific competition. We were also interested 
in the diet of rainbow trout in Spirit Lake because prey type 

and relative availability provide additional information on 
shifts in population dynamics. Lastly, we inventoried stream 
habitat available to trout in the Spirit Lake basin and sur-
veyed trout presence and abundance to provide a snapshot of 
stream use. We anticipated that presence and abundance of 
trout would be greater in reaches with more slow-water habi-
tat, a characteristic of stable channel morphology.

14.2  Materials and Methods

14.2.1  Study Site

The Spirit Lake basin (0565687 E 5122921 N, zone 10T, 
datum WGS84) is located on the north side of Mount St. 
Helens. The morphometry of the lake was severely altered by 
the debris avalanche, which displaced the surface elevation 
roughly 60 m above its pre-eruption level of 975 m (masl), 
with a current surface area almost double that of the pre-1980 
lake. Because Spirit Lake no longer had an outlet into the 
North Fork Toutle River drainage basin after the eruption, the 
Army Corps of Engineers started construction on a tunnel in 
1985 to begin an artificial drawdown to manage the rising vol-
ume of the lake. The steep exit point into South Coldwater 
Creek (Fig. 14.1) creates an impassable fish barrier, as does 
the ~10-m vertical waterfall on Coldwater Creek just upstream 
from the confluence with North Fork Toutle River. Therefore, 
fish cannot enter Spirit Lake from any downstream locations.

The lake currently has a volume of 0.235 km3, surface area 
of 10.33 km2, and a maximum depth of 36 m. Much of the 
extensive coniferous forest surrounding the lake that was lev-
eled during the eruption has for the past 36 years floated as a 
giant log mat covering roughly 25–35% of the lake’s surface. 
Biogeochemical conditions changed rapidly over the first few 
post-eruption years, leading to improved water quality and 
establishment of species-rich phytoplankton and zooplankton 
communities by 1986 (Larson 1993; Dahm et al. 2005; Larson 
et al. 2006; Gawel et al., Chap. 4, this volume).

We sampled for fish primarily in Duck Bay, a long, shal-
low bay that extends southeast from the main lake body. Duck 
Bay is characterized by an extensive, shallow littoral zone 
dominated by dense macrophytes including water crowfoot 
(Ranunculus aquatilis), hornwort (Ceratophyllum demer-
sum), and several pondweeds (Potamogeton spp.). Other sam-
pling areas included Donnybrook and Bear Cove (Fig. 14.3); 
however, we sampled these areas much less frequently.

We surveyed all streams draining into Spirit Lake, encom-
passing three disturbance zones: pyroclastic flow, debris- 
avalanche deposit, and blowdown forest (Fig. 14.3). Inlet 
streams draining the pyroclastic-flow zone include Willow 
Springs, Clear Creek, Geothermal Creek, and Camp Creek. 
The pyroclastic-flow deposit is roughly 40 m thick and is 
composed of pumiceous gravels and cobbles that are highly 
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Fig. 14.3 Study sites in the Spirit Lake basin (Cartography by Kelly Christiansen, USDA Forest Service, Pacific Northwest Research Station).

susceptible to erosion. This material overlays very deep lay-
ers (several 10s m) of the volcano’s former summit that were 
deposited as part of the debris avalanche, along with lithics 
from the blast PDC. Streams flowing through this substrate 
are characterized by chronic channel instability (e.g., high 
sediment transport, channel avulsions, seasonal dewatering); 
even low-intensity rain events can result in flows that entrain 

and transport sediment. Thirty-five years post eruption, the 
broader landscape on the pyroclastic flow is still in early 
stages of plant primary succession dominated by graminoids 
and forbs (del Moral and Titus, Chap. 7, this volume), 
although some stream sections have developed riparian com-
munities of deciduous shrubs including Sitka willow (Salix 
sitchensis) and green alder (Alnus viridis).

14 Characteristics of a New Rainbow Trout Population: Spirit Lake, Mount St. Helens Volcano, 2000–2015
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Catchments in the debris-avalanche deposit include 
Beaver Creek and Bear Creek, which are characterized by 
steep hummocks composed of landslide material displaced 
from the former north flank and summit of Mount St. Helens. 
Adjacent tributaries flowing over the portion of the debris- 
avalanche deposit that traveled down the Toutle drainage 
were subjected to significant channel shifts, scour, and depo-
sition from 1980 through 2000 (Swanson and Major 2005) 
and had annual suspended-sediment yields that exceeded 
500 times the background level of typical Western Cascades 
rivers (Major et al. 2000). The streams in this study likely 
underwent similar initial post-eruption processes as channel 
development proceeded but stabilized much sooner. In con-
trast to streams on the pyroclastic flow, the upper reaches of 
debris-avalanche streams in the blowdown zone retained 
physical legacies of pre-eruption channel conditions. The 
riparian community is in the shrub/sapling successional 
stage, dominated by large willows and alder shrubs with 
some red alder trees (A. rubra). Additionally, there is signifi-
cant American beaver (Castor canadensis) activity, particu-
larly near the outlets into Spirit Lake, creating a large 
complex of interconnected pools.

The blowdown zone was created by the blast PDC, which 
toppled forest over 370 km2 (Swanson and Major 2005). 
Norway Creek was the only perennial stream flowing into 
Spirit Lake in the blowdown zone during this study. This 
drainage is characterized by large woody debris in the stream 
channel and a well-developed riparian habitat in a shrub/sap-
ling successional phase dominated by willow and alder. In 

contrast to both the debris-avalanche and pyroclastic-flow 
streams, which underwent significant channel development 
following the eruption, Norway Creek retained its original 
channel morphology and has embedded and stable substrate.

14.2.2  Trout Sampling

14.2.2.1  Spirit Lake Gillnet Sampling
We sampled trout with gillnets, generally between May and 
October (Table 14.1). We measured fish fork length (mm) 
and mass (g) and collected scale samples. Additionally, we 
took sagittal otoliths from 163 individuals during the 2012, 
2014, and 2015 gillnet surveys. We selected 24 trout for 
determining both otolith-based ages and scale-based ages to 
evaluate accuracy of the two aging methods, with 96% con-
cordance between them. We explored relationships between 
trout length and mass through simple linear regression, in 
which the estimated mean length (or mass) was modeled as a 
function of time (years).

We calculated relative biomass and catch per unit effort 
(CPUE) of trout captured in gillnet surveys by dividing the 
total mass (kg) or number of fish captured by the total time 
the net was deployed (hours) and the net’s area (m2). Nets 
used in 2015 had a section of 2.5-cm mesh, which was much 
smaller than mesh on nets used in previous years; the 2.5-cm 
section did not catch any fish. For these reasons, we did not 
include the 2.5-cm portion of the net in the CPUE 
calculations.

Table 14.1 Summary of sampling captures and dates for (a) angling and (b) gillnet methods.

(a) Angling

Year Sampling period
Number 
captured Year Sampling period Number captured

2000 7 Oct–3 Nov 48 2008 18 Jun–8 Oct 188

2001 4 Jun–17 Nov 16 2009 1 Jun–15 Sep 207

2002 28 Jul–26 Oct 73 2010 17 May–2 Nov 300

2003 5 Jul–8 Nov 115 2011 12 Jun–25 Oct 236

2004 22 Jun–22 Nov 46 2012 10 May–7 Sep 110

2005 11 May–12 Sep 88 2013 30 Jul–7 Sep 58

2006 1 Jul–30 Oct 216 2014 4 Jul–29 Jul 55

2007 7 May–6 Nov 242 2015 28 Jul–9 Sep 42

(b) Gillnet

Year
Number 
captured Sampling dates Duration (hours) Net location (no. of nets) Net dimensions (m) Mesh size (cm)

2000 15 25–26 Jul 18.42 Duck Bay (2) 15.24 × 2.0 5, 10, 12.5

2006 26 25–26 Jul 20.5, 21.5 Duck Bay (2) 15.24 × 2.0 5, 10, 12.5

2012 27 18–19 Sep 22.83, 27.0 Duck Bay (1), Donnybrook (1) 15.24 × 2.0 5, 10, 12.5

2014 80 3–8 Sep* 18.0, 117.5a Duck Bay (1), Bear Cove (1) 66.0 × 2.2 5.5, 10, 12.5

2015 59 9–10 Sep 23.72, 23.4 Duck Bay (2) 49.5 × 2.2 2.5b, 5, 7.5, 10
aNet in Bear Cove was deployed from 3 to 8 September and the net in Duck Bay from 3 to 4 September.
bThe 2.5-cm portion of net was excluded from analysis.
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14.2.2.2  Spirit Lake Angling Surveys
We used barbless-hook lures in angling surveys for mark- 
recapture sampling (Table 14.1). We marked individual fish 
with uniquely numbered spaghetti tags, collected scale sam-
ples, and recorded fork length (mm) and mass (g) before 
release. Opportunistically, we took sagittal otoliths from 123 
individuals that perished.

We determined population estimates for Spirit Lake using 
a closed-population, multiple capture-recapture calculation. 
We included any marked fish in the model for 3 consecutive 
years after their initial capture and not thereafter, as fish were 
never recaptured more than 3 years after initial capture. 
Although multiple sampling sessions took place in a year, we 
treated each year as an independent sampling period. Owing 
to restricted lake access, we used only captures from Duck 
Bay in the calculation, because a disproportionate number of 
the captures (>80%) occurred in this location, limiting the 
scope of inference to Duck Bay.

14.2.2.3  Stream Habitat and Trout Sampling
In order to quantify the amount and type of flowing water 
available to stream-dwelling fish, we surveyed stream habitat 
accessible to rainbow trout between 9 July and 9 August 
2013. We began a survey at the mouth of each stream where 
it entered the lake and progressed upstream until we reached 
a significant fish barrier (i.e., subterranean flow or a steep 
waterfall). We identified all geomorphically and hydrologi-
cally distinct habitat units 1 m2 or larger as one of three habi-
tat classifications modified from Hawkins et al. (1993): 
“slow,” which encompassed all nonturbulent flow (pools and 
runs); “intermediate,” defined as having a gradient <4% 
(low-gradient riffles); and “fast,” defined as gradients ≥4% 
(high-gradient riffles and cascades). We recorded the linear 
distance (m) and wetted channel width (m) for each habitat 
unit using a calibrated hip-chain and measuring tape. We 
measured specific conductivity (uS cm−1) once in all streams 
using a multiparameter water quality instrument (YSI, model 
650 MDS) at a single, mid-channel location.

We took reach-scale habitat measurements in selected 
10-m-long reaches in each study stream. We subdivided the 
entire length of each stream into 10-m-long reaches that 
were characterized by their dominant habitat type based on 
the classification described above. In total, there were ~1500 
reaches, with the majority in the pyroclastic-flow zone. We 
selected a stratified random sample of 63 reaches so that the 
frequency of sample reach types was roughly proportional to 
the occurrence of those reach types within each disturbance 
zone (Blackman 2014). In a subsample of reaches, we mea-
sured the wetted width (m) of the channel perpendicular to 
stream flow at a single cross section of the channel. We mea-
sured depth (m) in the thalweg at a single representative 
point in each reach. Using modified Daubenmire (1959) 

classes (0, 1–5, 6–25, 26–50, 50–75, >75), we estimated per-
cent of the channel covered by riparian vegetation. We mea-
sured wood in the active channel in three dimensions, length, 
width, and height/diameter, and calculated volume (m3) 
using formulas for paraboloid, cylindrical, and neiloid 
shapes:

 

V h r r r r r r

V

neiloid

paraboloi

= ( ) ×( ) + + + ×( ) +( )/ / /
4 1

2
1
2

2
1 3

1 2
2 1 3

2p

dd = ×( ) +( )
= × ×( )

p

p

h r r

V h r

/ 2 1
2

2
2

1
2

cylinder  

where h = height and r = radius.
We captured rainbow trout from the selected stream 

reaches (described above) using three-pass electrofishing. To 
confine fish, we placed block nets simultaneously on the 
downstream and upstream ends of reaches. We electrofished 
each reach with a backpack unit (Smith-Root LR-24), begin-
ning at the downstream end of the reach and ending upstream. 
We euthanized all captured fish using MS-222 (Argent Labs 
Finquel), weighed them to the nearest 0.1 g, and measured 
their fork length to the nearest 1.0 mm. We collected sagittal 
otoliths to determine the precise age for the young-of-year 
fish from each stream by counting daily growth rings between 
the emergence check and the date of capture, a common 
benchmark used for precise age determination (Campana 
and Neilson 1985).

From the three-pass electrofishing surveys, we estimated 
the number of fish within each sample reach using the deple-
tions/removal estimates vignette (Ogle 2013). This method 
assumes a closed population with no mortality, recruitment, 
immigration, or emigration. We estimated fish densities in a 
stream by dividing summed fish estimates by total sampled 
area. For stream reaches where fish were present, we fitted 
the relationship between slow-water habitat and the esti-
mated number of fish to a negative binomial model that 
included predictor variables for disturbance zone, proportion 
of slow-water habitat, and an interaction term.

14.2.2.4  Trout Diet
Between May and November from 2000 through 2006, we 
collected 111 rainbow trout between ages 2+ and 4+ 
(Table 14.2) with considerable variation in length (195–
665 mm, Fig. 14.4) and mass (108–2800 g) from Spirit Lake. 
Upon reaching shore, we euthanized these fish and removed 
and preserved their gastrointestinal tracts in 90% ethanol. In 
the laboratory, we opened fish stomachs and flushed all con-
tents into petri dishes to be identified to the lowest taxonomic 
level possible. We could identify amphibians, zooplankton, 
and numerous insects to species level, but for several insect 
and snail taxa identifications, we were limited to genus or 
family level owing to partial decomposition and could identify 
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most noninsect invertebrates only to class (e.g., Oligochaeta). 
All prey items were counted, dried, and either weighed the 
post-digestion dry mass (snails and salamanders) or estimated 
the predigestion dry mass (invertebrates) using length-mass 
regressions of the form M = aLb where M is dry mass (mg), L 
is length (mm), and a and b are fitted parameters. Based on the 
dominance of prey items taken by fish in Spirit Lake, we cre-
ated a subset of prey categories by lumping similar prey types 
into groups that included aquatic invertebrates, aquatic snails, 
and terrestrial invertebrates. We converted the estimated pre- 
or post-digestion dry mass for each prey category to a percent-
age of the individual’s overall diet and summarized the mean 
percentage for all fish by year and month.

14.3  Results

14.3.1  Individual Length, Mass, 
and Size-at-Age

Both length and biomass of angled lake fish declined sharply 
between 2000 and 2015, especially between 2001 and 2006 
(Fig. 14.5a, c). We estimate that mean individual trout bio-

mass declined 77.6 g per year (95% CI from 72.5 to 82.8 g) 
and the total percent change in mean biomass was 56% over 
the 16-year period of record. We also estimate that mean 
individual fish length declined 8.6 mm per year (95% CI 
from 7.7 to 9.4 mm), a 22.3% change over the period of 
record. Gillnet-captured trout revealed similar declining 
trends in length and biomass (Fig. 14.5b, d). In both angling 
and gillnet surveys, we detected fish less than 300 mm in 
length only after 2005.

Size-at-age showed declining trends for individuals 
age 1–4 years from 2000 through 2014 (Fig. 14.6). The 
age structure of fish caught using both angling and gill-
nets was composed primarily of fish age 1–4 years, with 
over 50% age 3+, and no fish older than age 5+ were 
observed.

14.3.2  Population Structure

Angling mark-recapture data (Table 14.3) reveal a declin-
ing trend in trout population size beginning in 2011. 
Estimates generated from angling surveys contradict the 
overall increasing trend in catch per unit effort (CPUE) 
observed in gillnet surveys between 2006 and 2015 
(Fig. 14.7a). Gillnet data show a slight decline in CPUE 
between 2006 and 2012 and almost a twofold increase 
between 2012 and 2014 surveys. There also appears to be a 
slight size bias between sampling methods—smaller trout 
were proportionally more abundant in gillnets than in 
angling surveys (see Fig. 14.5c, d).

The relative trout biomass in gillnet samples varied over 
the 16-year study period (Fig. 14.7b). Biomass remained 
relatively static between 2000 and 2006 (ranging from 17.57 
to 20.77 g h−1 m−2), greatly fluctuated between 2012 and 
2014, and returned to values ranging from 18.28 to 19.00 g 
h−1 m−2 in 2015.

The 2014 gillnet in Bear Cove was set for 4 consecutive 
days because the drifting log mat prevented us from access-
ing the net. Trout captured in this net were omitted from 
abundance and biomass calculations because mass was com-
promised by decomposition and catch per unit effort was 
confounded by changes in the capture efficacy after trout 
became crowded and putrid.

14.3.3  Diet

A total of 65 prey taxa were identified that included 54 insect 
taxa (77% aquatic and 23% terrestrial), plus Ostracoda (seed 
shrimp), Amphipoda (Hyalella), Oligochaeta (segmented 
worms), Nematoda (roundworms), Acari (mites), Arachnida 
(spiders), Cladocera (Daphnia pulicaria), Gastropoda 

Table 14.2 Number of fish sampled for dietary analyses by month for 
years 2000 through 2006, except 2001.

Year
Month 2000 2002 2003 2004 2005 2006
May 5

June 1

July 6 2 5 38a

August 2 2 3 5

September 3 1 2  3

October 17 4  5

November  3 3
a26 fish were captured by gillnetting in July 2006.

Fig. 14.4 Length distribution of fish used in dietary analysis.
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(snails; Gyraulus deflectus, Lymnaea humilis, L. auricu-
laria), and the northwestern salamander (Ambystoma grac-
ile). Based on mean percentage dry mass of prey items in 
May through November samples from 2000 through 2006, 
aquatic insects and aquatic snails made up the vast major-
ity of the rainbow trout diet each year (Fig. 14.8a). More 

specifically, snails, chironomid midges, and mayflies 
(Callibaetis ferrugineus) alone accounted for between 70% 
and 96% of the mean dry mass of prey items. Our analyses 
of monthly mean percentage of prey types show a decline 
in the consumption of aquatic insects from May through 
November and a corresponding increase in the consumption 

Fig. 14.5 Estimated change in rainbow trout (a–b) mass (kg) and (c–d) length (mm) captured in angling (a, c) and gillnet (b, d) surveys from 
2000 to 2015 with 95% confidence band (gray shading). Gray dots are individual observations. Dashed line shows fish <300 mm.
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of aquatic snails during that period (Fig. 14.8b). There was 
also roughly uniform consumption of terrestrial insects from 
spring to late summer, with an increase in September (pri-
marily flying ants) followed by a sharp decline in October 
and November.

14.3.4  Stream Habitat and Use

Young-of-year and age 1 fish were present in all study 
streams except Willow Springs, where no fish were detected. 
Age 2+ fish were rare among all streams, and no fish older 

than age 2+ were observed. Bear Creek, Clear Creek, and 
Norway Creek had the highest densities of young-of-year, 
and Bear Creek had the highest density of age 1+ fish 
(Table 14.4).

When fish were present in streams, the relationship 
between estimated age 1+ fish abundance and the proportion 
of slow-water habitat differed among zones (drop in devi-
ance F-test for different slopes, p = 0.02). The predicted rela-
tionship between the mean estimated number of age 1+ fish 
and the proportion of slow-water habitat had a positive rela-
tionship in stream reaches flowing through the debris- 
avalanche deposit, whereas reaches in blowdown and 
pyroclastic-flow streams show no clear relationship 
(Fig. 14.9). There was no evidence that the relationship 
between mean abundance of young-of-year fish and the pro-
portion of slow-water habitat varied between streams located 
in different disturbance zones (drop in deviance F-test for 
different slopes, p = 0.24).

Stream habitat was most abundant on the pyroclastic-flow 
zone, which accounts for more than 75% of the stream 
 habitat available to fish in the entire Spirit Lake basin. 
Further, habitat structure was much more uniform in pyro-
clastic-flow streams compared with debris-avalanche and 
blowdown streams (Fig. 14.10). Pyroclastic-flow streams 
had long unbroken reaches of low-gradient riffle habitat, 

Fig. 14.6 Annual mean size-at-age of rainbow trout (ages 1–4 are shown in graphs a–d, respectively). Open circles are annual mean; gray dots 
are individual observations. Bars are standard error on the mean.

Table 14.3 Population estimates from angling surveys using the 
Schnabel mark-recapture method. n* = number of marked fish for 
3-year period.

Year Population estimate

95% confidence interval

n*Lower Upper
2009 14,963 8682 27,661 506

2010 14,193 9255 22,820 590

2011 12,061 8151 18,579 658

2012 11,024 7327 17,324 721

2013 8262 5331 13,454 631

2014 5356 3108 9902 395
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those on the debris avalanche were dominated by pool habi-
tat, and the single blowdown stream was a relatively uniform 
sequence of high-gradient riffles interrupted by pools. 
Several other biophysical habitat features were similar across 
debris- avalanche and blowdown streams but were strikingly 
different from pyroclastic-flow streams (Table 14.4). 
Riparian plant cover and volume of large woody debris were 
generally lowest in pyroclastic-flow streams and greatest in 
debris- avalanche and blowdown streams. The distance 
between pools was greatest in pyroclastic-flow streams com-
pared with other zones. Specific conductance values were 
very high (88–520 μS cm−1) in pyroclastic-flow streams and 
similar (28–36 μS cm−1) among all other streams (Table 14.4). 
Average stream depths were shallow (8–17 cm) in all but 
Bear Creek, which was approximately two to four times 
deeper. Overall, streams on the pyroclastic flow had less 
riparian cover and less in-stream wood compared with 
debris-avalanche and blowdown zone streams.

14.4  Discussion

14.4.1  Population Dynamics

Rainbow trout in Spirit Lake appear to be increasing in abun-
dance and experiencing a decline in size-at-age. We consider 
the overall increase in gillnet CPUE to be a more accurate 

measure of population growth than angling surveys, which 
were limited by the very low recapture rates (<10%), varia-
tion in marking effort, and potential size bias that excluded 
smaller fish. The shift in population structure from fewer 
large individuals to numerous smaller individuals does not 
appear to have changed the overall standing crop of fish 
between 2000 and 2015, although it does fluctuate from year 
to year. This phenomenon suggests that the population is con-
strained by the availability of resources. Changes in abun-
dance may reflect the increased suitability of stream habitat 
for both spawning and rearing as channels became more sta-
ble. The result could be both an increase in the number of 
young produced and the amount of time those individuals 
spend in the stream. Stream-dwelling residents grow much 
slower than adfluvial rainbow trout (Wydoski and Whitney 
2003); prolonged stream rearing would therefore likely shift 
the size-at-age of fish entering the lake. Thus, the capacity of 
streams to support fish may mediate declines in size-at-age 
both indirectly by increasing competition in Spirit Lake and 
directly through age at emigration to the lake.

14.4.2  Stream Habitats

Densities of fish were highly variable both among and within 
disturbance zones; however, there was no clear relationship 
between slow-water habitat and fish abundance in the 
pyroclastic- flow and blowdown streams. The spatial distribu-
tions of habitat types in stream reaches were highly variable 
among the zones, ranging from completely uniform riffles on 
the pyroclastic flow to repeating sequences of pools and rif-
fles in the blowdown zone, which may have hindered our 
ability to relate fish abundance to discrete habitat types. For 
example, in the pyroclastic-flow zone, slow-water habitat was 
so scarce that fish likely occupy all available space. 
Conversely, pool habitat in the blowdown stream occurred 
with such uniform frequency that sample reaches almost 
always included or were immediately adjacent to pool habi-
tat, which likely explains the uniform distribution of fish 
throughout the stream. The positive relationship between age 
1+ fish abundance and slow-water habitat in streams on the 
debris-avalanche deposit may be explained simply by the 
much larger amount of slow-water habitat relative to other 
zones, providing a more adequate sample of discrete slow- 
water reaches.

Overall, streams in the pyroclastic-flow zone had less 
complex habitat and a high degree of variability in fish 
demographics. Among these streams, Clear Creek had the 
highest abundance of young-of-year trout. Clear Creek also 
had more in-stream wood, resulting from the artificial draw-
down of Spirit Lake in the mid-1990s; these large old-growth 
logs were observed to increase pool frequency in lower 
stream reaches. More large woody debris is associated with 
higher overwinter survival of juvenile rainbow trout (Bisson 

Fig. 14.7 Gillnet (a) catch per unit effort (CPUE) and (b) relative bio-
mass of trout captured from 2000 to 2015.
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Fig. 14.8 Gut content of rainbow trout shown as the mean percentage of aquatic invertebrates, aquatic snails, and terrestrial invertebrates by (a) 
year and (b) month. Bars show standard error of the mean with June omitted owing to sample size: n = 1.

et al. 1987; Roni and Quinn 2001) and favorably influences 
habitat structure and food availability. Milner et al. (2000) 
also found that juvenile fish abundance and diversity in 
recently de-glaciated streams in Alaska at various stages of 
development were positively associated with in-stream 

wood and abundant pool habitat, which is consistent with 
our results.

Initial disturbance types have played a large role in the 
successional trajectory of the Spirit Lake basin landscape 
and its streams. We believe that the hydrogeologic features 
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of individual streams may also have contributed to the 
variation we observed in fish abundance. For example, 
water sources were variable among streams, and those 
having either lake or spring-fed headwater sources did not 
experience significant channel shifting over the course of 
the study, with the exception of Willow Springs, which had 
mixed headwater sources. Streams fed solely or partially 
by glacial melting (Geothermal Creek, Camp Creek, and 
Willow Springs Creek) seemed to be associated with less 
riparian cover and lower estimated trout abundance. This 
result is consistent with the findings of Milner et al. (2000, 
2008) that streams on early-successional landscapes in 
Alaska with lakes as headwater sources possessed greater 
channel stability and subsequent riparian development and 
pool habitat than streams fed by snowmelt, rain, and gla-
cial melt. We believe that streams fed by glacial melt have 
increased susceptibility to flooding and dewatering events, 
creating channel instability that may influence fish abun-
dance. Moreover, instability may be compounded by chan-
nels flowing through unconsolidated pyroclastic-flow 
deposits from which sediment is easily mobilized during 
heavy precipitation events. Reproductive success and 
juvenile fish survival in unstable stream channels may be 
lower during years of high flow, which can physically 
scour redds (aggregated fish eggs deposited by adults in 
streambed substrates), remove smaller fish, and potentially 
abrade breathing structures (gills) when suspended-sedi-
ment loads are high. High flow can also physiologically 

increase the energy required to maintain position in the 
water column.

In previous studies conducted in portions of the debris- 
avalanche and blowdown zones that are a considerable dis-
tance from the volcano’s vent, fish responses to the 1980 
eruption of Mount St. Helens demonstrated a trend of fish 
recovery within 3 years, attributed to stream stabilization and 
development of riparian habitat (Bisson et al. 2005). In con-
trast to those studies, we believe the pace of recovery in 
stream habitat in the Spirit Lake basin has progressed at a 
much slower pace because of the high intensity of the initial 
disturbance. No studies were done on stream development in 
the pyroclastic- flow zone in the decades following initial dis-
turbance, but we believe all four pyroclastic-flow streams in 
this study remain unstable because of the unconsolidated 
nature of their substrates. During our stream survey, three of 
the four pyroclastic-flow streams shifted portions of their 
channel, dewatered in upper reaches, and were scoured by 
heavy sediment loads. We observed no changes related to 
secondary disturbance in streams on the debris-avalanche 
deposit or blowdown zones during our relatively short-term 
survey.

As an observational case-study, the scope of inference for 
our stream surveys is limited to the Spirit Lake basin for the 
period of record. Because we sampled for only a single sea-
son (summer 2013), we cannot discount the possible contri-
bution of streams where we observed low or no fish 
abundance to overall recruitment in the population. Stream 

Table 14.4 Habitat parameter and fish estimates for streams in the Spirit Lake basin.

Streams by 
disturbance 
zone Water source

Reach 
depth 
(m) ± SEa

Riparian 
covera

Nearest pool 
(m) ± SEa

Volume 
LWD 
(m3) ± SEa

Specific 
conductivity 
μS cm−1

No. of 
sampled 
reaches

Estimated 
young-of- 
year/m2

Estimated 
age 1+/m2

Pyroclastic flow
Clear Creek Spring 0.09 ± 0.01 1–5% 108.3 ± 39.2 1.94 ± 0.81 333 19 0.73 0.08

Camp Creek Glacial melt 0.16 ± 0.05 0% 131.8 ± 48.5 0.40 ± 0.31 239 8 0.12 0.01

Geothermal 
Creek

Glacial melt 0.12 ± 0.01 1–5% 34.2 ± 7.0 0.00 520 17 0.28 0.07

Willow 
Springs

Spring/glacial 
melt

0.08 ± 0.01 0% NAb 0.00 88 8 0 0

Debris avalanche
Bear Creek Lake 0.36 ± 0.08 50–75% 1.0 ± 1.0 3.67 ± 3.47 30 5 0.76 0.17

Bear Pondsc Lake – – – – – 8 – –

Beaver Creek Headwall seeps 0.14 ± 0.02 6–25% 0.8 ± 0.8 4.07 ± 4.07 28 4 0.13 0.03

Blowdown forest
Norway Creek Headwall seeps 0.17 ± 0.02 6–25% 1.8 ± 0.55 3.50 ± 1.62 36 10 0.61 0.09

aAverages calculated from all sampled reaches in stream ± standard error of the mean.
bNo pools present.
cPonds in Bear Creek were surveyed using different methods than streams.
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Fig. 14.9 The estimated relationship between the predicted number of 
age 1 fish and proportion of slow-water habitat in each disturbance 
zone. Lines represent the predicted relationship from a negative bino-
mial regression model, with a 95% confidence interval (gray shading). 
Black dots are observed values for sampled reaches.

Fig. 14.10 Structure of habitat units along the linear distance of 
streams grouped by disturbance zone.

T.E. Blackman et al.
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habitats can sometimes promote egg development but pre-
clude or limit rearing (Quinn 2005). Streams on the pyro-
clastic flow were dominated by low-gradient riffle habitat, 
providing more than three times the spawning habitat of 
other zones yet having the lowest fish abundances. 
Conversely, despite less spawning habitat, fish densities 
were high in debris-avalanche and blowdown streams where 
pool habitat was more frequent and abundant. Shifts in habi-
tat use between good spawning and good rearing habitat 
were demonstrated by Pavlov et al. (2008); in their study, a 
smaller stream with less complex habitat prompted migra-
tion (anadromy), and a larger stream with more complex 
habitat allowed for residency. Thus, stream conditions may 
in fact be conducive to different life-history strategies (e.g., 
adfluvial versus resident and different age-at-emigration), 
although it is beyond the scope of this study to distinguish 
life-history variants in the population.

14.4.3  Diet

Rainbow trout diet in Spirit Lake consisted of numerous 
aquatic and terrestrial prey items but was overwhelmingly 
dominated by just a few taxa. Chironomid midge pupa, 
Callibaetis ferrugineus mayfly nymphs, and aquatic snails 
contributed 70–96% of the diet. Other aquatic and terrestrial 
prey were presumably taken when they became locally or 
ephemerally abundant. For example, in late summer, winged 
ants (Formicidae) and terrestrial beetles (Coleoptera) con-
tributed up to 20% of trout diet in some years. Rainbow trout 
are known to be generalist consumers and consume a wide 
range of prey items that varies by location throughout 
Washington state (Wydoski and Whitney 2003). At some 
sites, zooplankton (e.g., Daphnia spp.) may constitute a 
large percentage of prey items, whereas at others prey fish 
are important. Interestingly, zooplankton were rarely found 
in our diet samples, and fish were never observed. Overall, 
the size of prey taken by Spirit Lake trout was small, with the 
dominant snail and midge pupa measuring a few to 10 mm. 
Given the large size of most fish in our study, tremendous 
numbers of these small prey items must be consumed to sup-
port such growth in the absence of piscivory. Our data show 
that rainbow trout are gathering their prey from several dif-
ferent substrates within the nearshore environment that we 
sampled. For example, dozens to hundreds of snails, often 
admixed with large masses of aquatic vegetation (e.g., 
Ranunculus aquatilis), were found in the gut contents of fish, 
evidence that the trout were presumably swallowing vegeta-
tion to gather small, low-mobility snails. In contrast, fish also 
contained benthic detritus (e.g., wood, pumice, and muck) 
and numerous chironomid pupae, suggesting that they were 

dredging the lake bottom for food. Fish that foraged in this 
manner were observed to have abrasions on the underside of 
their lower mandibles. Based on the presence of aquatic bee-
tles (Dytiscidae) and emerging mayflies in their stomachs, 
fish also forage from the water column. In addition, adult 
terrestrial and aquatic insects were taken from the water’s 
surface. In the future, year-round sampling could offer a 
more comprehensive view of seasonal prey items, and the 
use of stable isotopes might provide insight regarding the 
relative importance of different prey items to the diet of this 
trout population.

14.5  Conclusions

Our findings provide a snapshot of the rainbow trout pop-
ulation in Spirit Lake during the late spring through 
autumn seasons but over a relatively long period (2000–
2015). During that time, adult trout in Spirit Lake appeared 
to be increasing in abundance and decreasing in size. Fish 
with diets primarily composed of small prey items (insects 
and snails) likely spend considerable time and effort for-
aging. Should the diet switch to piscivory, the size and age 
structure of the population in Spirit Lake could change 
dramatically. The relatively recent (2011) observation of 
juvenile fish occupying streams draining into Spirit Lake 
demonstrates the increased suitability of stream habitat 
for both spawning and rearing, which may account for the 
changing population dynamics and annual variation. The 
landscape surrounding the Spirit Lake basin is in early 
stages of succession and, in the absence of future erup-
tions, will develop more complex vegetation that is even-
tually dominated by forest. Such changes will lead to more 
stable channel conditions and concomitant shifts in light 
and temperature regimes as well as food resources in 
streams. These conditions will undoubtedly influence in- 
stream fish production and residency. It is our hope that 
work on this rainbow trout population will continue well 
into the future and provide additional insights on post-
eruption ecological processes in this remarkable living 
laboratory.
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Glossary

Volcanic Processes

Blast pyroclastic density current (blast PDC) In the 
case of the 1980 Mount St. Helens eruption, failure of the 
volcano’s north flank unroofed pressurized magma and 
superheated water. Rapid exsolution of magmatic gases 
and conversion of superheated water to steam produced 
a laterally directed blast, which formed a density current 
that flowed across rugged topography. The current con-
tained fragmented rock debris as well as shattered forest 
material.

Lahar An Indonesian term for a rapid granular flow of 
a fully saturated mixture of volcanic rock particles (± 
ice), water, and commonly woody debris. A lahar that 
has ≥50% solids by volume is termed a debris flow; one 
that has roughly 10–50% solids by volume is termed a 
hyperconcentrated flow. Flow type can evolve with time 
and distance along a flow path as sediment is entrained or 
deposited.

Pyroclastic flow Rapid flow of a dry mixture of hot (com-
monly >700 °C) solid particles, gases, and air that has a 
ground-hugging flow that is often directed by topography. 
Flows are generally gravity driven but may be accelerated 
initially by impulsive lateral forces of directed volcanic 
explosions. Flows typically move at high velocity (up to 
several hundred km hr−1).

Tephrafall A rain of volcanic particles to the ground fol-
lowing ejection into the atmosphere by an explosive erup-
tion. Tephra is a collective term for particles of any size, 
shape, or composition ejected in an explosive eruption.

Other Terms

Adfluvial (adj) Describes life-history strategy in which 
adult fish spawn and juveniles subsequently rear in 
streams but migrate to lakes for feeding as subadults and 
adults.

Anadromous (adj) Describes fish that ascend rivers or 
streams to spawn. Subdivision of diadromous.

Mesotrophic (adj) Describes a body of water having a 
moderate amount of dissolved nutrients as compared to 
high levels (eutrophic) or low levels (oligotrophic).

Refugia (n, pl) Locations that support isolated populations 
of a once more widespread species. Isolation at Mount 
St. Helens was caused by intense and high severity dis-
turbance from volcanic forces during the eruption that 
reduced or eliminated organisms from areas surrounding 
the refugia.

Thalweg (n) The trajectory of the connection of lowest 
points of the channel bed along the length of a stream 
channel. The thalweg marks the natural direction of a 
watercourse.

Ultra-oligotrophic (adj) Having low primary productiv-
ity; pertaining to waters having low levels of the mineral 
nutrients required by green plants. Used of a lake which 
the hypolimnion does not become depleted of oxygen 
during the summer.

References

Bisson, P.A., R.E. Bilby, M.D. Bryant, C.A. Dolloff, G.B. Grette, 
R.A. House, M.L. Murphy, K.V. Koski, and J.R. Sedell. 1987. 
Large woody debris in forested streams in the Pacific Northwest: 
Past, present, and future. In Streamside management: Forestry and 
fishery interactions, Proceedings of the symposium Contribution 
No. 57, ed. E.O. Salo and T.W. Cundy, 143–190. Seattle: College of 
Forest Resources, University of Washington.

Bisson, P.A., J.L. Nielsen, and J.W. Ward. 1988. Summer production of 
coho salmon stocked in Mount St. Helens streams 3–6 years after 
the 1980 eruption. Transactions of the American Fisheries Society 
117: 322–335.

Bisson, P.A., C.M. Crisafulli, B.R. Fransen, R.E. Lucas, and 
C.P. Hawkins. 2005. Responses of fish to the 1980 eruption of 
Mount St. Helens. In Ecological responses to the 1980 eruption of 
Mount St. Helens, ed. V.H. Dale, F.J. Swanson, and C.M. Crisafulli, 
163–181. New York: Springer.

Blackman, T.E. 2014. Life-history strategies of rainbow trout 
(Oncorhynchus mykiss) cross a volcanic disturbance gradient at 
Mount St. Helens, Washington. Masters thesis. Corvallis: Oregon 
State University.

Bortleson, G.C., N.P. Dion, J.B. McConnell, and L.M. Nelson. 1976. 
Reconnaissance data on lakes in Washington. Volume 2, King and 
Snohomish Counties. State of Washington, Department of Ecology 
Water-Supply Bulletin No. 43.

Campana, S.E., and J.D. Neilson. 1985. Microstructure of fish oto-
liths. Canadian Journal of Fisheries and Aquatic Sciences 42: 
1014–1032.

Crawford, B.A. 1986. Recovery of game fish populations impacted by 
the May 18, 1980 eruption of Mount St. Helens. Part II. Recovery 
of surviving fish populations within the lakes in the Mount St. 
Helens National Volcanic Monument and Adjacent Areas. Fishery 
Management Report 85-9B. Vancouver: Washington Department of 
Fish and Game.

Crisafulli, C.M., and C.P. Hawkins. 1998. Ecosystem recovery follow-
ing a catastrophic disturbance: Lessons learned from Mount St. 
Helens. In Status and trends of the nation’s biological resources, 
Vol. 2. ed. M.J. Mac, P.A. Opler, C.E. Puckett Haecker, and 
P.D. Doran, 253–310. Reston: U.S. Geological Survey. https://pubs.
er.usgs.gov/publication/70103848.

Dahm, C.N., D.W. Larson, R.R. Petersen, and R.C. Wissmar. 2005. 
Response and recovery of lakes. In Ecological responses to the 
1980 Eruption of Mount St. Helens, ed. V.H. Dale, F.J. Swanson, 
and C.M. Crisafulli, 255–274. New York: Springer.

Daubenmire, R. 1959. A canopy-coverage method of vegetational anal-
ysis. Northwest Science 33: 43–64.

Foxworthy, B.L., and M. Hill. 1982. Volcanic eruptions of 1980 at 
Mount St. Helens: The first 100 days, Professional Paper 1249. 
Washington, DC: U.S. Geological Survey.

T.E. Blackman et al.

https://pubs.er.usgs.gov/publication/70103848
https://pubs.er.usgs.gov/publication/70103848


267

Hawkins, C.P., and J.R. Sedell. 1990. The role of refugia in the recolo-
nization of streams devastated by the 1980 eruption of Mount St. 
Helens. Northwest Science 64: 271–274.

Hawkins, C.P., J.L. Kershner, P.A. Bisson, M.D. Bryant, L.M. Decker, 
S.V. Gregory, D.A. McCullough, C.K. Overton, G.H. Reeves, 
R.J. Steedman, and M.K. Young. 1993. A hierarchical approach to 
classifying stream habitat features. Fisheries 18 (6): 3–12.

Larson, D.W. 1993. The recovery of Spirit Lake. American Scientist 
81: 166–177.

Larson, D.W., J.W. Sweet, R.R. Peterson, and C.M. Crisafulli. 2006. 
Posteruption response of phytoplankton and zooplankton com-
munities in Spirit Lake, Mount St. Helens, Washington. Lake and 
Reservoir Management 22: 273–292.

Leider, S.A. 1989. Increased straying by adult steelhead trout, Salmo 
gairdneri, following the 1980 eruption of Mount St. Helens. 
Environmental Biology of Fishes 24: 219–229.

Lucas, R.E., and B.A. Crawford. 1986. Recovery of game fish popula-
tions impacted by the May 18, 1980, eruption of Mount St. Helens. 
Part I. Recovery of winter-run steelhead in the Toutle River water-
shed. Fishery Management Report 85-9A. Olympia: Washington 
Department of Game, Fisheries Management Division.

Lucas, R.E., and K. Pointer. 1987. Wild steelhead spawning escape-
ment estimates for Southwest Washington streams—1987, Fishery 
Management Report. 87–6. Olympia: Washington Department of 
Wildlife, Fisheries Management Division.

Lucas, R.E., and J. Weinheimer. 2003. Recovery of fish populations 
affected by the May 18th, 1980 eruption of Mount St. Helens. 
Olympia: Washington Department of Fish and Wildlife. http://
wdfw.wa.gov/publications/00942/wdfw00942.pdf.

Major, J.J., T.C. Pierson, R.L. Dinehart, and J.E. Costa. 2000. Sediment 
yield following severe volcanic disturbance—A two-decade per-
spective from Mount St. Helens. Geology 28: 819–822. https://doi.
org/10.1130/0091-7613(2000)28<819:SYFSVD>2.0.CO;2.

Martin, D.J., L.J. Wasserman, R.P. Jones, and E.O. Salo. 1982. Effects 
of the eruption of Mount St. Helens on salmon populations and hab-
itat of the Toutle River. In Proceedings from the conference, Mount 
St. Helens: Effects on water resources, Report No. 41, 235–254. 
Pullman: State of Washington Water Research Center, Washington 
State University.

Martin, D.J., L.J. Wasserman, and V.H. Dale. 1986. Influence of ripar-
ian vegetation on posteruption survival of coho salmon fingerlings 
on the west-side streams of Mount St. Helens, Washington. North 
American Journal of Fisheries Management 6: 1–8.

McPhail, J.D., and C.C. Lindsey. 1986. Zoogeography of the freshwa-
ter fishes of Cascadia (the Columbia system and rivers north to the 
Stikine). In Zoogeography of North American freshwater fishes, ed. 
C.H. Hocutt and E.O. Wiley, 615–637. New York: Wiley.

Milner, A.M., E.E. Knudsen, C. Soiseth, A.L. Robertson, D. Schell, I.T. 
Phillips, and K. Magnusson. 2000. Colonization and development 
of stream communities across a 200-year gradient in Glacier Bay 
National Park, Alaska, U.S.A. Canadian Journal of Fisheries and 
Aquatic Sciences 57: 2319–2335. https://doi.org/10.1139/f00-212.

Milner, A.M., A.L. Robertson, K.A. Monaghan, A.J. Veal, and 
E.A. Flory. 2008. Colonization and development of an Alaskan 
stream community over 28 years. Frontiers in Ecology and the 
Environment 6: 413–419.

Ogle, D.H. 2013. FSA: Fisheries stock analysis. R package version 
0.4.3. https://fishr.wordpress.com/.

Olds, C. 2002. Fisheries studies at the sediment retention structure on 
the North Fork Toutle River 1993, 2001, and 2002. Prepared for 
the U.S. Army Corps of Engineers, Portland District, Contract 
36001648. Olympia: Washington Department of Fish and Wildlife.

Pavlov, D.S., K.A. Savvaitova, K.V. Kuzishchin, M.A. Gruzdeva, A.Yu. 
Mal’tsev, and J.A. Stanford. 2008. Diversity of life strategies and 
population structure of Kamchatka mykiss Parasalmo mykiss in 
the ecosystems of small salmon rivers of various types. Journal of 
Ichthyology 48: 37–44.

Quinn, T.P. 2005. The behavior and ecology of Pacific salmon and 
trout. American Fisheries Society, Bethesda, and University of 
Washington Press, Seattle.

Redding, J.M., and C.B. Schreck. 1982. Mount St. Helens ash causes 
sublethal stress responses in steelhead trout. In Proceedings from the 
conference, Mount St. Helens: Effects on water resources, Report 
No. 41, 300–307. Pullman: State of Washington Water Research 
Center, Washington State University.

Roni, P., and T.P. Quinn. 2001. Density and size of juvenile salmonids in 
response to placement of large woody debris in western Oregon and 
Washington streams. Canadian Journal of Fisheries and Aquatic 
Sciences 58: 282–292.

Stober, Q.J., B.D. Ross, C.L. Melby, P.A. Dinnel, T.H. Jagielo, and 
E.O. Salo. 1981. Effects of suspended volcanic sediment on coho 
and Chinook salmon in the Toutle and Cowlitz rivers. Technical 
Completion Report, Contract No. 14-34-0001-1417. Washington 
Department of Fisheries; Office of Water Research and Technology, 
U.S. Department of the Interior; State of Washington Water 
Research Center. https://digital.lib.washington.edu/researchworks/
handle/1773/3985.

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

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

Wissmar, R.C., A.H. Devol, A.E. Nevissi, and J.R. Sedell. 1982. 
Chemical changes of lakes within the Mount St. Helens 
blast zone. Science 216: 175–178. https://doi.org/10.1126/
science.216.4542.175.

Wydoski, R.S., and R.R. Whitney. 2003. Inland fishes of Washington. 
Bethesda/Seattle: American Fisheries Society/University of 
Washington Press.

14 Characteristics of a New Rainbow Trout Population: Spirit Lake, Mount St. Helens Volcano, 2000–2015

http://wdfw.wa.gov/publications/00942/wdfw00942.pdf
http://wdfw.wa.gov/publications/00942/wdfw00942.pdf
https://doi.org/10.1130/0091-7613(2000)28<819:SYFSVD>2.0.CO;2
https://doi.org/10.1130/0091-7613(2000)28<819:SYFSVD>2.0.CO;2
https://doi.org/10.1139/f00-212
https://fishr.wordpress.com/
https://digital.lib.washington.edu/researchworks/handle/1773/3985
https://digital.lib.washington.edu/researchworks/handle/1773/3985
https://doi.org/10.1126/science.216.4542.175
https://doi.org/10.1126/science.216.4542.175


269© Springer Science+Business Media LLC 2018
C.M. Crisafulli, V.H. Dale (eds.), Ecological Responses at Mount St. Helens: Revisited 35 years after the 1980 Eruption, 
https://doi.org/10.1007/978-1-4939-7451-1_15

Mammal Community Assembly During 
Primary Succession on the Pumice Plain 
at the Mount St. Helens Volcano 
(1983–2015)

Charles M. Crisafulli, Robert R. Parmenter, 
Tara E. Blackman, and James A. MacMahon

15

C.M. Crisafulli (*) • T.E. Blackman 
U.S. Department of Agriculture, Forest Service, Pacific Northwest 
Research Station, Mount St. Helens National Volcanic Monument, 
42218 NE Yale Bridge Road, Amboy, Washington 98601, USA
e-mail: ccrisafulli@fs.fed.us; tarablackman@gmail.com 

R.R. Parmenter 
Valles Caldera National Preserve, National Park Service,  
P.O. Box 359, 090 Villa Louis Martin, Jemez Springs, NM 87025, 
USA
e-mail: Robert_Parmenter@nps.gov 

J.A. MacMahon 
Department of Biology and the Ecology Center, Utah State 
University, 1688 Willow Way, Logan, UT 84341, USA
e-mail: jim.macmahon@usu.edu

15.1  Introduction

Ecologists have a long-standing interest in disturbance 
events and the successional processes that follow them 
(Thoreau 1887; Cowles 1899; Clements 1916; Gleason 
1926). The 18 May 1980, eruption of the Mount St. Helens 
volcano (hereafter MSH) created an outstanding opportunity 
to study ecosystem responses to a large, intense forest distur-
bance (Franklin et al. 1985; Dale et al. 2005). This energetic 
eruption involved a complex ensemble of geophysical forces 
that over a 12-h period grossly transformed >570 km2 of 
Cascadian ecosystems and disturbed to a much lesser extent 
an area of several 1000 km2 with wind-deposited pumiceous 
lapilli and ash (tephra). Briefly, the eruption included a mas-
sive debris avalanche1, a powerful, horizontally directed 
pyroclastic density current (commonly referred to as a lateral 
blast, but which we will call the blast PDC), volcanic mud-
flows known as lahars, searing-hot pyroclastic flows, 
 tephrafalls, and creation of a lava dome confined to the cra-
ter (see Lipman and Mullineaux 1981 for detailed accounts 
of the eruption). In the aftermath, a mosaic of disturbance 
zones was created that collectively represent a disturbance 
gradient, reflecting the different types and intensities of 

1 Terms in bold italic face are defined in the glossary at end of the chapter.

 volcanic processes that occurred during the eruption 
(Fig. 15.1). The severity of disturbance to the biota along this 
gradient ranged from the obliteration of all vestiges of the 
pre-eruption old- growth forest immediately north of the cra-
ter in the pyroclastic- flow zone to areas of high survival 
beyond the reach of the blast PDC in the tephrafall zone, 
where <30 cm of cool pumice and ash was deposited.

Ecologists quickly recognized the significance of this 
event for documenting initial and longer-term responses of 
organisms and biological communities to a contemporary 
eruption, and scores of investigations ensued that encom-
passed a diverse array of taxa, system types, and ecological 
processes (Dale et al. 2005). Since the earliest post-eruption 
days, mammals, both large and small, have captured the 
interest of investigators at MSH, who recognized the eco-
logical importance of these animals because of their high 
diversity, their large population sizes, their positions at mul-
tiple levels in food webs, and their roles as bioengineers and 
keystone species. As a result, mammal research has been 
conducted in each of the disturbance zones created during 
the 1980 eruption, and some of these studies have been ongo-
ing from 1980 to the present (2015).

In this chapter, we expand our understanding of mammal 
responses to the 1980 eruption by providing a focused look 
at small-mammal community assembly from 1983 through 
2015 on the Pumice Plain, an area undergoing primary suc-
cession, located immediately north of the crater in the 
pyroclastic- flow disturbance zone. As far as we know, there 
are no other detailed published accounts that chronicle the 
assembly of small-mammal communities in a primary-suc-
cessional context over the course of decades following a 
large, intense natural disturbance. Hence, our story should 
provide novel insights of long-standing interest of ecolo-
gists, and serve as a case study for comparisons with com-
munity assembly occurring at other locations and for other 
taxa in the future. Other works that may offer interesting 
comparisons to our study include mammal responses to vol-
canism at volcanoes other than MSH (Burt 1961; Pearson 
1994; Saba and de Lamo 1994; Irie and Tsuyuzaki 2007), to 
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mining (Parmenter et al. 1985; Larkin et al. 2008; Craig et al. 
2012), to wildfire (Fox 1982; Monamy and Fox 2000; Fisher 
and Wilkinson 2005; Zwolak 2009; Banks et al. 2011; 
Mendonca et al. 2015), and to forest management (Kirkland 
1990; Fisher and Wilkinson 2005; Bogdziewicz and Zwolak 
2014). However, most of these other studies focused on less-
severe disturbances in which mammals and components of 
their biophysical habitat survived, and ecological response 
proceeded under secondary- successional scenarios. 
Crisafulli et al. (2005) compared MSH mammal responses to 
other disturbances; in this chapter, we provide updates to our 
previous observations as the small-mammal community has 
continued to develop over the subsequent 15 years.

We first present a review of published small-mammal 
studies at MSH, providing a context for our work (see Sect. 
15.2). Next, we describe a conceptual model of community 
assembly during primary succession that we use as a frame-
work in which to place our small-mammal results from the 

Pumice Plain (detailed in Sect. 15.3 and Fig. 15.2). Our 
model considers three primary processes, dispersal, estab-
lishment, and community development, and each has a num-
ber of key factors (e.g., dispersal distance from less-disturbed 
habitats) that influence these processes. Previous studies at 
MSH (Andersen and MacMahon 1985a; MacMahon et al. 
1989; Crisafulli et al. 2005) documented a regional species 
pool of mammals that could serve as source populations to 
the Pumice Plain. Further, we predicted that variation in 
species- specific dispersal characteristics and life history 
would lead to differential rates of arrival on the Pumice 
Plain. For example, common, highly mobile, and generalist 
taxa would arrive first, fossorial and habitat specialists next, 
and taxa associated with mature forest conditions would be 
last to arrive, but overall dispersal distance per se would not 
limit mammal community development. This led us to pre-
dict that, ultimately, the most important factors driving 
mammal  community assembly would be the development of 

Fig. 15.1 Disturbance zones created during the 1980 eruption of Mount St. Helens. The 16 study sites reported in this chapter are located in areas 
undergoing primary succession, in or immediately adjacent to the pyroclastic-flow zone. See Fig. 15.4 for a more detailed depiction of these sites 
(Cartography by Kathryn Ronnenberg, USDA Forest Service, Pacific Northwest Research Station).
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Fig. 15.2 Conceptual model of mammal community assembly during primary succession at Mount St. Helens. A regional species pool, three key 
processes, and several factors that are either deterministic or stochastic form the bases of this simple but instructive model.

15 Mammal Community Assembly During Primary Succession on the Pumice Plain at the Mount St. Helens Volcano (1983–2015)
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soils and plant communities that provide requisite habitat 
resources for mammals, such as food, reproduction sites, and 
cover from weather and predators. Erosional processes—
stream and swale formation, and redistribution of gravels, 
sands, and silts—would parse the microhabitats for develop-
ment of meadows, grasslands, shrublands, wetlands, and wil-
low-/alder-dominated riparian zones. We anticipated that 
mammal communities in barrens would have low species 
richness and abundances and be dominated by habitat gener-
alists. In contrast, habitats with complex vegetation structure 
would support comparatively species-rich assemblages, 
higher abundances, greater trophic diversity, and more habi-
tat specialists.

In 1989, we first noticed the presence of the non-native 
willow stem-boring beetle (Coleoptera, Curculionidae, 
Cryptorhynchus lapathi) on the Pumice Plain, where it 
was using Sitka willow (Salix sitchensis) as a host and 
causing stem mortality through its feeding behavior. The 
beetle has persisted and spread since its initial establish-
ment, inflicting a heavy toll on willow that retards growth 
and spread of willow in upland habitats (Che-Castaldo 
2014). Therefore, given the effects of this beetle on willow 
stand structure, density, and spatial extent, we predicted 
that there would be a negative influence of increasing bee-
tle damage on mammal species richness and abundance. 
Thus, both plant succession and herbivory, such as by the 
willow stem-boring beetle, were expected to influence 
mammal community assembly.

In this chapter, we address the following questions about 
mammal community assembly on the Pumice Plain:

 1. What is the pattern and rate of mammal species arrival 
and establishment relative to the regional species pool? 
(Herein, we include all mammal species, both large and 
small, with the exception of bats.)

 2. What were the patterns of species richness, abundance, 
guild structure, and sex ratios during community assem-
bly of the small-mammal fauna?

 3. How has vegetation structure, as influenced by succes-
sional processes and herbivory, influenced small- mammal 
community assembly?

15.2  Background: A Review of MSH Small- 
Mammal Literature

Previous small-mammal research at MSH has focused on (1) 
patterns of survivorship, (2) individual species and commu-
nity responses to the eruption, and (3) biotic interactions and 
ecosystem processes. Andersen (1982) documented patterns 
of survivorship of the northern pocket gopher (Thomomys 
talpoides) at several locations within the severely disturbed 
blast area and tephrafall zone, based on surveys in 1980 and 
1981. He concluded that the overlying soil and, at higher 

elevations, the additional protection created by snowpack 
facilitated the survival of this fossorial rodent and that ample 
belowground plant parts (e.g., roots, bulbs, rhizomes) pro-
vided food resources during the first post-eruption year. Pyke 
(1984) investigated potential health effects of distal (~400 km 
NE of the volcano) fine-grained (0.11–116 μm diameter) ash 
deposits on the deer mouse (Peromyscus maniculatus) and 
the montane vole (Microtus montanus). He conducted both 
field and laboratory experiments and documented hair loss in 
the vicinity of the eye and swelling of the eyelids in both spe-
cies exposed to ash, but the deer mouse response was more 
prevalent and severe. Histopathological assays of lung and 
gastrointestinal tissue and eyes did not demonstrate ash- 
associated pathology. He concluded that hair loss around the 
eye and swelling of the eyelid were likely caused by scratch-
ing as a behavioral response to ash irritation, rather than as a 
pathology. Andersen and MacMahon (1985a) documented 
the distribution and abundance patterns of residual small 
mammals across several disturbance zones in 1981–1983. 
They reported an inverse relationship between mammal sur-
vival and disturbance intensity and concluded that in the 
tephrafall, blowdown, and blast-PDC zones there were 11, 
7–8, and 3 species, respectively, that survived and persisted 
during their 40-month post-eruption study. Adams et al. 
(1986) reported on small-mammal surveys conducted in 
1984 on the debris-avalanche deposit and in the adjacent 
blowdown zone, including areas of toppled old-growth forest 
and areas that had been clearcut logged within 10 years of 
the eruption. They captured deer mice across all sites, with 
the fewest captures on the structurally simple debris- 
avalanche deposit, where the species did not survive but had 
immigrated after the eruption. Four additional species were 
captured only in the structurally complex toppled old-growth 
forest, where they were thought to have possibly survived the 
eruption.

MacMahon et al. (1989) studied small-mammal responses 
from 1980 through 1987 across four broadly defined habitats 
(forests, clearcuts, subalpine meadows, and riparian ravines) 
arranged along a volcanic disturbance gradient ranging from 
areas of low to high disturbance severity. They documented 
the establishment of 6 species in the defaunated pyroclastic- 
flow zone, 15 species in the tree blowdown zone, and 22 spe-
cies in the tephrafall zone and suggested that establishment 
of mammals during these early post-eruption years was 
influenced by (1) the presence of residual mammals through-
out much of the disturbed landscape, (2) post-eruption ero-
sional processes that promoted the development of 
vegetation, and (3) highly fluctuating weather conditions 
from 1983 to 1986. Bevers (1998) studied the colonization 
and genetic structure of American pika (Ochotona princeps) 
to the north of the volcano from 1992 through 1994. He 
reported the establishment of eight new colonies in the blast 
area that were founded sometime between 1987 and 1992. 
Six of these sites were in typical talus/scree habitat, and the 
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remaining two sites were atypical and included log piles that 
mounded up by the Spirit Lake surge wave during the 1980 
eruption. He suggested that these new colonies originated 
from individuals dispersing from source populations 3 to 
6 km to the south. Protein electrophoresis supported a 
founder effect with associated rapid genetic divergence. 
Crisafulli et al. (2005) described small-mammal assem-
blages and species’ relative abundance patterns from 40 sites 
distributed across tephrafall, scorch, blowdown, tree- 
removal, and pyroclastic-flow zones from 1980 through 
2002. They reported a surprisingly rapid assembly of small- 
mammal communities along the disturbance gradient, with 
nearly all members of the regional species pool having colo-
nized much of the landscape during the first 22 years post 
eruption, the notable exception being four species closely 
associated with forest structure. The authors suggest that 
although large (570 km2), the size of the blast area did not 
preclude colonization by most small-mammal species, that 
individuals of these species readily dispersed from source 
populations, and if they encountered suitable habitat they 
established, often resulting in an unusual mix of species. 
This observation largely supports Gleason’s individualistic 
hypothesis of succession (Gleason 1926).

The role of small mammals in ecosystem processes, 
including plant succession, symbioses, and nutrient cycling, 
is also part of the MSH small-mammal research portfolio. 
Andersen and MacMahon (1985b) investigated the role of 
the northern pocket gopher in facilitating plant establish-
ment and growth in areas that received up to 25 cm of 
tephra. They reported that a greater number of plant species 
and individuals survived burial on gopher mounds than in 
adjacent off- mound sites and that there was greater seed-
ling diversity on mounds. They concluded that pocket 
gophers can exert a strong influence on plant populations 
and thus influence successional processes of volcanically 
disturbed landscapes.

Mammals also influenced MSH ecosystem succession by 
facilitating interactions between plants and mycorrhizal 
fungi. Allen et al. (1984, 1992, 2005, Chap. 11, this volume), 
Allen (1987), and Allen and MacMahon (1988) report on the 
formation of symbioses between mycorrhizal fungi and vas-
cular plants mediated by mammals. This body of literature 
demonstrates the transport of mycorrhizal fungal spores by 
the northern pocket gopher from forest soils buried beneath 
≤50 cm of tephra to the surface, the establishment of mycor-
rhizae (a symbiosis between a fungus and a vascular plant, 
located on or in plant roots), and the benefits of this associa-
tion to plants, such as increased photosynthetic rate, growth, 
and seed production. They also discuss the movement of 
mycorrhizal spores by several other small-mammal species, 
as well as elk (Cervus elaphus) that are drawn to patches of 
vegetation across the landscape and during these visits 
deposit spores in their fecal material. Parmenter (2005) doc-

umented differences in decomposition and nutrient-cycling 
rates of small-mammal carcasses across the volcanic distur-
bance gradient in 1986, with the slowest rates occurring in 
carcasses on the relatively hot, dry Pumice Plain and the fast-
est rates in cool, moist, undisturbed old-growth forests; 
rodent carcass decomposition and nutrient-cycling rates 
were also significantly faster belowground than on the 
ground surface. Yurkewycz et al. (2014) evaluated nutrient 
dynamics, soil physical properties, and plant communities 
on and adjacent to northern pocket gopher mounds in the 
pyroclastic-flow zone in 2009. They found that gophers 
occupied a small area (~2.5%) of the landscape and that 
gopher mounds had lower plant species density compared 
with adjacent areas not influenced by gophers. Plant abun-
dance was greater on mound margins, plant burial beneath 
mounds led to increased soil carbon and nitrogen, and crusts 
that formed on mounds reduced infiltration of water.

Collectively, this literature provides the most thorough 
body of knowledge in the world on ground-dwelling small- 
mammal responses to volcanism.

15.3  Conceptual Model of Small-Mammal 
 Community Assembly on the Pumice 
Plain

We use a simple conceptual model to describe key processes 
and factors involved in small-mammal community assembly 
during primary succession on the Pumice Plain at MSH 
(Fig. 15.2). In the aftermath of the 1980 eruption, all compo-
nents of the pre-eruption old-growth forest ecosystem were 
removed, and the assembly process began with no mammals 
present. In order for community assembly to proceed, there 
must be a regional species pool of small mammals that serves 
as a source population for the defaunated landscape. At 
MSH, areas beyond the limit of the Pumice Plain and the 
adjacent debris-avalanche deposit experienced less-intense 
volcanic disturbance, and some mammals survived 
(Andersen and MacMahon 1985a; MacMahon et al. 1989; 
Crisafulli et al. 2005). These less-disturbed areas, as well as 
expansive tracts of late-seral and younger forests, undoubt-
edly supported populations of all members of the regional 
species pool. Given the assumed availability of mammals in 
this pool, the first key process of community assembly is dis-
persal of mammals from the regional species pool to the 
Pumice Plain. We assumed that there were several factors 
that acted as dispersal “filters” that limited or prevented suc-
cessful arrival on the Pumice Plain, including (1) species- 
specific dispersal capacity and within-species variation 
based on sex and age; (2) distance between source  populations 
and the Pumice Plain; (3) the ability of an individual mammal 
to traverse the landscape or to navigate waterways between 
source populations and the Pumice Plain based on biophysi-

15 Mammal Community Assembly During Primary Succession on the Pumice Plain at the Mount St. Helens Volcano (1983–2015)



274

cal conditions, referred to as landscape/waterscape permea-
bility; and (4) the “condition” (density, demographics) of the 
source population at the time of dispersal. Given the popula-
tion cycles exhibited by small mammals, if the eruption 
occurred during the low-density phase of the surrounding 
populations’ cycle, then dispersal would likely be delayed, 
because individuals would have plenty of resources in undis-
turbed habitats and would not be particularly motivated to 
leave. However, if the population was at the “high” point, 
with lots of social/resource pressures on individuals to dis-
perse, then we would expect to see more dispersal attempts 
and ultimately “arrivals”—assuming that the cycles occur 
every 4–6 years, this would add to the observed variability of 
arrival times and to the community-assembly rate (Kirkland 
1990). Chance also plays a role in dispersal, but is not spe-
cifically addressed in our study. Collectively, these factors 
should result in variation in the time at which different spe-
cies arrive in our study area.

Arriving on the Pumice Plain is no guarantee of establish-
ment, the second key process of community assembly. 
Several factors may be important in determining whether 
individuals of a species establish on the Pumice Plain. These 
establishment “filters” include but are not limited to (1) 
development of appropriate biophysical habitat conditions 
that provide food, water, cover from physical elements and 
predators, and sites for reproduction, and (2) availability of 
suitable mates. Stochastic factors, such as unusual weather 
and secondary disturbances (e.g., floods, erosion, burial, 
subsequent eruptions), may influence establishment. Acting 
singly or in combination, these factors may lead to failed 
establishment. On the Pumice Plain, we assume that patterns 
and rates of plant succession have played an important role 
in mammal establishment because vegetation provides food 
for mammals directly (plant parts) and indirectly by provid-
ing food for invertebrates that, in turn, serve as prey for 
mammals. Vegetation is also important because it allows 
small mammals to avoid, hide, and escape from predators 
and also provides protection from thermal extremes. 
Arthropods arrived on the Pumice Plain in great abundance 
prior to plant community development (Edwards 1986; 
Edwards and Sugg 1993; Parmenter et al., Chap. 12, this vol-
ume), and these organisms likely served as an important food 
resource for early mammal immigrants. In addition, vegeta-
tion establishment accelerates pedogenesis (soil formation), 
increasing soil organic matter, changing soil texture, and 
facilitating microbial and fungal communities—all impor-
tant components for soil-dwelling arthropod larvae, which, 
in turn, are important prey for several small-mammal species 
in the MSH regional species pool. Mammals that arrive on 
the Pumice Plain but are unable to establish may perish on- 
site, and their bodies decompose, enriching the site with 
nutrients that promote the development of carrion communi-
ties, soils, and vegetation (Parmenter 2005).

The third and final key process is community develop-
ment, which is defined by a suite of biotic interactions among 
species that may serve as “filters” influencing the success of 
a species in the community-assembly process. These interac-
tions come in many forms and include examples such as pre-
dation, competition for space or resources, agonistic 
behavior, and adverse effects related to parasites and patho-
gens. Indirect effects of species interactions may also influ-
ence persistence of mammal species and community 
assembly. For example, insect herbivory may alter plant 
 community structure, resulting in changes in habitat having 
either positive or negative effects on mammal community 
assembly, and we provide some evidence for this based on 
willow-boring beetle activities. The order in which species 
arrive, often referred to as priority effects, may influence 
community development based on niche breadth and over-
lap. We present our model in a way that might suggest a 
clean-cut, stepwise progression of community assembly, but 
certainly the process is much more complicated, and most or 
all processes clearly occur concomitantly and are spatially 
uneven across different microhabitats. Thus, our model is 
admittedly oversimplified but nonetheless has heuristic value 
by providing a framework to view mammal community 
assembly on the Pumice Plain.

15.4  Study Area

Prior to the 1980 eruption, our study area, located between 
Mount St. Helens and Spirit Lake to the north, supported 
old-growth coniferous forest dominated by Pacific silver fir 
(Abies amabilis) and mountain hemlock (Tsuga mertensi-
ana), with a handful of other less-common conifer species 
(Fig. 15.3a). The understory was composed of ericaceous 
shrubs, herbs, and mosses associated with the Pacific silver 
fir zone (Franklin and Dyrness 1973). The area has a moist 
maritime climate, with relatively mild, wet winters and 
warm, dry summers. Long-term (1987–2015) mean annual 
precipitation data for the Spirit Lake basin is 2255 mm, 
most of which falls as snow (NRCS SNOTEL Data, Spirit 
Lake Station 777, data extracted 28 March 2016). Mean 
growing season (June through September) precipitation is 
251 mm or 11% of mean annual precipitation. Mean annual 
temperature is 6.4 °C, mean July temperature is 14.1 °C 
(range 7.7 to 19.5 °C), and mean January temperature is 
0.69 °C (range −1.95 to 3.7 °C). After the eruption, the 
absence of forest cover and presence of high-porosity volca-
nic substrates led to a “functionally” different climate from 
the pre-eruption conditions, having increased insolation at 
ground-level increased wind velocity, lower water-holding 
capacity in substrates, and the near absence of a winter 
snowpack throughout this 33-year study. This situation is in 
stark contrast to pre-eruption conditions, when snowpack in 
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the basin would commonly accumulate up to 3 m and persist 
into July. Thus, from the biota’s perspective during the 
growing season, it was a warmer, drier, and windier 
environment.

In the aftermath of the eruption, a vast, undulating, 
steaming- hot, barren landscape devoid of all life had replaced 
the former old-growth forest (Fig. 15.3b), setting the stage 
for primary succession and the assembly of biological com-
munities. In the 35 years since the eruption, the Pumice Plain 
has undergone substantial change in substrate characteristics 
(Halvorson et al. Chap. 5, this volume) and vegetation struc-
ture (del Moral et al. 2012). Cobble to large-gravel-sized 
dacite pumice weathered to finer gravel and sand. The once-
barren plain was colonized slowly by a diverse assemblage 
of herbaceous plants and a handful of shrub and tree species 
(del Moral et al. 2012). Plant cover in the upland habitat 
expanded from epicenters of initial establishment, with small 
patches eventually coalescing into larger patches as succes-
sion proceeded. Shrubs (Sitka willow and green alder, Alnus 
viridis) established sparsely throughout the upland habitat 
beginning about 10 years post eruption and, since that time, 
have created thickets in more mesic locations but otherwise 
remain sparse. Several species of conifers established at low 
densities, and by 30 years post eruption, some were produc-
ing a local seed source. Plant cover in the upland matrix 
habitat 30 years post eruption ranged from 21.6 to 68.6% 
(del Moral et al. 2012).

Sitka willow colonized seeps and stream courses begin-
ning in the mid-1980s and then quickly expanded throughout 
the watercourses, creating dense and sharply defined plant 
communities in about a decade or so. Our “Willow Spring” 
site (WILSPR, Fig. 15.4) was the first riparian plant com-

munity to develop on the Pumice Plain, with an initial com-
munity present in 1986. Other riparian communities did not 
develop on the Pumice Plain until a number of years later. 
Successional processes have been spatially variable across 
the Pumice Plain, leading to habitat patches in numerous 
successional states at any given time.

15.5  Field Methods

15.5.1  Mammal Surveys

We investigated small mammals on the Pumice Plain from 
1983 to 2015. Our mammal data came from two sources. 
The first focused on small mammals and employed mark- 
recapture sampling using Sherman live traps that were 
installed across a network of permanent study sites 
(Fig. 15.4). Sherman traps are widely used for monitoring 
small-mammal populations, but are known to be more effec-
tive for some species than others, introducing some bias 
(Crisafulli et al. 2005). Our targeted species for live-trap-
ping were mammals with a mass of ~4 to 300 g, including 
shrews, shrew-moles, voles, mice, chipmunks, squirrels, 
and weasels.

Most (15 of 16) sites were sampled using permanent 120-m 
line transects with trap stations every 5 m (25 traps total); the 
remaining site used a web-trapping design (Anderson et al. 
1983) with 148 traps. Traps were open continuously for four to 
five consecutive days and checked each morning. Traps were 
baited with rolled oats and peanut  butter, and cotton batting 
was placed in each trap as bedding material and to prevent 
hypothermia. We identified captured individuals to species 

Fig. 15.3 (a) Pre-eruption (1979) view from the summit of Mount St. Helens looking north, with the Spirit Lake basin in the foreground and 
Mount Rainier in the background. Clearly visible is the expansive presence of mature and old-growth coniferous forest. (b) Post-eruption photo 
(1980) with the same view as above, taken from a helicopter, showing the nudation and filling of the landscape with several tens of meters of 
volcanic deposits during a rapid series of volcanic processes. All vestiges of the pre-eruption forest were scoured from the area of the study sites, 
located between the volcano and the south shoreline of Spirit Lake. Note the floating log raft covering ~40% of the lake’s surface. (Photos courtesy 
of the USDA Forest Service).
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and recorded sex, body mass, and reproductive condition, fol-
lowed by marking with either ear tags, toe clips, or indelible 
ink. Additional details of our live- trapping methods can be 
found in Crisafulli et al. (2005).

Trapping was conducted at sites representing three gen-
eral habitat types: upland (seven sites), riparian/wetland (six 
sites), and upland shrub (three sites). These sites occur 
within a 3-km2 area in the eastern portion of the 11-km2 
Pumice Plain (Figs. 15.1 and 15.4). The number of sites 
sampled increased from just a few sites in the early 1980s, 
when the volcano was still erupting intermittently and 
access was greatly limited, to 16 sites that were sampled on 
a nearly annual basis since establishment. Appendix 15.1 

lists the sampling period, total years sampled, number of 
traps, and physical information for our sites. Our goal was 
to document the rate and pattern of small-mammal arrival 
and establishment on the Pumice Plain. Thus, as new habi-
tats developed, we expanded our sampling to include these 
sites. We also increased representation of certain habitats in 
our sampling design over the survey years by adding addi-
tional sites; we refer to these as replicate sites. In most 
years, each site was trapped during a single midsummer 
(July–August session), but in some years, sites were trapped 
during two sessions.

When traps were “sprung” and did not have a mammal 
inside, they were assigned a value of 0.5 trap night, follow-

Fig. 15.4 Small-mammal study sites on the Pumice Plain at Mount St. Helens depicted on imagery (Imagery source, World Imagery service from 
ESRI). See Appendix 15.1 for physical information and sampling history of these sites. (Cartography by Kelly Christiansen, USDA Forest Service, 
Pacific Northwest Research Station).
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ing Nelson and Clark (1973), to account for the trap not 
being available to mammals for some unknown amount of 
time each trap night. To characterize our trapping effort, we 
summed the number of trap nights (number of traps operated 
times the number of nights trapped) and tallied the number 
of captured unique individuals (marked mammals).

We calculated recapture rates for dominant species both 
within session and between years. For within-session recap-
tures, percent recapture rates were calculated for a subset of 
species that were numerically dominant and marked with ear 
tags. We summed the number of individuals captured >1 
time during our midsummer trapping session, divided this 
value by the total number of individuals captured at the end 
of the session (recaptured animals plus animals captured 
only once), and multiplied this quotient by 100. These calcu-
lations were performed on data spanning 2000 through 2015 
and included only individuals that did not die during the first 
capture. Our approach considered captures separately for 
upland and riparian habitats, pooling replicate sites and 
years, and presented as mean and SE recapture rates for a 
session. For between-year recaptures, we first generated 
recapture rates for each species at each site for each of the 
sample years 2000 through 2015. Recapture rate was calcu-
lated as the percentage of marked (ear-tagged) individuals of 
each species in a given sample year that appeared in the sam-
ple of the following year. This value revealed consistently 
low annual recapture rates through time, and based on this 
consistency, we pooled the annual recapture rates for all sites 
(within a habitat type) and for all years and provide means 
and SE for upland and riparian sites.

The second data source focused on mid-to-large mam-
mals and was based on observations made by the authors and 
field crew members who were trained in mammal identifica-
tion. These data were visual observations of mammals, often 
accompanied by photo documentation. The majority of these 
species were conspicuous in the denuded post-eruption land-
scape and include species such ungulates (e.g., elk), large 
rodents (e.g., hoary marmot, Marmota caligata), and carni-
vores (e.g., coyote, Canis latrans). Each observation was 
entered in a field notebook with details of date, time, specific 
location, and diagnostic features leading to species identifi-
cation. Each entry was then scrutinized by the first author, 
and any questionable observations were removed. Other 
corroborative observations, such as tracks, scat, and foraging 
activities, were added to the visual observations database.

Our research was approved and permitted by Washington 
Department of Wildlife, and permits are on file with the first 
author. Mammal taxonomy follows the Integrated Taxonomic 
Information System (http://www.itis.gov/, extracted 
February 2016). Mammal voucher specimens were depos-
ited at the Burke Museum, University of Washington, and the 
Museum of Southwestern Biology, University of New 

Mexico, and include representative specimens of all species 
trapped.

15.5.2  Vegetation Structure Surveys

To address relationships between vegetation structure and 
small-mammal community structure, we measured vegeta-
tion at our study sites in 2009 and again in 2013 using a 
modified “foliage height diversity” (FHD) method 
(MacArthur and MacArthur 1961). This method provides 
information on plant physiognomy by measuring the vertical 
distribution of vegetation by life-form. At each of our study 
sites (except PMPWEB and UPLSHS), nine transects were 
sampled at 15-m intervals along and perpendicular to the 
mammal-trapping transect. The FHD transect length was 
fixed at 30 m at upland sites and varied at the riparian/wet-
land and upland shrub sites based on the width of those habi-
tats (range 12–38 m). That is, riparian transects began and 
ended based on the presence of shrubs. The FHD measure-
ment stations (N = 66–144) were placed every 2 m along 
each transect, and at each station, a 3-m graduated PVC pole 
was positioned vertically and assessed for the presence (con-
tact with pole) of graminoids, forbs, and shrubs at each of the 
following height classes: 0–10 cm, 11–25 cm, 26–50 cm, 
51–100 cm, 101–150 cm, 151–200 cm, 200–300 cm, and 
>300 cm. Thus, across sites there were between 400 and 
1152 points in space where vegetation presence was assessed.

Next, we multiplied the number of FHD stations on each 
transect by the eight height classes to derive the total number 
of points sampled for vegetation. Then, we summed the 
number of intercepts with vegetation present (positive hits). 
We divided the number of positive hits along each transect 
by the total number of possible points along that transect to 
calculate the frequency of vegetation present. This value pro-
vided an index of vegetation complexity that we used to 
explore correlations between mammal species richness and 
abundance with vegetation structure.

15.5.3  Herbivory Effects on Small-Mammal 
Assembly

To assess the effects of herbivory on small-mammal 
 community assembly, we measured the attack rate of willow 
stem- boring beetles on upland willow shrubs at the plant and 
stem level for 3 years: 2010 (n = 583), 2011 (n = 577), and 
2015 (n = 463). We defined plant-level attack as any stem or 
the caudex (root crown) attacked on a willow shrub. We 
defined stem-level attack as the presence of beetle attack 
anywhere along the stem axis from where it emerged from 
the caudex upward toward the distal end. We uniquely tagged 
stems on each living willow and recorded their ground-level 

15 Mammal Community Assembly During Primary Succession on the Pumice Plain at the Mount St. Helens Volcano (1983–2015)

http://www.itis.gov


278

diameter (mm) and length (cm). We then scored stems for the 
presence of beetle herbivory and recorded their vigor (dead 
or alive). Through successive annual sampling, these data 
provided information on herbivory prevalence and severity, 
as well as plant and stem mortality. We use these data to 
make a correlative case for herbivory retarding the develop-
ment of shrub habitat and, by doing so, influencing mammal 
 community structure.

15.5.4  Temperature and Relative Humidity

We recorded temperature and relative humidity hourly 
during the growing season (June through early October) 
from 2003 through 2015, except for 2004 and 2005, using 
Onset Computer data logger models: HOBO Pro Series 
model H08-032-08 and HOBO Pro v2. We attached data 
loggers to wooden solar shields and fastened them to metal 
t-posts at a height of 1 m above the ground surface at each 
mammal- sampling site. We partitioned data by upland and 
riparian habitat and trimmed them to include only July and 
August values, which coincided with our mammal trap-
ping. We reported these data in two formats: mean tem-
perature and mean relative humidity, with standard 
deviation, for 2003–2015, and mean maximum and mean 
minimum temperature with standard deviation for each 
upland and riparian habitat for all years. This approach 
provides a general (average) understanding of the micro-
meteorology as well as the extremes between upland and 
shrub habitats.

15.6  Data Compilation, Manipulation, 
and Analyses

15.6.1  Arrival and Establishment

What is the pattern and rate of arrival and establishment of 
mammal species relative to the regional species pool?

We compiled a list of mammals (excluding bats, 
Chiroptera) that represents the regional species pool for the 
southwest Washington Cascade Range (Wilson and Ruff 
1999) and used this list to identify the pool of species poten-
tially available to the Pumice Plain. Then, using all available 
trapping (all sites, sessions, and years) and observation 
(1983–2015) data, we recorded the year that each mammal 
species arrived (first detection) and/or established (assumed 
breeding population) on the Pumice Plain. This simple anal-
ysis relates to dispersal and establishment processes of the 
model. We used these data to describe mammal arrival/

establishment chronology in four time periods: 1983–1989, 
1990–2000, 2001–2010, and 2011–2015.

In a similar analysis, but only for small mammals, we 
used our complete trapping data set (all sites, sessions, and 
years, 1983–2015) to examine the relationship between 
annual species accrual rate and time since the eruption using 
simple linear regression. This model assumed equal variance 
and sample independence:

 
Y o xi i= + ( )β β1  

where y is the estimated number of species established on the 
Pumice Plain for the ith year post eruption, xi the year  post 
 eruption (ype), βo the y-intercept, and β1 the estimated 
change in species for every ype. We compared the observed 
species-accrual pattern to our predictions based on assumed 
dispersal capacity, life-history characteristics, and habitat 
associations.

We quantified annual rates of mammal species gain, loss, 
and turnover using the rate metrics provided by Anderson 
(2007). These metrics were species gain rate (proportion of 
new species between years), species loss rate (proportion of 
species lost between years), and species turnover rate (pro-
portional changes between years). Annual species gain rate 
(Gp) was computed as:

 
G G St Stp = +( ) / /1 2 2  

where G is the number of new species gained during the time 
period, and St1 and St2 are the number of species present at 
the beginning (t1) and end (t2) of the sample time period (usu-
ally 1 year). In calculating species gain rate in any given 
year, we included not only newly arrived species but also 
species that had previously occupied the site but had tempo-
rarily disappeared and then reappeared in subsequent years.

We calculated annual species loss rate (Lp) as:

 
L L St Stp = +( ) / /1 2 2  

where L is the number of species lost during the year.
We calculated annual species turnover rate (Tp) as:

 
T G L St Stp = +( ) +( )/ 1 2  

We determined annual mammal species gain rate, loss rate, 
and turnover rate for each year-to-year sample period during 
which a comparable sampling effort was conducted; this crite-
rion eliminated the years 1984, 1985, 1986, 1989, 2001, and 
2010. For years following eliminated years, we divided rate 
values by the number of years between samples. We assumed 
that species richness on the Pumice Plain was zero immedi-
ately after the 1980 eruption. We then graphed annual rate 
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values during 1980–2015, and linear or nonlinear regressions 
(exponential, polynomial, logarithmic, power function) were 
fitted to the data. Selected regression models had the best fit 
indicated by maximum coefficient of determination.

15.6.2  Species Richness, Abundance, 
Foraging-Guild Structure, and Sex 
Ratios

What were the patterns of species richness, abundance, guild 
structure, and sex ratios during community assembly of 
the small-mammal fauna?

We addressed this question using two data sets. The first 
includes data for one riparian site (WILSPR) and one upland 
site (PMPWEB) that were trapped for 28 and 32 years, 
respectively. These two sites were trapped the longest of all 
our sites and thus provide the best temporal record of early 
post-eruption community assembly.

The second data set was derived from six pairs of riparian 
and upland sites that were established in 2000 and sampled 
through 2015. These data have a shorter temporal span than 
the first data set but have larger spatial extent. Data for each 
of the two data sets were trimmed to four continuous days 
across all sites and years to provide standardized data (i.e., 
equal sampling effort) for analyses. We report species rich-
ness (mean number of species captured during a trapping 
session), capture rates (number of unique individuals cap-
tured/100 trap nights), species biomass by foraging guild 
(percent contribution for each species relative to the total 
biomass for all taxa in that guild), and guild structure (spe-
cies composition and number of captures for each species 
within each guild). We calculated guild biomass by summing 
the mass (g) of all unique individuals of each species cap-
tured during a sampling session each year. Foraging guilds 
included omnivore, herbivore, and insectivore.

We plotted long-term dynamics of small-mammal abun-
dance based on unique captures for each species present dur-
ing the period of record (1984–2015) at the PMPWEB site 
and for 2003–2015 at the paired upland and riparian sites. 
We summed the number of unique individuals of each spe-
cies captured during a sampling session each year and classi-
fied them into abundance categories, which were plotted as 
“bubbles” of varying size, equating to capture numbers. The 
number of categories and the range of capture values were 
consistent across species and years for each habitat type but 
varied across upland and riparian habitats based on the range 
of values in our data. For example, the number of unique 
captures ranged from 10 to 50 in riparian sites and from 25 to 
125 in upland sites. Further, we color-coded each species by 
foraging guild to reveal information on its relative impor-
tance within the temporal variation of guild structure.

To explore small-mammal sex ratios using our 2000–2015 
data, we counted captured male and female individuals of 11 
species and compared the ratios for riparian and upland sites. 
We pooled sites by riparian and upland habitat and summed 
the number of male and female unique individuals for each 
sample year. To assess sex ratios within habitat types, we 
used proportion of female captures (%), with 95% confi-
dence intervals for a one-sample test of equality of propor-
tions (i.e., sex ratios different from 1:1).

Using mark-recapture studies, we opportunistically 
assessed movement patterns of small mammals by compiling 
a list of individuals that were initially captured (and ear- 
tagged) at one site and were later captured at other sites. 
These observations provided insights on spatial ecology of 
the small-mammal assembly. We restricted our analysis to 
five species with sufficient data records and considered all 15 
transect sites for the years 2000–2015. For each species, we 
tracked the number of individuals that moved between each 
site and the direction of movement. We also calculated the 
average and maximum distances moved and provided a few 
examples of movement rate (time between captures at differ-
ent sites).

15.6.3  Vegetation Structure

What influence did vegetation structure and herbivory have 
on small-mammal community assembly?

We expected that vegetation structure would strongly 
influence mammal community assembly, such that closely 
juxtaposed patches representing different plant communities 
would support different mammal assemblages. In this regard, 
vegetation characteristics function as filters that sort mam-
mals into different community compositions. We performed 
a Welch two-sample t-test to examine differences between 
mean percent vegetation structures of riparian and upland 
habitats for 2009 and 2013. We defined mammal species 
richness as the number of species trapped at each site for 
2009 and 2013. Species lacking evidence of establishment 
and those associated with water (water shrew, Sorex palus-
tris; marsh shrew, S. bendirii; and water vole, Microtus rich-
ardsoni) were removed from the analysis in an attempt to 
focus on the differences between mammal species richness 
and vegetation architecture and not water as a habitat feature 
per se. The vegetation-structure parameter we used was the 
percent of three-dimensional space occupied by all life- 
forms of vegetation (as described in Sect. 15.5.2). We also 
used this analysis to indirectly evaluate the influence of wil-
low stem-boring beetles on mammal species richness, com-
paring riparian with upland sites. We examined relationships 
between mammal species richness and vegetation structure 
using a paired t-test for 2009 and 2013 data.
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15.7  Results

15.7.1  Arrival and Establishment: Comparison 
of the Pumice Plain Mammal 
Assemblage to the Regional Species 
Pool

The regional mammalian species pool of the southern 
Washington Cascade Range totals 45 species, excluding 
Chiroptera (bats) (Wilson and Ruff 1999). This diverse 
assemblage includes 6 orders, 19 families, and 34 genera 
(Table 15.1), and shows tremendous variation in body size 
and trophic status, ranging from tiny insectivorous shrews 
weighing 5 g to massive herbivorous elk weighing up to 
about 300 kg. At least 34 (76%) of the 45 species included in 
the regional species pool arrived on the Pumice Plain between 
1983 and 2105, including members of all orders, 17 of 19 
families, and 25 of 34 genera.

Arrival of mammals from the regional species pool, 
grouped by body size, included 22 (85%) of 26 small mam-
mals (Fig. 15.5a inset), 8 (57%) of 14 medium-sized mam-
mals, and 4 (80%) of 5 large mammals. There was no pattern 
of arrival associated with species’ taxonomic affinity and 
trophic status, but midsized mammals were disproportion-
ately underrepresented. That is, species of different body 
size, taxonomic affinity, and position in food webs (trophic 
status) arrived throughout most of the 33 years of study. 
Undetected species include those associated with forest 
structure (8 species) and those that are water dependent (2 
species) or fossorial (1 species). We have evidence, based on 
the presence of pregnant or abundant individuals and succes-
sive years of capture, that 25 of 34 species that arrived on the 
Pumice Plain established populations there, whereas 5 species 
lacked support of establishment, and establishment status 
was uncertain for an additional four species (Table 15.1).

Small-mammal arrival sequence is shown in Fig. 15.5a. 
The first small mammals to arrive on the Pumice Plain were 
the deer mouse and the long-tailed vole (Microtus longicau-
dus) (both recorded in 1983), and it wasn’t until 1988 
(5 years later) that an additional species, another rodent, the 
water vole, was captured. Nocturnal rodents were the only 
mammals captured from 1983 to 1988; diurnal rodents 
would not arrive until several years later (1995 and 1998), 
which coincided with the development of shrub thickets in 
riparian habitats. The temporal pattern of arrival was vari-
able, with 12 rodent species arriving over a 31-year period 
(1983–2013) and 7 insectivore species arriving during a 
22-year period (1990–2011), whereas carnivores 
(Mustelidae) were not detected until 23 and 27 years after 
the eruption.

Eighteen (82%) of the 22 species arriving on the Pumice 
Plain established; however, 4 species, the cinereus shrew 
(Sorex cinereus), Douglas’s squirrel (Tamiasciurus dougla-
sii), bushy-tailed wood rat (Neotoma cinerea), and American 
pika, appear to have failed to establish breeding populations. 
Our first year of trapping (1983) revealed that two species 
had colonized since the 18 May 1980 eruption, when no 
mammals were present on-site. After that time, the rate of 
increase was approximately linear over the next 32 years. 
Our linear regression analysis based on successful establish-
ment of 18 species over a 33-year period extending from 
1983 to 2015 produces an annual accrual rate of 0.57 species 
per year (r2 = 0.98, p < 0.01, Fig. 15.5b). In most of the years 
in which we trapped mammals (19 of 30), new  species were 
observed in our sample, and when there was a hiatus in 
arrival, it was generally 1–2 years; the maximum duration 
was 3 years (1984–1987). The 4 small-mammal species that 
consistently went undetected in our samples are forest obli-
gates, including Townsend’s chipmunk (Tamias townsendii), 
northern flying squirrel (Glaucomys sabrinus), southern red-
backed vole (Myodes [= Clethrionomys] gapperi), and the 
terrestrial insectivore, coast mole (Scapanus orarius).

Analysis of annual rates of species gain, loss, and turn-
over on the Pumice Plain (based on the metrics of Anderson 
2007) revealed the long-term dynamics of continuous gains 
and losses of colonizing mammal species (Fig. 15.6). Annual 
species gain (Gp) was proportionately high during 1980–
1983 as species arrived on the Pumice Plain, but the gain rate 
dropped to zero through 1987 before increasing again in the 
late 1980s (Fig. 15.6a). The decade of the 1990s showed con-
siderable fluctuation in species gain rates, eventually drop-
ping to significantly lower levels during 2000–2015 as an 
increasing proportion of the regional species pool arrived on 
the Pumice Plain (Fig. 15.6a).

The annual species loss rate (Lp) ranged from 0% during 
1980–1983 as mammal species began to accumulate on the 
Pumice Plain to 53% in 1995 during the decade of the 1990s 
(Fig. 15.6b). Although no significant trend in species loss 
rates was observed over the entire observation period (1980–
2015, Fig. 15.6b), we did find a significant negative trend 
from 1987 to 2015 (Lp = 0.0003Yr2–1.063Yr + 1071, 
r = 0.453, df = 24, P < 0.05). Overall, from 1987 through  
2015, annual species loss rates averaged 16.4% per year, and 
annual species gain rates averaged 22.2% per year.

Annual turnover rate (Tp) exhibited a significant stabiliza-
tion trend over the entire observational record (1980–2015), 
with turnover steadily declining from a period of fluctuating 
turnover in the 1980s, through a decade of relatively high 
turnover rates in the 1990s, to the era of stabilization during 
2000–2015 (Fig. 15.6c).
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15.7.2  Trapping Results

From 1983 through 2015, we sampled small mammals for 
35,978 trap nights, yielding 9623 total captures and 3651 ani-
mals, representing 21 species. Deer mice comprised 55% of all 

unique individuals, and this species, plus two additional rodents, 
the yellow-pine chipmunk (Tamias amoenus) and the Pacific 
jumping mouse (Zapus trinotatus), accounted for 75% of all 
individuals captured. Rodents, insectivores, and carnivores rep-
resented 90.0%, 9.0%, and 1.0% of our samples, respectively.

Table 15.1 Mammal species of the southern Washington Cascade Range. Light gray shading indicates species that have arrived on the Pumice 
Plain; medium gray shading denotes species that have established. Species with no shading have not been observed as arriving. Habitat association 
and guild assignment based on information from Mammalian Species (https://academic.oup.com/mspecies) and from Wilson and Ruff (1999). Obs 
observed, Estab established, First obs year first observed, Y yes, N no, U unknown, N/A not applicable.

Order/Family Scientific name Common name obs. Estab.
First 
obs.

Literature habitat 
association

MSH habitat 
association Guild

Didelphimorphia
Didelphidae Didelphis virginiana Virginia opossum Y U 2013 deciduous forest Lake shoreline, riparian 

and upland shrub thicket
omnivore

Soricomorpha
Soricidae Sorex bendirii marsh shrew Y Y 2009 marsh and moist riparian riparian shrub thicket insectivore

S. cinereus cinereus shrew Y U 2011 forest, shrub thicket riparian shrub thicket insectivore
S. monticolus montane shrew Y Y 1990 moist forest and shrub 

thicket
riparian shrub thicket insectivore

S. palustris water shrew Y Y 1994 wet riparian shrub thicket riparian shrub thicket insectivore
S. trowbridgii Trowbridge's shrew Y Y 2004 forest riparian shrub thicket insectivore
S. vagrans vagrant shrew Y Y 2002 mesic forest and shrub 

thicket
riparian shrub thicket insectivore

Talpidae Neurotrichus gibbsii American shrew 
mole

Y Y 2010 forest riparian shrub thicket insectivore

Scapanus orarius coast mole N N N/A open forest and meadow not present insectivore

Carnivora
Canidae Canis latrans coyote Y Y 1990 generalist upland early-seral forb 

and riparian shrub thicket
omnivore

Vulpes vulpes 
cascadensis

Cascade red fox N N N/A forest, subalpine meadow not present omnivore

Ursidae Ursus americanus American black 
bear

N N N/A forest, meadow not present omnivore

Mustelidae Martes americana American marten N N N/A mature forest not present omnivore
Mustela erminea ermine Y Y 2003 generalist riparian shrub thicket carnivore
M. frenata long-tailed weasel Y Y 2007 generalist riparian shrub thicket carnivore
Neovison vison American mink N N N/A riparian zones of forest and 

shrub thicket
not present carnivore

Lontra canadensis northern river otter Y Y 2012 river, lake, pond, marsh lake carnivore

Procyonidae Procyon lotor northern raccoon Y Y 2014 generalist lake shoreline, riparian 
shrub thicket

omnivore

Felidae Puma concolor puma Y Y 2008 generalist upland early-seral forb 
and riparian shrub thicket

carnivore

Lynx rufus bobcat N N N/A generalist not present carnivore

Artiodactyla
Cervidae Cervus elaphus elk Y Y 1983 forest and meadow upland early-seral forb 

and riparian and upland 
shrub thicket

herbivore

Odocoileus hemionus
columbianus

black-tailed deer Y N 1998 forest upland shrub thicket and 
lake shorelines

herbivore

Bovidae Oreamnos 
americanus

mountain goat Y Y 2000 alpine meadow, cliffs, scree upland early-seral forb herbivore

Rodentia
Aplodontiidae Aplodontia rufa mountain beaver N N N/A moist forest not present herbivore
Sciuridae Tamias amoenus yellow-pine 

chipmunk
Y Y 1998 open forest, shrub thicket riparian and upland shrub 

thicket
omnivore

T. townsendii Townsend's 
chipmunk

N N N/A forest not present omnivore

(continued)
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Based on mark-recapture live-trapping for the dominant 
species, within-year recapture values were very high in most 
cases, and varied across species, and between riparian and 
upland habitats (Table 15.2). All species except the deer 
mouse had higher recapture values in riparian versus upland 
habitats, and this was most pronounced for three species: 
Cascade golden-mantled ground squirrel (Callospermophilus 
saturatus), yellow-pine chipmunk, and northwestern mouse 
(Peromyscus keeni).

Mean between-year recapture rates were generally low, 
had high variance, and showed marked differences among 
species and across upland and riparian habitats (Table 15.2). 
Not surprisingly, long-lived species (e.g., yellow-pine chip-

munk and Cascade golden-mantled ground squirrel) gener-
ally had more recaptures between years as compared with 
shorter-lived species, but there were some exceptions to this 
pattern, for example, the Pacific jumping mouse in upland 
habitats and northwestern mouse in riparian habitats.

15.7.3  Mammals in Upland and Riparian 
Habitats

Species richness at the PMPWEB upland site changed very 
little over a 32-year sampling period (1984–2015), ranging 
from 1 to 4 species, and during most years, only 1 to 2  species 

Table 15.1 (continued)

Order/Family Scientific name Common name obs. Estab.
First 
obs.

Literature habitat 
association

MSH habitat 
association Guild

Marmota caligata hoary marmot Y N 2010 montane meadow, talus lava flows and associated 
scree

herbivore

Callospermophilus 
saturatus

Cascade golden-
mantled ground 
squirrel

Y Y 1996 open forest, shrub thicket, 
meadow

riparian and upland shrub 
thicket

omnivore

Tamiasciurus 
douglasii

Douglas's squirrel Y N 1992 forest riparian shrub thicket granivore

Glaucomys sabrinus northern flying 
squirrel

N N N/A forest not present omnivore

Geomyidae Thomomys talpoides northern pocket 
gopher

Y Y 1992 Meadow, open forest upland early-seral forb herbivore

Castoridae Castor canadensis American beaver Y Y 2002 Lake, pond, stream lake herbivore
Cricetidae Peromyscus keeni Keen’s mouse Y Y 1997 Forest, shrub thicket riparian and upland shrub 

thicket
omnivore

P. maniculatus deer mouse Y Y 1983 generalist upland early-seral forb 
and riparian and upland 
shrub thicket

omnivore

Neotoma cinerea bushy-tailed 
woodrat

Y U 2012 caves, cliffs, rock crevices, 
scree

lava flows and associated 
scree

herbivore

Myodes gapperi southern red-backed 
vole

N N N/A forest not present omnivores

Phenacomys 
intermedius

western heather 
vole

Y Y 2013 moist meadow, open forest, 
riparian

upland early-seral forb herbivore

Microtus longicaudus long-tailed vole Y Y 1983 generalist riparian shrub thicket herbivore
M. oregoni creeping vole Y Y 1994 meadow, forest riparian shrub thicket herbivore
M. richardsoni water vole Y Y 1988 wet meadow, riparian riparian shrub thicket herbivore
Ondatra zibethicus muskrat N N N/A Marsh, pond, lake, stream not present omnivore

Dipodidae Zapus trinotatus Pacific jumping 
mouse

Y Y 1991 riparian, moist meadow, 
shrub thicket

riparian shrub thicket omnivore

Erethizontidae Erethizon dorsatum North American 
porcupine

Y N 2007 forest riparian shrub thicket herbivore

Lagomorpha
Ochotonidae Ochotona princeps American pika Y U 1994 talus, scree lava flows and associated 

scree
herbivore

Leporidae Lepus americanus snowshoe hare Y N 1983 forest riparian and upland shrub 
thicket

herbivore

Totals: 6/19 45 34 25
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Fig. 15.5 (a) Small-mammal species accrual rate from 1983 to 2015, based on live-trapping at 16 sites on the Pumice Plain at Mount St. Helens; 
includes only taxa that could be captured in Sherman trap. Latin binomials are listed for the year that a species was first trapped. The graph is cumula-
tive; newly arriving species are added to all previously recorded species, but this does not imply that all species were present in any given year. See 
text for additional information. The inset graph shows the number of small-mammal species, listed by taxonomic order, in the regional species pool, 
arriving on the Pumice Plain, and having established. (b) Simple linear regression plot of small- mammal species accrual on the Pumice Plain at Mount 
St. Helens (1983–2015). Gray band represents 95% confidence limit on the mean estimated number of species.
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were represented (Fig. 15.7a). In contrast, species richness in 
the WILSPR riparian site increased over the 28-year sam-
pling period (1988–2015), with a maximum value of 10 spe-
cies in 2008 (Fig. 15.7a).

Small-mammal capture rates at PMPWEB upland site 
were very consistent during the period of record, with <5 
captures per 100 trap nights for all but one of the 32 years 
(Fig. 15.7b). The WILSPR riparian site had highly variable 
capture rates, with six clear swings from low to high during 
the 28-year period of record that included values ranging 
from 10 to 45 captures per 100 trap nights (Fig. 15.7b). The 
riparian site commonly had capture rates 4–12 times greater 
than those at the upland site.

Foraging-guild structure at the PMPWEB upland site 
included two guilds and, based on both biomass and number 

of captures, was dominated by terrestrial omnivores 
(Fig. 15.8). Within this three-member guild, the deer mouse 
consistently contributed the greatest biomass to the mammal 
assemblage (Fig. 15.8b) and also had the highest capture rate 
(Fig. 15.8a). The remaining four species in our sample repre-
sented a small percentage of the fauna and were temporally 
variable in their presence. The yellow-pine chipmunk, first 
detected in 2002 and present on and off through 2015, con-
tributed 10–25% of the small-mammal biomass during this 
period. The long-tailed vole, Pacific jumping mouse, and 
water shrew were rarely observed and likely represented dis-
persing individuals rather than residents.

The WILSPR riparian site exhibited a complex foraging-
guild structure that included six guilds, each with diverse 
membership. From 1988 through 2015, terrestrial omnivores 
consistently contributed the greatest biomass to the assem-
blage, but the contribution of this biomass shifted dramati-
cally within this guild from deer mouse dominance from 
1988 through 2000 to dominance by the diurnal rodents 
Cascade golden- mantled ground squirrel and yellow-pine 
chipmunk from 2002 through 2015 (Fig. 15.9a; data shown 
for 1988–1999 are for WILSPR only; see caption for expla-
nation). Pacific jumping mouse biomass contribution was 
temporally variable and ranged from 0% to ~30%, whereas 
northwestern mouse was the most variable species, fre-
quently absent and never contributing >5% of the biomass. 
The terrestrial herbivore foraging guild at WILSPR riparian 
site had three-member species, all microtine rodents, of 
which a subset of these species was represented in 18 of the 
26 years sampled (Fig. 15.9b; data shown for 1988–1999 are 
for WILSPR only; see caption for explanation). The biomass 
allocation was primarily contributed by the water vole, which 
in many years (11 of 26) was the only member of this guild 
present. The long-tailed vole was present in 5 years and con-
tributed all the biomass for this guild in 3 of 26 years, and 
creeping vole was only present during 2 of the 26 years and 
made a minor contribution to the guild biomass. The terres-
trial herbivore guild was absent from the site in 8 of 26 sam-
pling years from 1988 through 2015. The insectivore guild 
first appeared at this site in 1990 (10 years post eruption) and 
was present most years (18 of 26) through 2015 (Fig. 15.9c; 
data shown for 1988–1999 are for WILSPR only; see caption 
for explanation). This guild had six members and included 
all but two members found in the regional species pool. 
Member species increased through time and reached a high 
of six species in 2012, after which time there was a decline 
that ranged from two to five species each year. Biomass has 
largely been dominated by the semiaquatic water shrew, fol-
lowed by the terrestrial montane shrew. The remaining four 
species have been temporally variable in their presence and 
abundance and thus biomass contribution.

For our comparison between paired riparian and upland 
sites, mean species richness values were consistently higher 

Fig. 15.6 Successional patterns of mammal species (a) gain rates, (b) 
loss rates, and (c) turnover rates on the Pumice Plain at Mount St. 
Helens.
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(2–6×) in the riparian sites compared with the upland sites. 
Mean species richness in upland sites increased slightly from 
2000 to 2015 but remained low (1–3 species) (Fig. 15.10a). 
There was low within-year variance across upland sites. 
Mean species richness in the riparian sites was relatively 
high (~6 species) in 2000 and then fluctuated up or down 
over the ensuing 15 years (Fig. 15.10a).

Mean capture rates in the upland sites were low, fluctuat-
ing from about 6 to 15 captures per 100 trap nights, and 
showed multi-year periods of both highs and lows 
(Fig. 15.10b). Mean capture rates in the riparian sites were 
consistently higher than the upland sites (~20 to 35 cap-
tures/100 trap nights), yet the two habitats showed a strik-
ingly similar temporal pattern of annual variation during the 
15 years of measurements (Fig. 15.10b).

Terrestrial omnivore was the dominant foraging guild in 
terms of both biomass and capture rates in the upland sites 
from 2000 through 2015 (Fig. 15.11). During this period, the 
number of omnivore species increased from one species in 
2000 to four to six species from 2012 through 2015. Deer 
mouse contribution to the overall guild biomass decreased 
steadily throughout the period of record, whereas that of two 
diurnal rodents, Cascade golden-mantled ground squirrel 
and yellow- pine chipmunk, increased. The remaining three 
species made minor contributions to the guild biomass.

Five foraging guilds were recorded at our riparian sites 
from 2000 through 2015, and the terrestrial omnivore guild 
contributed the greatest biomass (Fig. 15.9a, d; for Fig. 15.9a, 
data shown for 1988–1999 are for WILSPR only). This guild 
had five member species, and each of their biomass contribu-
tions was relatively stable across most years, except in 2000 

when deer mice were dominant. In most years, the deer 
mouse, yellow-pine chipmunk, and Pacific jumping mouse 
had the highest capture rate (Fig. 15.9d), and the yellow-pine 
chipmunk and Cascade golden-mantled ground squirrel con-
tributed the greatest biomass (Fig. 15.9a). The herbivore 
guild was present in the assemblage every sampling year and 
included three members, all voles. The presence of these spe-
cies varied tremendously through time, with the water vole 
generally contributing the most biomass from 2000 through 
2009, followed by a shift to the creeping vole and long-tailed 
vole (Fig. 15.9b). The insectivore guild was present through 
most of the period of record (1990–2015) and represented by 
six species. The number of member species present each 
year ranged from 2 to 6, and the overall diversity increased 
from 2000 through 2015 (Fig. 15.9c; data shown for 1988–
1999 are for WILSPR only). The semiaquatic water shrew 
had the highest capture rate (Fig. 15.9d) and contributed the 
greatest biomass to this guild (Fig. 15.9c). The semi-fosso-
rial American shrew mole (Neurotrichus gibbsii) first 
appeared in 2010 and has been present periodically since. 
Carnivores, ermine (Mustela erminea) and long- tailed wea-
sels (M. frenata), appeared sporadically in our sample 
(Fig. 15.9d).

15.7.4  Mammal Sex Ratios

Seven of the 11 species assessed for sex ratios in the riparian 
habitat were not significantly different from 1:1, and, of the 
remaining four species, there were two species with male or 
female biases (Table 15.3). In the upland habitat, where only 

Table 15.2 Mean recapture rates within trapping sessions and between years.

Mean annual recapture rate within sessions Mean annual recapture rate between sessions

Species

Upland Riparian Upland Riparian

Mean 
[±SE]

No of 
years

Total 
captures

Mean 
[±SE]

No. 
of 
years

Total 
captures

Mean 
[±SE]

No. 
of 
years

Total 
captures

Mean 
[±SE]

No. 
of 
years

Total 
captures

Cascade 
golden-mantled 
ground squirrel

9.26% 
[6.28]

9 17 41.80% 
[9.36]

13 97 0 [0] 9 18 5.92 
[3.18]

11 84

Long-tailed vole NA NA 64.53% 
[15.38]

 7 31 0 [0] 2 2 0 [0] 5 23

Water vole NA NA 59.88% 
[10.04]

10 68 NA 0 0 [0] 8 44

Northwestern 
mouse

39.00% 
[11.69]

10 31 74.76% 
[8.92]

13 63 0 [0] 9 27 5.29 
[3.84]

9 53

Deer mouse 68.89% 
[1.93]

15 1006 60.06% 
[4.16]

15 439 1.07 
[0.41]

13 783 1.66 
[1.07]

13 354

Yellow-pine 
chipmunk

22.49% 
[6.31]

13 67 41.68% 
[5.07]

14 203 13.42 
[6.28]

11 52 6.44 
[2.43]

13 176

Pacific jumping 
mouse

7.14% 
[7.14]a

7 12 12.79% 
[3.92]

15 164 8.33 
[8.33]a

6 11 0.95 
[0.67]

13 185

NA not applicable.
aThese values reflect only a single recapture across all years.
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Fig. 15.7 Small-mammal (a) species richness and (b) capture rate (number captures/100 trap nights) live-trapped at two long-term study sites 
representing upland (PMPWEB) and riparian (WILSPR) habitats on the Pumice Plain at Mount St. Helens. Capture rate data were standardized 
for equal sampling effort (4 nights/year).
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Fig. 15.8 (a) Frequency of occurrence and relative abundance of small-mammal species according to foraging guild at our long-term upland 

trapping site (PMPWEB) on the Pumice Plain at Mount St. Helens. (b) Guild structure expressed as percent biomass attributed to the terrestrial 
omnivore foraging guild at the upland site (1984–2015).
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Fig. 15.9 Foraging-guild structure expressed as percent biomass for (a) terrestrial omnivore, (b) herbivore, and (c) insectivore guilds at riparian 
sites on the Pumice Plain at Mount St. Helens from 1988 through 2015. Data for 1988 through 1999 are only for WILSPR site, whereas 2000–2015 
are for replicate sites. (d) Small-mammal species frequency of occurrence and relative abundance according to foraging guild.
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Fig. 15.9 (continued)
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four species were assessed for sex ratios, two species had 
significant male bias, and the remaining two species were not 
different from 1:1 (Table 15.3).

15.7.5  Vegetation Structure and Mammal 
Species Richness

Welch two-sample t-test showed a significant difference 
(t = 17, df = 11.6, p < 0.001) in vegetation structure between 
riparian and upland habitats. Mean percent vegetation struc-
ture was estimated to be 55.98% (95% CI, 38.4 – 49.5%) 
greater in riparian than upland habitats. Vegetation structure 
was somewhat bimodal, with upland matrix sites having low 
complexity and riparian shrub having comparatively high 
complexity. Vegetation structure increased in the riparian 
shrub sites from 2009 to 2013 as shrubs grew and spread in 
the mesic habitats. This pattern was not observed in the 
upland matrix sites, where the vegetation structure was simi-
lar between sample years (Fig. 15.12).

As expected, small-mammal species richness was posi-
tively related to vegetation complexity for both years 
assessed but most evident for 2013. The paired t-test showed 
that mammal species richness was significantly different 
(t = 5.8, df = 7, p < 0.001) between riparian and upland habi-
tats. The mean species richness was 3.6 species greater in 
riparian habitat (95% CI, 2.1–5.1 species).

The plant-level attack rates of willow stem-boring bee-
tles on upland willow shrubs for years 2010, 2011, and 
2015 were 83.5, 67.9, and 79.2, respectively. The mean 
attack rates on willow stems were 38.7, 33.4, and 45.7%. 
The mean mortality rate of attacked stems on upland 
shrubs from 2009 to 2010 was 67.0% (95% CI, 64.0–71.0) 
(Chris Che- Castaldo, unpublished data). Thus, most 
upland willow shrubs were attacked; on those attacked 
shrubs, more than one-third of the stems were attacked; 
and most (67%) of attacked stems died. Plants generate 
new stems annually, but the effect incurred from this her-
bivory prevents increases in shrub volume owing to stem 
turnover.

Fig. 15.10 (a) Number of 
small-mammal species and 
(b) their capture rates 
(number captures/100 trap 
nights) live-trapped at 
replicate study sites on the 
Pumice Plain at Mount St. 
Helens from 2000 through 
2015. Data are presented as 
means ±1 SE.
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Fig. 15.11 (a) Frequency of occurrence and relative abundance of small-mammal species according to foraging guild, and guild structure 
expressed as percent biomass for the terrestrial omnivore guild (b) at replicate upland sites on the Pumice Plain at Mount St. Helens from 2000 
through 2015.
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Fig. 15.12 Relationship between small-mammal species richness and 
three-dimensional vegetation structure on the Pumice Plain at Mount 
St. Helens in 2009 (black) and 2013 (gray).

15.7.6  Mammal Movement

We used our long-term (2000–2015) records to examine 
movement of tagged mammals among all study sites. In 
total, we had 126 movement observations that included 
24 site combinations and 6 species. The deer mouse and 
yellow- pine chipmunk accounted for 81% of the observed 
movements. The northwestern mouse and Pacific jump-
ing mouse moved the greatest distances, 1584 and 
1021 m, respectively. However, most movements were in 
the 200- to 400-m range across the six species. 
Figure 15.13 gives a graphic representation of our mam-
mal movement data.

15.7.7  Temperature and Relative Humidity: 
Comparing Upland and Riparian 
Habitats

Average July and August temperatures were cooler by 
~2 °C in riparian (13.38 °C, SD = 5.2) than in upland habi-
tats (15.58 °C, SD = 6.3), and riparian sites had higher rela-
tive humidity (79.96%, SD = 19.6) compared with upland 
sites (67.44%, SD = 26.5). Mean maximum temperature of 
riparian habitats was much cooler (27.62 °C, SD = 2.0) 
than in upland habitats (33.43 °C, SD = 2.6). Mean mini-
mum temperature was somewhat cooler in riparian habitats 
(2.73 °C, SD = 0.96) than in upland habitats (3.42 °C, 
SD = 1.36). Overall, the upland sites had warmer tempera-
tures and lower relative humidity compared with the ripar-
ian habitats, and the mean maximum difference in 
temperature was large, 5.8 °C.

15.8  Discussion

15.8.1  Arrival and Establishment of Mammals 
on the Pumice Plain During Community 
Assembly

Overall, the rate of mammal species arrival on the Pumice 
Plain was surprisingly fast and was undoubtedly much 
faster than our data demonstrate, as our detection of spe-
cies’ arrival must be interpreted as a “best approximation.” 
Notwithstanding, at least 34 of the 45 mammal species in 
the regional species pool had arrived on the Pumice Plain 
from 1983 to 2015, and at least 25 of these had established 

Table 15.3 Proportion of female captures (%), with 95% confidence intervals for a one-sample test of equal proportions.

Species

Riparian/wetland Upland
n % female ChiSq 95% CI n % female ChiSq 95% CI

Montane shrew 61 59 1.64 [46–71]

Water shrew 70 66 6.3 [53–76]
Vagrant shrew 34 47 0.029 [30–65]

Yellow-pine chipmunk 265 43 5.45 [37–49] 72 35 6.13 [24–47]
Cascade golden- mantled ground squirrel 107 49 0.037 [39–58] 20 60 0.45 [36–80]

Northwestern mouse 67 49 0 [37–62] 32 47 0.031 [30–65]

Deer mouse 565 41 19.14 [36–45] 1043 44 12.46 [41–48]
Long-tailed vole 38 47 0.026 [31–64]

Creeping vole 42 52 0.024 [37–68]

Water vole 80 55 0.061 [44–66]

Pacific jumping mouse 228 68 27.37 [61–73] 14 64 0.64 [36–86]

Statistically significant values (α = 0.05) are shown in bold face.
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breeding populations. Relating this to our community-
assembly conceptual model (Fig. 15.2) provides clear evi-
dence that source populations for the majority of species 
belonging to the regional species pool were available in the 
surrounding landscape. The presence of source populations 
was supported by early work in less-disturbed areas adja-
cent to the Pumice Plain (Andersen and MacMahon 1985a; 
Adams et al. 1986; Crisafulli et al. 2005), and it also was 
not surprising, given the relatively intact condition of for-

ested areas beyond the reach of the blast PDC. The avail-
ability of source populations, and hence community 
assembly, would have been very different if the eruption 
had occurred in the summer months, when mammals did 
not benefit from a protective layer of snow, or at night 
(coinciding with the nocturnal activity of most mammals), 
potentially leading to much lower survivorship in the adja-
cent disturbance zones and a more protracted process of 
arrival on the Pumice Plain.

Fig. 15.13 Movement of small-mammal species between study sites on the Pumice Plain based on mark-recapture live-trapping, 2000–2015. Line 
color denotes species, and line thickness represents the number of animal movement observations. For additional information about these study 
sites, see Table 15.1 and Fig. 15.4.
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Consistent with our prediction, dispersal, the first pro-
cess in the conceptual model, was not an obstacle to most 
species arriving in our study area during the first few post-
eruption decades. Key factors influencing dispersal success, 
such as distance, species-specific dispersal capacity, land-
scape/waterscape permeability, and chance, undoubtedly 
played a role, but the extent to which each of these factors 
operated is unknown. Dispersal distance was generally (but 
not always) inversely related to body size, for all large mam-
mals (e.g., elk, mountain goats [Oreamnos americanus], 
black-tailed deer [Odocoileus hemionus columbianus], 
black bear [Ursus americanus], and puma [Puma concolor]) 
were killed within the 570-km2 blast area, creating a large 
(several to tens of km depending on species) distance 
between source populations in the regional species pool and 
the Pumice Plain. This is in stark contrast to most small 
mammals, among which at least some individuals of many 
species survived in the adjacent disturbance zones, resulting 
in much shorter dispersal distances (few to several km) for 
these taxa. A number of these species (e.g., deer mouse and 
long-tailed vole) were the first mammals to arrive on the 
Pumice Plain. On the other hand, large mammals, such as 
elk, obviously have a much greater capacity to disperse 
because of their size and energy reserves as compared to 
smaller mammals, yet they arrived the same year as the 
rodents. Additional information on dispersal distance, spe-
cies dispersal capacity, and permeability are discussed below.

Successful dispersal and arrival of mammals on the 
Pumice Plain was no guarantee of establishment, the second 
process of community assembly. We predicted that the key 
factor governing establishment would be development of 
plant communities that could provide requisite habitat 
resources such as food, reproduction sites, and cover from 
weather and predators and contribute to the development of 
organic matter and soil. Further, we predicted that generalist 
species associated with early-seral conditions would be 
among the first species to establish, with fossorial and habi-
tat specialists next. Those species associated with mature 
forest conditions would be the last to establish and not be 
likely to appear until forest develops. For the 18 species of 
small mammals that established between 1983 and 2015, 
our results generally support our predictions but with some 
exceptions. Species associated with early-successional 
herb/grass communities or habitat generalists were the first 
species to establish, but species with these characteristics 
continued to establish through 2013. One habitat specialist 
established early on, and three additional species later. 
Three of these species are riparian-meadow or shrub-thicket 
specialists, and the fourth is associated with high organic 
content on the ground surface. The number of shrub-thicket-
associated mammal species increased through time and 
coincided with establishment and spread of willow and 
alder shrubs. In all cases, the establishment of mammal spe-
cies was related to vegetation and litter conditions, corre-

sponding to the habitat development factor of our model 
under the establishment process (Fig. 15.2).

A general overview of arrival and establishment of mam-
mals on the Pumice Plain includes seven general patterns. 
First, three species arrived early in our study and were con-
sistently present throughout or during most years. These 
included a habitat generalist (the deer mouse in 1983), an 
early-seral meadow specialist (the long-tailed vole in 1983), 
and a riparian specialist (the water vole in 1988).

Second, most species arriving on the Pumice Plain 
appeared sporadically in our samples for several years prior 
to maintaining a consistent or nearly consistent presence. 
The Cascade golden-mantled ground squirrel and Pacific 
jumping mouse are two examples of the numerous taxa fol-
lowing this pattern. Presumably, this pattern emerged either 
because individuals arriving on the Pumice Plain were few 
and the probability of capture was low, and/or habitat and 
important resources were in short supply or temporally vari-
able and species failed to gain a foothold and establish, 
essentially the “environmental filter” of our conceptual 
model.

Third, by 2000–2002 most of the species, such as the 
northwestern mouse and montane shrew that were tempo-
rally variable in their presence up to this time, began to per-
sist from that point forward. This pattern marked a major 
transition in the assembly process, which likely coincided 
with increased arrival from populations that had recovered 
more quickly in adjacent zones that were less disturbed by 
the eruption. But also, in the 20 years that had elapsed since 
the eruption, key characteristics of the habitat had developed 
(plant cover, organic matter, soil genesis) on the Pumice 
Plain, providing food (and other) resources for herbivores 
and indirectly supporting arthropods consumed by omni-
vores and insectivores. Production of surplus individuals in 
adjacent zones could by itself increase the “propagule pres-
sure” toward the Pumice Plain, leading to apparent 
 persistence even if there was high turnover of individuals 
because of poor habitat quality. If this phenomenon were to 
prove correct, the Pumice Plain could be viewed as a sink 
habitat (sensu lato Pulliam 1988). Our low between-year 
recapture rates for most taxa hint that this situation is possi-
ble (Table 15.2). We know that plant cover increased (del 
Moral et al. 2012) and substrate conditions were ameliorated 
through time (Halvorson et al., Chap. 5, this volume), but the 
extent to which increased immigration versus increased hab-
itat suitability influenced persistence is unknown. Regardless, 
as plant succession advanced in areas adjacent to our study 
area, permeability likely increased from the early post- 
eruption days to two decades later, when species persistence 
increased.

Fourth, a suite of additional mammal species not limited 
by dispersal arrived on the Pumice Plain but lacked evidence 
of establishment, probably because appropriate habitat did 
not exist. This included talus specialists such as the 
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 bushy- tailed wood rat, American pika, and hoary marmot 
and forest obligates such as the Douglas’s squirrel, snowshoe 
hare (Lepus americanus), and North American porcupine 
(Erethizon dorsatum). Up to 2015, the lack of appropriate 
resources created a sink habitat that apparently precluded 
these species from establishing. In the case of the forest- 
associated species, over the next few decades, it is likely that 
the development of coniferous forest will facilitate their 
establishment.

Fifth, one group of mammal species that appears to be 
rare in the regional species pool arrived late in the assembly 
process (i.e., 29–33 years post eruption), was represented by 
few captures, and was temporally variable in their presence. 
This includes the marsh shrew, cinereus shrew, and heather 
vole (Phenacomys intermedius), all of which have been 
absent or rare in other long-term studies at MSH (MacMahon 
et al. 1989; Crisafulli et al. 2005) and in the region (West 
1991; Carey and Johnson 1995; Carey and Harrington 2001; 
Gitzen and West 2002). The marsh shrew is likely limited by 
the lack of suitable habitat (e.g., American skunk cabbage 
[Lysichiton americanus], red alder wetlands), whereas the 
underlying reasons for the observed pattern for the heather 
vole and cinereous shrew remain unclear.

Sixth, two small carnivores, the ermine (first detected in 
2003) and the long-tailed weasel (first detected in 2007), 
arrived late in the assembly process and have been sampled 
infrequently and at low capture rates. Their low and infre-
quent captures were likely influenced by our sampling meth-
ods. Had we used Tomahawk traps baited with fish or 
chicken, capture rates might have been much higher. 
Regardless, the timing of their initial detection and their sub-
sequent capture rate coincides with the persistence of small 
mammals, their primary prey.

Seventh, there are several other species in the regional 
species pool that have gone undetected in our 1983–2015 
sampling effort. These species include forest obligates—
Townsend’s chipmunk, southern red-backed vole, and 
northern flying squirrel—as well as a fossorial insectivore 
(coast mole) and semi-fossorial herbivore (mountain bea-
ver, Aplodontia rufa). It is likely that the forest-obligate 
species are limited by landscape permeability issues in 
terms of arrival and the lack of forest habitats in terms of 
establishment, rather than dispersal distance per se, 
whereas the coast mole and mountain beaver are likely 
limited by distance between source populations and the 
Pumice Plain.

15.8.2  1983 Through 1989

Here, we take a more detailed look at the pattern of mammal 
arrival and establishment during four timeframes: 1983–
1989, 1990–2000, 2001–2010, and 2011–2015.

In the first year of the study (1983), which was the third 
post- eruption growing season, we documented the deer 
mouse, long-tailed vole, snowshoe hare, and elk on the 
Pumice Plain. The former two species were assumed to be 
residents and likely came from source populations in the 
adjacent blowdown zone where they survived the eruption in 
belowground refugia (Andersen and MacMahon 1985a; 
Adams et al. 1986), requiring a dispersal distance of perhaps 
a few to several km. In contrast, elk and hares were killed by 
the eruption within the 570-km2 blast area and must have 
arrived from more distant source populations. Elk were sim-
ply passing through the area, as there was no available forage 
or hiding cover available to them. The single hare that we 
observed was found freshly dead (i.e., just hours deceased); 
its carcass later devoured by ravens (Corvus corax), with only 
bones remaining by postmortem day three. This individual 
hare had likely dispersed several km from the tephrafall zone 
but perished in the absence of food or cover from the hot 
August sun. The next species to arrive was the water vole in 
1988, which was live-trapped at the WILSPR riparian site, 
where willows had established 2 years earlier, marking the 
arrival of the first habitat specialist.

15.8.3  1990 Through 2000

During the following decade, an additional 13 mammal spe-
cies arrived on the Pumice Plain. These included seven 
rodents, two shrews, two ungulates, pika, and coyote. The 
rodents included a trophically diverse assemblage, including 
the Pacific jumping mouse, a granivorous riparian specialist; 
the yellow-pine chipmunk and Cascade golden-mantled 
ground squirrel, both diurnal omnivores; the northwestern 
mouse, a nocturnal omnivore; the creeping vole, an herbi-
vore; the northern pocket gopher, a fossorial herbivore; and 
the Douglas’s squirrel, a tree-dwelling granivore. Source 
populations for the Pacific jumping mouse, creeping vole, 
northwestern deer mouse, and yellow-pine chipmunk were 
likely progeny of surviving individuals in the blowdown 
zone, whereas the Cascade golden-mantled ground squirrel 
likely arrived from source populations located in clearcuts at 
least several km distant from the Pumice Plain. Pocket 
gophers took 12 years to colonize the Pumice Plain, presum-
ably from source populations immediately north of Spirit 
Lake identified as residuals in August 1981 by Andersen 
(1982). Given the fossorial life history of this species, it is 
not surprising that it took 12 years for gophers to travel 
~3 km from the assumed source population, although the 
extent of surface versus burrow movement is not known. The 
Douglas’s squirrel, which arrived on the Pumice Plain in 
1992, is a forest species like the snowshoe hare (arrived 
1983), and both of these species failed to establish popula-
tions in the absence of requisite habitat. Individuals of each 
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of these species have appeared sporadically on the Pumice 
Plain in subsequent years but as of 2015 have failed to estab-
lish. Nonetheless, each arrived at the site, demonstrating that 
dispersal was not limiting their establishment, but instead 
that habitat genesis was the most likely constraining factor. 
The remaining six rodents that arrived on the Pumice Plain 
between 1990 and 2000, the jumping mouse, pocket gopher, 
yellow-pine chipmunk, Cascade golden-mantled ground 
squirrel, creeping vole, and northwestern mouse, all appeared 
to have established breeding populations, based on numer-
ous individuals captured or varied age classes and pregnant 
females included in our sample. In contrast, the ground 
squirrel and creeping vole were represented by just a few 
adults and may not have established breeding populations. 
These two species would eventually establish breeding pop-
ulations in 2002 and 2008, respectively.

Of the two insectivores that were detected on the Pumice 
Plain from 1990 to 2000, the montane shrew had been cap-
tured in the blowdown zone by Andersen and MacMahon 
(1985a). Montane shrews were first trapped in 1990 (10 years 
post eruption) but were only sporadically present on the 
Pumice Plain until 2000, after which time they were recorded 
annually through 2015. Following a somewhat similar pat-
tern, the water shrew was first trapped in 1994 (14 years post 
eruption) and was consistently present from 1997 through 
2015.

Pika were first observed in 1994 and again in 2007, and in 
each case, a single individual was occupying scree at the 
base of the same basalt flow. Bevers (1998) reported source 
populations of pika in areas surrounding intensely disturbed 
sites at MSH; the closest source population he identified was 
~5.2 km from the Pumice Plain. As of 2015, pika have not 
established breeding populations on the Pumice Plain despite 
abundant forage and small areas of scree habitat. We first 
observed coyotes in 1990 and have seen individuals as well 
as their scat and tracks through 2015. These animals have 
large home ranges, undoubtedly integrate the Pumice Plain 
as well as other adjacent disturbance zones into their territo-
ries, and were likely to have arrived prior to our first observa-
tion. Source populations were at least several km from the 
Pumice Plain, which is not an insurmountable distance for 
such a mobile species.

Black-tailed deer (a coastal subspecies of the mule deer) 
were first observed on the Pumice Plain in the vicinity of 
Spirit Lake in 1998 and have since occasionally been seen 
along the margins of the lake. These animals prefer dense 
vegetation and appear to spend relatively little time on the 
Pumice Plain.

Mountain goats were first observed on the volcano’s 
flanks in 1987, and individuals were occasionally sighted 
throughout the 1990s. Beginning in 2003, we consistently 
observed small groups of goats, including adults with kids, 
on the north flank of the volcano and on the adjacent Pumice 

Plain. From 2010 to 2015, their populations appeared to have 
grown steadily, and it was common to see several groups 
scattered across the area, collectively numbering 30–50 indi-
viduals. We speculate that by 2015 the entire herd on and 
adjacent to the volcano could exceed 150 individuals. Since 
the early 2000s, a dense growth of seashore bent grass 
(Agrostis pallens) has developed, and numerous upland 
sedge plants (Carex spectabilis and C. mertensii) colonized 
this area (del Moral et al. 2012). We observed heavy grazing 
of these graminoids by goats. Although the source popula-
tion for the newly established goat herd on Mount St. Helens 
is unknown, the most likely source is either Mount Adams or 
the Goat Rocks Wilderness area, located 54 and 67 km to the 
east and northeast. Supporting evidence for this assertion 
includes the dozens of sightings we have made from 2005 
through 2015 of goats, including nannies with kids, moving 
toward Mount St. Helens through the blowdown zone in each 
of three major drainages east of the volcano.

15.8.4  2001 Through 2010

During the third post-eruption decade, we documented the 
arrival of nine additional mammal species on the Pumice 
Plain, and seven of these showed evidence of establishing 
populations. These species included three each of large 
rodents, insectivores, and carnivores. The rodents were the 
American beaver (Castor canadensis), a semiaquatic herbi-
vore; the North American porcupine, a forest-dwelling ter-
restrial herbivore; and the hoary marmot, an alpine-montane 
meadow herbivore. Beavers colonized Spirit Lake in 2002 
and have persisted through 2015. Individuals forage on the 
adjacent Pumice Plain for willow and alder shrubs from 
autumn through spring, and in summer add various herbs to 
their diet.

During summer 2007, an adult porcupine took up tempo-
rary residence in our Red Rock Creek riparian study site 
(RDRCRK, Fig. 15.4), a dense thicket of willow and alder 
shrubs embedded in a matrix of barren upland habitat, where 
the animal routinely tripped most of our Sherman traps each 
night. Eventually, this individual moved on, and since that 
time, no other porcupines have been observed on the Pumice 
Plain. Similarly, a single hoary marmot was observed in a 
small talus area in 2010 (the same site that a pika occupied as 
described in Sect. 15.8.3). This individual remained in the 
area for 3 days and was never seen again. Known potential 
source populations include a site to the north at the edge of 
the blast area and also a site on the south side of the volcano, 
11.75 km and 8.8 km from the observation site on the Pumice 
Plain. Both the porcupine and marmot were presumably dis-
persing individuals that encountered the Pumice Plain in their 
travels and found a mismatch between their habitat require-
ments and the available resources. Eventually, once  coniferous 
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forest returns to the Pumice Plain, a process that is well 
underway but will take decades longer, porcupines will likely 
establish. However, it is unlikely that appropriate habitat con-
ditions will develop for the marmot in the future, and this 
species is not expected to be a member of the mammalian 
assemblage of the Pumice Plain.

Insectivores arriving on the Pumice Plain were the 
Trowbridge’s shrew, marsh shrew, and American shrew mole. 
Trowbridge’s shrew and the shrew mole are both forest- 
associated, semi-fossorial species and were observed only in 
riparian habitats where litter and organic soil matter had 
developed over the preceding decades (Halvorson et al., 
Chap. 5, this volume). Source populations for these species 
were likely from the blowdown zone, where the latter species 
was captured by Andersen and MacMahon (1985a) and 
reported to be residual. Trowbridge’s shrew was numerically 
dominant in several studies of forest small-mammal commu-
nities (West 1991; Wilson and Carey 2000; Carey and 
Harrington 2001) and likely survived in the blowdown zone 
but was not detected in earlier trapping efforts (MacMahon 
et al. 1989; Crisafulli et al. 2005). The marsh shrew creates a 
more challenging scenario, because it is relatively uncommon 
and generally thought to be tightly associated with lower-
elevation marshes and wet riparian forests; hence, its detec-
tion was surprising.

Two small carnivores, the ermine and long-tailed weasel, 
first appeared in our samples in 2003 and 2007 and then 
occurred sporadically thereafter. These animals are highly 
vagile, and it was surprising that they were not detected 
before the third post-eruption decade, particularly given the 
early colonization and high densities of their preferred small- 
mammal prey. Low capture rates may be related to our use of 
Sherman traps with rolled oats and peanut butter bait target-
ing rodents and insectivores; Tomahawk traps with fish or 
chicken might have yielded more captures. The third carni-
vore we detected was the puma, an observation based on 
tracks and scat in 2008. Given the relatively high frequency 
that we see these big cats in the adjacent blowdown zone, 
and the high densities of prey (elk), it is likely that these 
elusive animals used the Pumice Plain long before we con-
firmed their presence.

15.8.5  2011 Through 2015

Our study covered the first half of the fourth post-eruption 
decade, and during these 5 years, we documented the arrival 
of six additional mammal species on the Pumice Plain, three 
of which established populations. The cinereus shrew was 
trapped only in 2011 and with just a single individual 
recorded lacks evidence of having established. This general-
ist shrew has the broadest geographical distribution of any 
shrew in our study area, but Mount St. Helens is located at 

the edge of the species’ range, an area in which it appears to 
be uncommon. A single adult female bushy-tailed wood rat 
was captured at an upland matrix study site (RDRUPL, 
Fig. 15.4) in 2012. This species is an obligate rock-dweller 
living among boulders, talus, cracks, and crevices in cliffs 
and caves, and this single animal should be considered as a 
dispersing individual. There are a few small patches of suit-
able habitat on the Pumice Plain that could potentially sup-
port a small population of wood rats in the future. The 
heather vole appeared only in our 2013 sample but was rep-
resented by adults of each sex and by subadults. Toward the 
end of our study (2012–2015), much of the Pumice Plain 
supported meadow-like and riparian habitat that appears 
suitable for this semi-fossorial herbivore, and it may become 
more abundant and widespread in the future. The northern 
river otter (Lontra canadensis) was first observed during 
2012 along the shores of Spirit Lake. From 2012 through 
2015, adults and juveniles have been observed, providing 
evidence of an established population. It is likely that this 
species dispersed up the Toutle River from source popula-
tions located lower in the drainage. In addition, adults have 
been observed in the blowdown zone ~12 km to the north 
since 1996, and also on the debris-avalanche deposit ~10 km 
to the west since 2005, so the Spirit Lake population may 
have originated from one of these sites. The northern rac-
coon (Procyon lotor) was first observed in the northern por-
tion of the Pumice Plain, primarily along the south shoreline 
of Spirit Lake, in 2014 and again in 2015. Tracks of both 
adults and young suggest that a population has established in 
this area. The Virginia opossum (Didelphis virginiana) was 
also observed in the same area as the raccoons, but its estab-
lishment status remains unknown. Opossums were recorded 
in the blowdown zone in 1998 (Crisafulli et al. 2005), and 
animals in this zone may have served as the source 
population.

15.8.6  Species Gains, Losses, and Turnover

The successional patterns of mammal species gain, loss, and 
turnover rates were summarized with metrics of species pres-
ence/absence through time (Anderson 2007, Fig. 15.6). The 
early years on the post-eruption Pumice Plain were character-
ized by high annual species gain rates and low species loss 
rates, followed by the decade of the 1990s with high fluctua-
tions in both gain and loss rates as various species “winked in 
and out” during their initial establishment attempts; this 
decade was followed by a 15-year period of stabilization 
illustrated by lower annual rates of species gain and loss 
(Fig. 15.6). When rates of species gain and loss are combined 
to produce a species turnover rate, the results revealed a sig-
nificant trend of decreasing turnover through time. These pat-
terns are consistent with (1) habitat  development (plant 
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succession and soil formation) on the Pumice Plain, in that 
greater numbers of mammal species accrue through time as 
suitable habitat patches develop and expand, and (2) the site 
supports an increasingly larger proportion of the available 
regional species pool, reducing the remaining number of 
potential colonist species. We expect to observe continued 
stabilization in gain, loss, and turnover rates as more mammal 
species establish permanent populations across the various 
Pumice Plain habitats, with a potential future pulse (increase) 
in gain/loss/turnover rates as forest habitat develops and 
allows forest-specialist species to colonize, while meadow-
dwelling species decline and vanish.

15.8.7  Species Richness and Guild Structure 
in Upland and Riparian Habitats

Species richness increased through time in both upland and 
riparian habitats. We clearly (and unsurprisingly) demon-
strate that riparian habitats, with their complex plant physi-
ognomy, support greater mammal species richness 
(Fig. 15.12) and more complex guild structure (Figs. 15.9d 
and 15.11a) compared with the structurally simple upland 
sites. From 1984 through 2000, there was only one species in 
the upland sites; however, from 2002 through 2015, there 
was a general increasing trend in the number of species until 
mean richness reached three species. During this same 
period, cumulative richness steadily increased, reaching five 
to six species after 2012. The deer mouse maintained numer-
ical dominance throughout the study, and although overall 
diversity increased, further increases appear to be limited by 
habitat complexity. Foraging-guild structure was simple in 
the upland sites and overwhelmingly dominated by omni-
vores. The omnivore guild had a single member from 1984 to 
2000, and then steadily increased through the years, reaching 
four to five species during the most recent years of study. 
There was also a major shift in the contribution of species 
biomass during this same period, from the generalist deer 
mouse (1984–2000) to the Cascade golden-mantled ground 
squirrel and yellow-pine chipmunk. This increase in guild 
membership and associated shift in biomass among species 
within the guild coincided with increases in plant cover on 
the Pumice Plain (del Moral et al. 2012). The authors report 
an increase in mean plant cover from about 5–15% in 1989 
to 21.6–68.6% in 2000, depending on community type, fol-
lowed by relatively static values through 2010. Both the 
Cascade golden-mantled ground squirrel and the yellow- 
pine chipmunk, as well as the Pacific jumping mouse and 
northwestern mouse, have strong associations with shrub 
architecture, and their establishment coincides with increases 
in Sitka willow from 1988 through 2000 (del Moral et al. 
2012). Although upland willow cover increased dramatically 
during this period, it was still sparse compared with riparian 

sites (<1% versus >80%). Regardless, willow at relatively 
low cover values appears to offer habitat conditions condu-
cive to ground squirrels and chipmunks, but under such con-
ditions, their abundancies are low, as inferred from capture 
rates (Fig. 15.11a). An additional factor likely influencing 
increases in the number of guilds in upland sites is the sharp 
increase in herb cover reported by del Moral et al. (2012), 
which provides flowers and seeds used as forage by these 
rodents.

The temporally variable but increasing use of upland hab-
itats by three voles, Pacific jumping mice, and montane 
shrews, from 2008 through 2015, is likely coupled to the 
increases in herbaceous vegetation. Indeed, many of the 
mammals sampled may be using upland sites primarily for 
foraging, returning to adjacent shrub thickets for reproduc-
tion, resting, and hibernation. Regardless, the data support 
the concept of increased use of upland habitat by these mam-
mals (Fig. 15.11). The extent to which these species are inte-
grating riparian shrub and upland habitats into their home 
ranges warrants further investigation. Still, colonization, 
growth, and spread of vegetation from 1984 through 2015 
appear to have facilitated increases in mammal species rich-
ness and the number of guilds in upland habitats.

Like the upland sites, there was a trend of increasing mean 
richness values in the riparian sites from 1988 (first year of 
sampling) to 2013, when richness reached eight species, after 
which time it dropped to six species. Mean species richness 
was typically five to eight species after 2000, and a maximum 
total richness of ten species was reached in 2009. Similarly, 
the number of guilds and within-guild membership increased 
during our study, and generally most of this increase occurred 
rapidly, beginning 16–20 years post  eruption. These increases 
appear to be primarily associated with habitat development 
and associated resource availability, but arrival time on the 
Pumice Plain certainly played a role as well. In the case of 
omnivores, guild structure underwent dramatic change in 
1996 as new members were added and then largely stabilized 
by 2002 with little change over the next 13 years. We infer 
that rapid development and spread of willow and alder thick-
ets drove this response as the generalist deer mouse was 
joined by four species closely associated with shrub habitat. 
These species differ from the deer mouse in that most rely on 
a plant diet (seeds, flowers, fruits), three hibernate, two are 
diurnal, and two are considerably larger (2–30×). The herbi-
vore guild shifted dominance from the large and semiaquatic 
water vole to the much smaller and more terrestrial long-
tailed and Oregon voles (Microtus oregoni). The underlying 
reason for the decrease and eventual absence of the water vole 
is unclear, whereas increases in the other two voles are likely 
related to increases in seed and foliage production at the mar-
gins of the riparian area that are more strongly influenced by 
light, compared with the interior habitat where the water vole 
primarily resides.

C.M. Crisafulli et al.



299

Insectivores were represented by a diverse assemblage 
with increasing membership through time. It is somewhat 
astonishing that these small (generally 4–6 g) animals with 
extraordinary metabolic rates successfully arrived on the 
Pumice Plain. Further, seven of eight species in the regional 
species pool had arrived, and six had established populations 
by 2010. All are semi-fossorial species that forage in litter 
for a variety of arthropods and to a much smaller extent con-
sume seeds and other plant parts from the surface of the 
ground. These animals (except for an occasional montane 
shrew captured in upland habitat) are confined to habitats 
with dense thickets of willow and alder shrubs. In these sites, 
annual leaf senescence creates a litter layer (average thick-
ness, 33.6 mm; SD, 11.51 mm) that presumably provides 
requisite microhabitat features and associated prey. We are 
currently comparing arthropod faunas between riparian and 
upland sites, and that study may provide additional insights 
into food resource availability for insectivores in these dispa-
rate habitats. By 20 years post eruption, riparian thickets had 
developed along most stream courses and continued to 
expand through the end of our study. However, for the past 
15 years or more, our riparian study sites have not undergone 
any substantial changes in physiognomy, but there has been 
a slow change in community structure as alder replaces wil-
low. This relatively static vegetation condition has provided 
conditions allowing the establishment of the full comple-
ment of mammals from the regional species pool that have 
shrub-habitat associations. We do not anticipate a major shift 
in mammal community composition until a more structurally 
complex vegetation develops that includes trees.

15.8.8  The Influence of Herbivory 
on Community Assembly

The role of herbivory during primary succession has received 
relatively little attention by ecologists, and its importance 
has been historically underappreciated (Connell and Slatyer 
1977). However, recently examples have emerged, showing 
the strong influences that vertebrate (Bryant and Chapin 
1986; Walker and Chapin 1986; Walker et al. 1986; Van 
Cleve et al. 1993; Kielland and Bryant 1998) and inverte-
brate (Bach 1990, 1994, 2001; Fagan and Bishop 2000; 
Bishop 2002; Bishop et al. 2005) herbivores can have on suc-
cessional processes. Our study on the Pumice Plain showed 
large differences in small-mammal community structure, 
comparing upland habitat with forb-dominated vegetation to 
riparian habitat with dense shrub thickets. These differences 
were greatest during the first two post-eruption decades, but 
even after 35 years, these communities were markedly dis-
similar. Sitka willow colonized upland habitats during the 
late 1980s, but individual shrubs failed to attain typical stat-
ure (~75% <1.0 m), even when they persisted for years. In 

contrast, conspecifics in riparian habitats attained heights of 
3–5 m. Close inspection of the upland willows revealed that 
a large proportion (76.8%) of the shrubs showed herbivory 
effects caused by the non-native willow stem-boring beetle, 
which attacked ~40% of the stems, with a mortality rate of 
67%. The effect of this chronic annual herbivory has been 
essentially “no net growth” for infested shrubs, because a 
large percentage of stems are killed; once new stems grow, 
they are attacked and many of them perish. Plants appear to 
put much of their energy into growing new shoots, and our 
long-term data revealed a near-static condition for willow 
volume.

We suggest that in the absence of beetle herbivory, wil-
lows would grow to several times their current stature, and in 
many cases, canopies of shrubs would coalesce to a point of 
altering light regimes and microclimates. This, in turn, would 
alter the extant forb-dominated plant communities and create 
conditions that could facilitate the colonization of most of 
the mammal species that are found in the riparian willow 
thickets, with the notable exception of the water-associated 
species (water shrew, water vole). In this sense, we propose 
that a non-native beetle has influenced the pace and pattern 
of plant succession on the Pumice Plain, and more specifi-
cally the shift from forb- to shrub-dominated vegetation, and 
in doing so has shaped mammal community assembly during 
the first few post-eruption decades. Interestingly, since 2010, 
green alder has begun colonizing many of our upland sites. 
This shrub attains a growth form very similar to Sitka willow 
but is not a preferred host of the willow stem borer. If alder 
continues to grow and spread, it may well result in the transi-
tion of upland habitats from forb- to shrub-dominated plant 
communities and facilitate the establishment of small 
mammals.

15.9  Summary and Outlook for the Future

The 1980 eruption of Mount St. Helens created an outstand-
ing opportunity to investigate mammal community assembly 
during primary succession on the Pumice Plain. From 1983 to 
2015, we documented the arrival of 34 of the 45 mammals in 
the regional species pool and the successful establishment of 
at least 25 species. The majority of small mammals that estab-
lished on the Pumice Plain were likely derived from source 
populations that survived in isolated refugia in adjacent areas 
that were less disturbed during the eruption, requiring disper-
sal distances of a few to several kilometers. In contrast, large 
mammals likely arrived from more distant source popula-
tions, perhaps up to tens of km away. Most species appeared 
intermittently for a few to several years prior to maintaining a 
consistent presence. This pattern of occurrence is likely 
related either to missed detections owing to low abundances 
or to failed establishment related to lack of suitable habitat 
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and associated resources. Species richness, guild structure, 
and abundances were all positively associated with increased 
vegetation abundance and complexity. Herbivory by the wil-
low stem-boring beetle has limited development of shrub 
cover in upland habitats and, by doing so, has indirectly influ-
enced the pace and pattern of small-mammal community 
assembly across most of the Pumice Plain. We anticipate that 
in the next decade green alder will continue to spread, altering 
plant physiognomy of upland habitats and facilitating estab-
lishment of several additional mammal species. Plant com-
munities on the Pumice Plain will likely require at least a 
century to develop a coniferous forest canopy, and several 
seral stages will form, persist for various lengths of time, and 
then transition. Our study covers the early stages of this sere, 
beginning with barrens, transitioning to herb/graminoids, 
and, toward the end of our study, some sites becoming domi-
nated by shrubs and others by scattered conifer saplings. 
However, successional processes have been spatially variable 
across the Pumice Plain, leading to habitat patches in numer-
ous successional states at any given time. The next important 
transition in mammal community assembly will likely occur 
in three or four decades, as coniferous tree density increases 
as a result of production of local seed and concomitant growth 
of extant conifer trees leads to development of open-forest 
conditions that provide habitat for forest-associated species 
not yet established on the Pumice Plain. This process of forest 
succession will likely lead to a reduction in the numbers of 
several early mammal colonists and perhaps even to their 
local extirpation.
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Glossary

Arrival A mammal is detected at a site either through cap-
ture in a trap or by visual observation.

Blast PDC In the case of the 1980 Mount St. Helens erup-
tion, failure of the volcano’s north flank unroofed pressur-

ized magma and superheated water. Rapid exsolution of 
magmatic gases and conversion of superheated water to 
steam produced a laterally directed blast, which formed 
a density current that flowed across rugged topography. 
The current contained fragmented rock debris as well as 
shattered forest material.

Community development Process of any number of 
mammals belonging to a number of different species that 
co- occur in the same habitat or area and interact through 
trophic and spatial relationships.

Debris avalanche A rapid granular flow of an unsaturated 
or partly saturated mixture of volcanic rock particles (± 
ice) and water, initiated by the gravitational collapse and 
disintegration of part of a volcanic edifice. Debris ava-
lanches differ from debris flows in that they are not water 
saturated. Although debris avalanches commonly occur 
in association with eruptions, they can also occur during 
periods when a volcano is dormant.

Dispersal Movement of a mammal from its point of origin 
or home site to another.

Establishment/established A species that is assumed to 
have a breeding population at a site based on the pres-
ence of one or more of the following three criteria: (a) 
≥1 adult male and female detected at the same site dur-
ing the same sampling session, (b) ≥1 pregnant or lac-
tating females detected at a site, or (c) several juveniles 
of a species detected at a site during a single trapping 
session.

Lahar An Indonesian term for a rapid granular flow of 
a fully saturated mixture of volcanic rock particles (± 
ice), water, and commonly woody debris. A lahar that 
has ≥50% solids by volume is termed a debris flow; one 
that has roughly 10–50% solids by volume is termed a 
hyperconcentrated flow. Flow type can evolve with time 
and distance along a flow path as sediment is entrained or 
deposited.

Microtine rodents A subfamily of rodents (Arvicolinae) 
that includes the voles, lemmings, and muskrats. At 
Mount St. Helens, they include three genera of herbivo-
rous voles (Microtus, Myodes, and Phenacomys).

Pyroclastic flow Rapid flow of a dry mixture of hot (com-
monly >700 °C) solid particles, gases, and air that has 
a ground-hugging flow often directed by topography. 
Flows are generally gravity driven but may be accelerated 
initially by impulsive lateral forces of directed volcanic 
explosions. Flows typically move at high velocity (up to 
several hundreds of km h−1).

Tephra Fragmental rock material ejected from a volcano 
during an eruption and deposited by airfall. It is typically 
composed of ash (less than 4 mm in diameter), lapilli (4- 
to 32-mm particles), and blocks (angular stones larger 
than 32 mm). 
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16.1  Introduction

The effects of volcanic eruptions on ecosystems have long 
interested ecologists. Pioneering studies at Katmai (Griggs 
1918, 1922), Krakatau (Dammerman 1922, 1948; Docters 
van Leeuwen 1936), several volcanoes in the western United 
States and Mexico (Eggler 1941, 1948; Brattstrom 1963), 
Hawaiian volcanoes (Eggler 1971; Smathers and Mueller- 
Dombois 1974), and Surtsey (Fridrikssen 1975) identify fas-
cinating ecological responses to a variety of volcanic 
disturbance processes. Many important contributions to this 
field of science have emerged since these early works, among 
them studies triggered by the 1980 eruption of Mount St. 
Helens. This eruption and the emergence of disturbance 
ecology as an important subdiscipline of ecology have helped 
propel development of the field of volcano ecology—the 
study of immediate effects of volcanic processes on ecosys-
tems and the response of those ecosystems through the 
course of succession1. Volcano ecology investigations have 
led to syntheses of studies focused on individual sites (e.g., 
Griggs 1922; Fridriksson 1975; Dammerman 1948; Thornton 
1996; Dale et al. 2005a; DeGange et al. 2010) and compar-
ing multiple volcanoes (e.g., Fridriksen and Magnusson 
1992; del Moral and Grishin 1999; Thornton 2000, 2007; 
Dale et al. 2005a; Edwards 2005; del Moral and Magnusson 

1 Terms in bold italic face are defined in the glossary at the end of the 
chapter.

2014; Ruggiero and Kitzberger 2014; Crisafulli et al. 2015; 
Veblen et al. 2016).

The current state of global knowledge regarding volcano 
ecology provides a basis for evaluating the contributions of 
ecological research conducted at Mount St. Helens following 
the 1980 eruption. The work and findings to date range from 
case studies of ecological responses to an individual eruption 
to synthesis publications, including journal articles, books, 
book chapters, and reports. This literature reveals the broad 
scope of volcano ecology research by several aspects of its 
contexts, including (1) the relation of volcano ecology to 
allied fields of science, such as volcanology and disturbance 
ecology, (2) the global distribution of volcanoes and types of 
volcanism, (3) the diversity of biogeographic and climatic 
settings, and (4) societal aspects of volcanoes in terms of 
opportunities for ecological study, science outreach to the 
public, and implications for land management. This over-
view reveals common themes of analysis among the hun-
dreds of studies, such as mechanisms of survival, importance 
of biological legacies from the pre-disturbance ecosystem, 
physiological sensitivity of organisms, site amelioration, 
processes of community assembly and succession, and biotic 
interactions operating in ecosystems influenced by contin-
gencies and stochastic factors. In this chapter, we mention 
many of these phenomena but do not attempt a critical analy-
sis and synthesis.

This chapter presents salient features of the developing 
field of volcano ecology based largely on assessment of the 
published literature and the global distribution of volcanoes 
that have erupted since 1883, when the eruption of Krakatau 
marked the beginning of ecological studies of recent erup-
tions. We first characterize volcano ecology in terms of the 
types of scientific inquiry involved: the volcanic, biogeo-
graphic, and climatic systems where volcanoes have been 
studied; and social settings of the volcanoes. Next we review 
the record of volcano ecology studies, noting their distribu-
tion among types of volcanic and biogeographic systems, and 
how the pace of this research, as measured by publication 
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records, has varied since 1883. A brief review of findings 
from work at many volcanoes reveals common lessons, 
despite the great variety of eruption types and affected eco-
systems. Comments on the state of the science provide a basis 
for assessing how the work at Mount St. Helens has contrib-
uted to the emergence of volcano ecology. We conclude with 
suggestions for capitalizing on learning opportunities pre-
sented by ongoing research as well as future eruptions.

16.2  Settings of Volcano Ecology: Science, 
Geology/Volcanic Systems, 
Biogeography/Climate, and Society

16.2.1  Science Setting

To understand its scope, it is helpful to view volcano ecol-
ogy in the context of the wide variety of disciplines, topics, 
and time scales involved. Ecological research on ecosys-
tems influenced by volcanism encompasses numerous taxa, 
system types, and ecological processes across nearly all of 
the major biomes on earth (Crisafulli et al. 2015). Terrestrial 
and freshwater ecologists have tended to study initial effects 
of disturbances on ecosystems within a few days to a few 
years of an eruption and to track succession over decades to 
a few centuries. Soil scientists and geomorphologists are 
concerned about initial effects of volcanism, but also stretch 
their time scales of interest over millennia and beyond, 
sometimes using approaches based on the study of chrono-
sequences and a wide array of dating techniques. 
Oceanographers examine “extremophiles” associated with 
the lightless environments of deep-sea vents to address a 
broad range of questions, such as the potential to find life on 
other planets and hypotheses about the origin of life. 
Paleontologists, geophysicists, and geochemists consider 
the likelihood of flood-basalt eruptions versus bolide 
impacts in triggering global extinction events over the past 
half billion years. In this chapter, we address only the inter-
actions of terrestrial and, to a lesser extent, freshwater eco-
systems at the time scales relevant to documenting 
immediate ecosystem response and to ecological succession 
spanning years to a few centuries following disturbance.

The field of volcano ecology has prospered during recent 
decades with the recent surge of interest in disturbance ecol-
ogy, which addresses the roles of diverse disturbance pro-
cesses in ecological systems (Pickett and White 1985; Turner 
1987; Turner et al. 1997; Turner and Dale 1998; Peters et al. 
2011). Ecological science has long involved the study of suc-
cession following disturbance, leading to some general find-
ings. Spatial variability in intensity and severity of large 
disturbance events often leads to heterogeneous patterns of 
surviving organisms (Turner et al. 1998). When disturbance 
intensity is high, (a) initial density of organisms is low; (b) 
recovering patches may serve as foci for additional 

 colonization and expand spatially; (c) competition is less 
important relative to chance arrival in determining commu-
nity composition; (d) community composition is not initially 
predictable; and (e) the rate of recovery of community com-
position is slow (Turner et al. 1998). In many types of distur-
bance processes that have been examined in the ecological 
literature, such as flooding, wildfire, windstorms, and insect 
defoliation, single disturbance types are involved. However, 
explosive volcanism adds complexities of multiple types and 
mechanisms of disturbance, and our review of several hun-
dred publications on volcano ecology reveals a generally 
poor characterization of the volcanic disturbance types and 
mechanisms that altered the ecosystem, information critical 
to robust interpretation, especially for comparative studies.

Ecosystem interactions with volcanism make some dis-
tinctive contributions to disturbance ecology, partially 
because a critical feature of explosive volcanism is the 
involvement of several geophysical processes with varied 
properties as disturbance agents. The resulting mix of dis-
turbance types in a single eruption event is unlike more fre-
quent, single-process, nonvolcanic types of disturbances, 
such as wildfire, ice storms, and insect defoliation events. 
This complexity of volcanic disturbances in a single erup-
tion fosters general thinking about multiple disturbance 
types and the importance of recognizing the mechanisms of 
disturbance within each disturbance type (Table 16.1). Our 
comparison of a sample of volcanic and nonvolcanic distur-
bance processes reveals that it is actually common for a 
single disturbance type to involve more than one mechanism 
and that volcanic disturbance types are more likely to 
include three or four mechanisms (Adams and Dale 1987; 
Turner et al. 1997).

The most immediate scientific approach to volcano ecol-
ogy is undertaken during and immediately following an 
eruption. This can best be accomplished where a record of 
pre-eruption ecological conditions exists from earlier moni-
toring or studies, but such a record is rarely available. Rapid 
post-eruption assessments can provide much critical infor-
mation that would be difficult to ascertain at a later time, 
such as identity of initial survivors and roles of transient 
refugia like snowbanks, factors that may have important 
long-term ecological consequences for disturbed systems. 
One-time sampling years to decades after an eruption can 
give a snapshot of then-current biological conditions, but 
critical information on ecosystem development is revealed 
only by assessments shortly after an eruption. It may be pos-
sible to gain a sense of the pace of ecological change—the 
development of the ecological complexity and successional 
trajectory—using a chronosequence approach in which 
biotic conditions are observed on substrates of different age, 
commonly referred to as space-for-time substitutions (Pickett 
1989). This approach requires the assumption that the sites 
were similar before the eruption, were disturbed in the same 
way, and experienced similar ecological processes since the 
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time of disturbance—assumptions that may not be valid. 
Another approach taken at a handful of volcanoes has been 
to establish a network of plots shortly after an eruption (days 
to months) and follow-up measurements at annual or some 
other increments over decades. Any of these approaches to 
timing of sampling can be taken in studies that are either nar-
rowly focused or broadly interdisciplinary. Remote places, 
such as some oceanic islands, favor expedition-style visits 
(such as Surtsey, Kasatochi), which may foster interdisci-
plinary work. On the other hand, readily accessible places 
make possible near-continuous observations by teams with 
varying degrees of disciplinary diversity and collaboration. 
Some sites have been subjected to a blend of some repeated, 
annual sampling plus single or repeated, multidisciplinary 
pulses of effort—for example, Mount St. Helens (Dale et al. 
2005b), Chaiten (Pallister et al. 2010), and Kasatochi 
(DeGange et al. 2010).

16.2.2  Geologic Setting of Volcanic Systems

Geologic settings of volcanoes vary greatly. They may be vol-
canic arcs associated with subduction zones in either marine 
(Aleutian archipelago) or continental margin (Andes, Cascade 
Range) settings, linear chains of volcanoes associated with 
hot spots in marine (Hawaii) or continental (Snake River 
Plain–Yellowstone) settings, linear vent systems associated 
with spreading centers (East Pacific Rise), or complex archi-
pelagos related to hot spots associated with spreading centers 
(Galapagos, Iceland) (Fig. 16.1). The tectonic setting of vol-
canic systems influences the dominant style (explosive versus 
effusive), products, and frequency of eruptions (Siebert et al. 
2015). There are two general types of eruption styles, explo-
sive and effusive. Explosive eruptions occur when magma 

and solid rock material are violently fragmented and expelled 
from a vent by the tremendous force of expanding gases, 
which is common in volcanic chains associated with subduct-
ing tectonic plates of oceanic origin. Effusive eruptions, 
involving a steady flow of lava from a vent, are characteristic 
of oceanic ridge systems, as in the cases of mid-ocean ridges. 
Hot-spot volcanism has been responsible for the formation of 
island chains; the Hawaiian archipelago is a type example 
dominated by effusive eruptions. Intracontinental volcanic 
systems occur in conjunction with both hot spots (Yellowstone) 
and rift systems (East African Rift) where thick, silica-rich, 
continental crust contributes to highly explosive eruptions. 
Flood basalts are extremely voluminous and infrequent (nine 
events in the past 300 million years) and have profoundly 
altered the world’s biota through periodic mass extinction 
events (Wignall 2005).

Water plays a critical role in many volcanic processes 
and is therefore an important factor in interpreting volcanic 
events and disturbance to ecosystems. Phreatic eruptions, 
debris avalanches triggered by sector collapse, and lahars 
are all critically influenced by the presence of groundwater 
and/or surface water. The water content of mobilized mate-
rial influences runout and, consequently, the distance that 
volcanic disturbance processes can extend outward from 
the source. Large volcanic edifices tend to be water-rich 
because the orographic effect of the mountain entrains 
moisture from the atmosphere, and that moisture may be 
retained in the form of ice and snow at high elevation where 
eruptions commonly occur. Explosive eruptions can deposit 
fragmental ejecta over vast areas, potentially altering water 
runoff, sediment transport, river networks, and even cli-
mate (Pierson and Major 2014). Sediment deposition in 
channels and across floodplain and terrace surfaces disturbs 
in-stream and riparian ecosystems. This volcanic sediment 

Table 16.1 Natural disturbance process types and physical disturbance mechanisms for a sampling of volcanic 
and nonvolcanic events. Capitalized and bold X denotes the possibility of especially high-intensity disturbance.

Process type Impact force Abrasion Heat Erosion Deposition Canopy loadinga

Volcanic
Tephrafall x x x x

Lava flow X X X
Blast PDC X x x x

Debris avalanche X x X
Lahar x x x x

Pyroclastic flow X x X X
Nonvolcanic
Ice, wet snow X
Wildfire x

Wind x x

Landslide X x X X
Flood x x x x

a“Canopy loading” refers to accumulation of tephra and precipitation in tree canopies, leading to canopy collapse 
under the weight of the load.
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may be stored and later remobilized, creating chronic or 
episodic disturbance for downstream ecosystems and 
human communities that may persist for decades.

The extensive reach of tephrafall, lahars, and other con-
sequences of explosive volcanism can result in diverse eco-
systems—such as desert, grassland, steppe, meadow, forest, 
lake, river, and marine systems—being affected by a single 
eruption. Single explosive eruptions often involve a half 
dozen processes; for example, the 1980 eruption of Mount 
St. Helens involved a major debris avalanche, pyroclastic 
density current (here referred to as the blast PDC), lahars, 
pyroclastic flows, tephrafall, and lava-dome growth 
(Lipman and Mullineaux 1981). A common feature of most 
of these processes is deposition of fragmental volcanic rock 
debris across the surrounding landscape. The thickness, tex-
ture, and temperature of materials and the force with which 
they are emplaced vary greatly among processes. Ecological 
effects of explosive events can range from benign to total 

obliteration; they may occur in quick succession; and their 
effects may overlap in extent, compounding effects on eco-
systems. In contrast, effusive eruptions result in relatively 
slow flow of lava across the land surface, and the heat and 
resulting solid-rock deposit can eliminate preexisting biota 
and slow establishment of invading organisms.

Initial interactions among volcanic processes and biota 
are best interpreted by considering properties of individual 
disturbance types in terms of the mechanisms of each geo-
physical process that act as ecosystem disturbance agents 
(Table 16.1). Principal mechanisms involved in volcanic pro-
cesses include deposition of volcanic material on vegetation 
and on the ground (burial); erosion of soil; heat; impact force 
(e.g., leading to toppling of trees); abrasion by flying, flow-
ing, or falling rock debris and organic matter; and chemical 
pollutants (in rainwater, as aerosols, or in gaseous form). 
Individual volcanic processes may damage, kill, or utterly 
obliterate biota by combinations of these mechanisms.

Fig. 16.1 Volcanoes listed in the Smithsonian Institution/US Geological Survey Global Volcanism Programs catalog that were reported to have 
erupted subaerially since 1883 CE, plotted on the World Wildlife Fund’s map of terrestrial biomes of the globe. Volcanoes that have been the subject 
of published ecological study are symbolized by black triangles, those with no published studies by white triangles. (From Crisafulli et al. 2015).
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Across eruptions the frequency, extent, and severity of 
ecological disturbance vary greatly among volcanic pro-
cesses. The intensity of each disturbance type commonly 
decreases along the flow path and laterally away from the 
axis of the flow path of the process. Tephrafall is by far the 
most extensive (sometimes circum-global) and common vol-
canic disturbance process. Deposit thickness may exceed 
several 10s of m close to the vent, but over most of the depo-
sitional area deposit thickness is less than 1 mm. Lava flows 
are also very common and range widely in spatial scale, 
though they are commonly constrained in area (a few km2) 
and strongly influenced by topography, but they consistently 
cause severe damage to ecosystems and the resulting raw, 
stony landscape is slow to revegetate. Lahars are very com-
mon and can lead to severe disturbance of rivers and riparian 
zones, potentially extending 10s of km from volcanoes. 
Debris avalanches, on the other hand, are rather rare, and 
proximal zones of impact generally measure 10s of km2 in 
extent and 10s of m in thickness, completely resetting ter-
restrial ecosystems and also creating new aquatic environ-
ments. PDCs include several types of high-intensity flow 
processes that consist of highly turbulent mixtures of frag-
mented rock and hot gas. These events are commonly associ-
ated with plinian and subplinian eruptions and are generated 
by a variety of mechanisms, such as dome collapse, column 
collapse, dome explosion, and lateral phreatic blasts. 
Generally, the zones of substantial ecological disturbance by 
these processes cover a few 10s of km2, but the PDC associ-
ated with the Mount St. Helens 1980 eruption extended over 
several 100s of km2. PDCs typically leave deposits only a 
few m thick or less, thus creating a landscape rich in biologi-
cal legacies. Pyroclastic flows, a specific form of PDC, cre-
ate high-intensity, high-severity disturbance with high 
temperature (300 to >800 °C), high velocity (up to 700 km 
h−1), and highly variable deposit thicknesses (<1 m to 10s of 
m), and consequently few or no biological legacies survive.

16.2.3  Biogeographic/Climatic Setting

The geography of volcanoes and their environmental context 
strongly influence the types and pace of ecosystem response 
to disturbance. Historically active, terrestrial/subaerial vol-
canoes occur from 77.5° south (Mt. Erebus, Antarctica) to 
71.1° north (Beerenberg volcano, Jan Mayen Island, 
Norway), spanning a wide range of biogeographic and cli-
matic settings. Moist temperate and tropical regions are 
likely to support more rapid biomass accumulation, species 
assembly, and soil development in response to volcanic dis-
turbance than are more arid and colder regions. The prepon-
derance of volcanoes known to have been historically active 
is located in temperate and tropical settings, including volca-
nic chains associated with subduction zones tracing nearly 

the entire length of the Americas, and the Southeast and East 
Asian volcanic chains (Fig. 16.1). The stature of these volca-
nic mountains orographically entrains precipitation, poten-
tially adding to the wetness of their local and regional 
environments. For example, the continental–interior location 
of the East African Rift places it in an arid setting, but mois-
ture from summer monsoons entrained by the topographic 
relief supports savannah and some forest cover. High-latitude 
volcanic landscapes such as Iceland, the Aleutians, and 
Kamchatka support tundra. A general point is that biomes 
and environmental settings differ in their regimes of native 
disturbance by nonvolcanic processes, which may add uncer-
tainty to predictions of ecosystem response to volcanic dis-
turbance (Paine et al. 1998).

The biogeographic context of an eruption-affected land-
scape also influences the geographic reach of nutrient fluxes 
and the dispersal of organisms and propagules, both locally 
and over vast expanses of the globe. Terrestrial and oceanic 
systems provide a striking contrast in limitations and oppor-
tunities for species and nutrient accrual. Newly emergent 
oceanic volcanoes (e.g., Surtsey) or severely disturbed 
islands (e.g., Krakatau) may experience very limited immi-
gration of most terrestrial species that have to traverse great 
distances of open ocean (Fridriksson 1975; Thornton 1996). 
On the other hand, highly vagile organisms, such as many 
spider species, are an exception and quickly arrive at such 
sites in great numbers (Edwards and Thornton 2001). New 
islands can experience intense, locally derived nutrient sub-
sidies from the marine system via nesting seabirds and con-
gregations of large marine mammals on land (Sigurdsson 
and Magnusson 2010). Disturbed terrestrial sites and newly 
formed lakes and ponds, on the other hand, may be popu-
lated from adjacent areas but also benefit from long-distance 
dispersal via wind or from biotic vectors such as migratory 
birds and anadromous fish.

16.2.4  Societal Setting

The geographic distribution of erupting volcanoes, their 
eruptive products, and nearby human settlements profoundly 
affects hazards for human lives, property, and infrastructure, 
and also prospects for the pursuit of volcano ecology research 
and public education. A wide array of societal perspectives is 
relevant to volcano ecology: public education, assessment of 
economic impacts of eruptions, tourism, archaeology, art, 
literature, and film (Sigurdsson et al. 2015). Ecologists ben-
efit where physical infrastructure (e.g., roads and trails), 
landowners, and administrators provide easy access to volca-
nic study sites. Eruption sites that include highly human- 
modified landscapes obviously limit options for studying 
relatively pristine systems and may also reduce options for 
research because of limited access to privately owned 
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 property and increased potential for vandalism to study 
infrastructure and equipment. Even on public lands, such as 
parks and reserves, research opportunities may be compro-
mised as the land and waterways are modified for hazard 
mitigation, planned and unplanned development, recreation, 
and ecosystem restoration. Intentional or inadvertent intro-
duction of non-native species may also be an issue.

The capacity to support long-term volcano ecology 
research and interpretive programs for the public are key 
intersections of society and science, which vary widely from 
country to country. By communicating key lessons from eco-
logical research at eruption sites, societies gain an apprecia-
tion of the geological forces that shape their wild and 
human-manipulated environments, as well as the stunning 
resilience of nature. Inspired by these powerful geological 
and ecological forces, the arts and humanities have helped 
shape public perception (Goodrich et al. 2008; Sigurdsson 
2015; Sigurdsson and Lopes 2015). Such lessons also have 
pragmatic value for both individuals and societies in under-
standing the consequences of eruptions for important 
resources that humans rely upon, such as potable water, live-
stock, food crops, and forest and range products. A critical 
feature of research capacity is embodied in academic institu-
tions, national research organizations, and science-funding 
agencies in a societal context that values natural resources, 
the environment, and science. Inventory and monitoring of 
environmental conditions, such as vegetation surveys and 
long-term gaging of streamflow and measurement of sedi-
ment yield, provide extremely valuable background informa-
tion for interpreting effects of new landscape disturbances, 
including volcanic processes. In an extreme case of social 
factors affecting opportunity for volcano ecology research, 
areas of civil unrest and military exclusion zones (e.g., 
Kamchatka during the Cold War) may preclude access to 
interesting research opportunities.

16.3  Characteristics of Volcano Ecology 
Studies: Volcanoes, Affected Biomes, 
Research Themes, and Findings

16.3.1  Historically Active Volcanoes

To place the progress and biogeographic coverage of vol-
cano ecology research in context, we examine records of 
the volcanoes that have experienced recent eruptions, the 
affected proximal terrestrial biomes, and the geographic 
and temporal distributions of published volcano ecology 
studies, drawing on the compilation and initial analyses of 
published literature referenced in Crisafulli et al. (2015) 
(Figs. 16.1, 16.2, and Table 16.2). We consider only volca-
noes with documented eruptions beginning in or after 
1883, when the major eruption of Krakatau launched the 

first such studies; we refer to these volcanoes as “histori-
cally active.” We consider only subaerial eruptions, 
because the locations and eruptive history of submarine 
volcanoes are poorly known and they have not been a focus 
for most ecologists. Historic eruptions have occurred at 
404 (26%) of the 1551 volcanoes in the Smithsonian–US 
Geological Survey catalog of volcanoes of the world 
(http://www.volcano.si.edu/search_volcano.cfm, accessed 
20 March 2014).

Only 44 (11%) of these 404 historically active volca-
noes have been studied by ecologists, who report that work 
in a total of 423 papers (Crisafulli et al. 2015). Although 
this record of published volcano ecology studies is incom-
plete, particularly for vegetation, it is sufficient to draw 
some useful conclusions. The limited number of recent 
eruptions that have been studied reflects several types of 
decisions by ecologists. For example, the most intensively 
studied eruptions appear to be high-magnitude eruptions 
that attract global attention, stimulating commitment of 
individuals, institutions, and science communities to 
undertake research. The Volcano Explosivity Index (VEI), 
based on the volume of ejected material and eruption col-
umn height, is a useful index of eruption magnitude 
(Newhall and Self 1982). One unit of the 0–8 VEI ranking 
scheme represents approximately a tenfold difference in 
eruption frequency, so an event with a VEI of 3 is 100 
times more frequent than one with a VEI of 5. Ecologists 
have given disproportionate attention to major, explosive 
eruptions: 12 of the 44 studied events have the relatively 
infrequent VEI ranks of 5 or 6, whereas 22 eruptions of 
VEI of 1–3 have been the subject of volcano ecology pub-
lications (VEI values for each volcano are from the 
Smithsonian Institution Global Volcanism Program web-
page [Venzke 2013]).

Despite the nonrandom, nonsystematic sampling of vol-
canoes by ecologists, the studied eruptions have occurred 
at volcanoes that represent a great variety of geophysical 
settings. Magma types range from low-silica basalt, char-
acterized by nonexplosive eruptions (lava flows), through 
andesite and dacite rock types of increasing silica content, 
to the most silica-rich volcanic rock type, rhyolite. The lat-
ter three rock types commonly produce explosive erup-
tions. The volcanic processes that acted as disturbance 
agents in the studied ecosystems are broadly representa-
tive of the suite of important processes, including both 
violent events (explosions, pyroclastic flows, debris ava-
lanches, lahars) and quiescent ones (lava flows, tephrafall). 
The representation of processes in the volcano ecology 
literature roughly follows their occurrence and extent, 
with tephrafall and PDCs being most common, lava flows 
and lahars intermediate, and debris avalanches and chemi-
cal toxicity least common. Tectonic settings of the 44 stud-
ied sites include volcanic arcs associated with subduction 
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zones (33), oceanic rift zones (e.g., Surtsey) (7), and intra-
plate volcanoes in oceanic contexts (e.g., Hawaii) (4). 
Most of these volcanoes (26) are in continental settings, 
and the others are islands of single volcanoes that existed 
before the studied eruptions (10), part of islands composed 
of more than two volcanoes (5), and only three are on 
islands newly emerged from the sea (2) or a lake (1). 
Despite their rarity, these three cases of entirely new sub-
aerial volcanic substrates have received a great deal of 
study (Anak Krakatau, 41 published papers; Surtsey, 27; 
and Long Island, 11), in part to explore the theory of island 
biogeography, which makes propositions about species 
diversity in relation to island size and isolation (MacArthur 
and Wilson 1967).

16.3.2  Affected Biomes

To provide a biogeographic perspective on the global distri-
bution of volcanoes that have erupted since 1883 and also 
those that have received study by ecologists, we examine 
these volcanoes in the context of major terrestrial biomes of 
the world, as defined by the World Wildlife Fund (http://
www.worldwildlife.org/publications/terrestrial-ecore-
gions-of-the-world, accessed 2008). These biomes vary in 
extent by more than an order of magnitude, and a signifi-
cant sample (at least 10) of the historically active volcanoes 
occurs in each biome (Fig. 16.1, Table 16.2). Both the 
abundance and density of volcano ecology studies vary 
among terrestrial biomes (Table 16.2) (Crisafulli et al. 

2015). Biomes with the highest number of studied volca-
noes are tropical (15) and temperate (12) forest biomes, and 
biomes with the greatest coverage (percent of recently 
erupted volcanoes studied) are Mediterranean (3 of 10, 
30% of recently erupted volcanoes studied) and temperate 
forest (12 of 63, 19%) biomes. Two of the three most inten-
sively studied volcanoes occur in forest biomes—Krakatau 
in tropical forest, Mount St. Helens in temperate forest. 
Although based on its latitude Surtsey, the third, is in the 
boreal forest biome, its potential natural vegetation is mesic 
grassland with herbs, presumably owing to its oceanic set-
ting (Borgthor Magnusson, personal communication). On 
an area basis, the tropical forest biome is more than twice 
as densely populated with active volcanoes as any other 
biome, whereas temperate and boreal forest, Mediterranean, 
and tundra biomes have quite comparable densities of 
active volcanoes.

The types of volcanic processes involved in an eruption 
strongly influence the distance that disturbance effects can 
reach, hence types of biomes that can be affected. Eruptions 
interact with proximal ecosystems via flowage processes, 
such as lahars, lava flows, and PDCs, which can extend 10s 
of km from the source vent. Effects of tephrafall and aero-
sol deposition can be acute proximally but can also extend 
to much greater distances, even around the globe, affecting 
ecosystems dissimilar to the proximal biomes. For exam-
ple, mid-latitude, explosive eruptions of volcanoes in the 
Americas deliver tephra to distant grassland/shrubland and 
desert biomes, arid ecosystems lying in the rain shadows 
of volcanic chains located in forest biomes. Many of the 

Table 16.2 Distribution and number of volcanoes by biome type, with biome area, and associated number of volcano ecol-
ogy studies with three ranks of study intensity: H (high-intensity), continuous, intensive, multiple topics/taxa; M (medium-
intensity), several samplings over time, multiple topics/taxa; L (low-intensity), single sampling, limited subject matter.

Biome
No. active  
volcanoes

Area  
(106 km2)

Volcanoes/biome 
area (no./106 km2)

Number of volcanoes  
with ecology studies, by 
study-intensity category Volcanoes 

studied (%)H M L

Tropical forest 175 24.08 7.27 1 5 9  8.6

Temperate forest 63 16.90 3.73 1 3 8 19.0

Boreal forest 49 15.13 3.24 1 0 2  6.1

Tundra 39 11.65 3.35 0 1 5 15.4

Grassland/shrubland 34 35.99 0.94 0 0 4 11.8

Desert 23 27.89 0.82 0 0 1  4.3

Mediterranean 10  3.22 3.11 0 0 3 30.0

The volcanoes tallied are reported in the Smithsonian Institution/US Geological Survey Global Volcanism Program catalog 
reported to have erupted since 1883, excluding those noted as “submarine.” Locations of these volcanoes were plotted onto 
the World Wildlife Fund’s (WWF) map of terrestrial biomes of the globe. We combined some of the 14 biome types in the 
WWF system (e.g., three types of tropical and subtropical forests are shown as one, and four types of grassland/shrubland 
are combined), and several involving very small numbers (<10) of volcanoes and/or small area are not reported (flooded 
grasslands, mangrove, lake, and rock/ice). The Mediterranean type refers to Mediterranean forest, woodland, and shru-
bland. For volcanoes designated as “ocean” biome, but not “submarine,” we assigned a terrestrial biome type based on 
published ecological literature from the volcano or surrounding area, web-based searches on vegetation of the target area, 
and visual inspection of Google Earth imagery (From Table 73.2 in Crisafulli et al. 2015).
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volcanoes in East Asia and the Aleutians deliver tephra to 
proximal marine environments; some tephrafall from erup-
tions elsewhere commonly reaches more distant marine 
environments. More generally, Ayris and Delmelle (2012, 
p. 1927) note that, “tephra fallout across the globe may 
primarily fall into the ocean and mostly into coastal 
waters.”

16.3.3  Volcano Ecology Studies: Topics 
and Timing

The publication record varies greatly in frequency, continu-
ity, and thematic breadth of ecological study at the 44 volca-
noes. Following Crisafulli et al. (2015), we rank study 
intensity for each volcano in three categories: (1) high—sus-
tained (although it may be episodic), intensive, multiple top-
ics/taxa; (2) moderate—several samplings over time, 
multiple topics/taxa; (3) low—single sampling, limited sub-
ject matter. (Table 16.2). As Crisafulli et al. (2015) report, 
only three volcanoes have the highest study-intensity rank-
ing: Krakatau (1883), Surtsey (1963), and Mount St. Helens 
(1980). Dates noted are the initial eruptions in the study 
period. Each of these volcanoes erupted in subsequent years, 
but not all eruptions received ecological study. Several sites 
of current, substantial study may shift from the moderate to 
the high-intensity category if studies are sustained beyond 
the initial flush of excitement, for example, Chaiten (2008), 
Kasatochi (2008), and Cordon Caulle (2011). Most of the 
studied, recently active volcanoes (32 of the 44 volcanoes), 
have been the subject of only low-intensity ecological 
investigation.

Volcano ecology studies have substantial similarity in 
terms of topics and taxa but also some instructive variation 
(Crisafulli et al. 2015). Among topics of inquiry, the assem-
bly of biological communities and the factors influencing 
both the pace and compositional pattern of this process have 
been dominant themes of study. Volcanoes with published 
studies of animal response (30 of the 44 recent eruptions) 
exceed those with studies of plant response; only 24 of the 
studies and 11 of the volcanoes incorporated both plant and 
animal response. Of the 302 publications on animal response 
to eruptions, 47% concern invertebrates and 42% vertebrates, 
and only 10% of papers concern both vertebrates and inver-
tebrates (Crisafulli et al. 2015). Terrestrial arthropods, birds, 
and mammals have been common post-eruption faunal taxa 
studied, perhaps because these organisms are broadly dis-
tributed across biomes, play numerous roles in ecosystem 
functioning, are generally well known, and serve as good 
barometers of ecological response to disturbance. Arachnids 
and aquatic arthropods are next-most-common subjects of 

study. Several other taxonomic groups, such as porifera, cni-
daria, and zooplankton, have been subjects of only a handful 
of studies. Plant survival and subsequent successional pro-
cesses have been common topics of study, perhaps in part 
because vegetation is at the base of most food webs, plants 
are rooted in place and thus are very tractable, and vegetation 
is well documented to exhibit succession, a process of great 
interest to many ecologists.

We examine the timing of eruptions of studied volcanoes 
and related ecology publications by creating a timeline 
beginning with Krakatau in 1883 and ending with Cordon 
Caulle in 2011 (Fig. 16.2). The pace of eruptions studied 
increased from one per 2.5 years in the period 1883–1920, to 
one per 2 years in 1942–1970, to about one per year for the 
periods 1988–1995 and 2008–2011. It is not clear to us why 
there appears to be a brief hiatus in 1996–2007, when no 
eruptions of volcanoes that had not previously erupted since 
1883 triggered publication of volcano ecology studies. The 
case of periodic eruptions from a single volcano attracting 
volcano ecology research in the study period has been rather 
rare, although Mauna Loa and Kilauea in Hawaii, Arenal, 
and Long Island are good examples where this occurred. The 
timing of publications after eruptions includes several types: 
the quick response followed by persistent study, exemplified 
by the Surtsey and Mount St. Helens cases; single or small 
numbers of studies that lag the eruption by short or long peri-
ods of time, such as Irazu and Fernandina; or a pulse of activ-
ity that lags the eruption by many decades, as in the case of 
Krakatau. Overall, the number of published studies picks up 
greatly since 1980, with 112 (SE 22.8) publications per 
decade in 1980–2010 (only 30.3, SE 6.5, per decade exclud-
ing Mount St. Helens and Krakatau), compared with 8 (SE 
2.0) publications per decade for 1910–1980. Note that all the 
publications in the period 1883–1950 came from Krakatau, 
Novarupta, and Paricutin alone.

Human intervention in post-eruption landscapes and 
waterways may affect ecosystem responses and, therefore, 
volcano ecology research; however, literature on this topic is 
scarce (but see Franklin et al. 1988; del Moral and Grishin 
1999; Dale et al. 1998, 2005c; Titus and Householder 2007; 
del Moral and Magnusson 2014; Dale and Denton, Chap. 8, 
this volume; Karr et al., Chap. 9, this volume). Land man-
agement objectives of volcanically disturbed areas are wide 
ranging and may call for actions such as erosion control on 
hillslopes and along rivers; removal of damaged trees, with 
subsequent replanting and fertilization to promote plant 
growth; fish stocking; and cessation of hunting. Lakes and 
ponds created by eruption processes are sometimes modified 
to prevent catastrophic failure of natural dams formed by 
landslides or deposits of other origins that could result in loss 
of life and property. Such situations have warranted engi-

16 Volcano Ecology: State of the Field and Contributions of Mount St. Helens Research



314

neered outlets that can compromise ecological research 
opportunities. Similarly, rivers flowing through volcanic 
deposits may carry exceedingly high sediment loads, prompt-
ing construction of sediment-retention structures to reduce 
downstream flood hazards or sediment deposition that inter-
feres with river navigation and associated commerce. These 
structures and others designed to divert lahars from devel-
oped areas downstream may limit post- eruption ecological 
processes and research opportunities. Arguments about these 
practices are commonly rooted in competing world views—
one holding that nature exists to serve humans, the other that 
sees the natural world as having intrinsic value independent 
of humans, in which it is often better to let natural processes 
take their course. Site  manipulation for recreation, public 
education, and even research itself also alter the landscape, 
possibly precluding or inhibiting the progress of natural 
processes.

16.3.4  Volcano Ecology Research

Below we briefly describe key findings from work at volca-
nically disturbed sites. The topics are ordered to roughly 
follow the sequence of phenomena over time and their rela-
tive frequency in the literature. The first stage of inquiry 
concerns initial interactions of the primary disturbance pro-
cesses and biota and between geological and ecological 
research approaches and objectives—for example, how 
geologists use damage to biota to interpret geophysical pro-
cesses and how ecologists use understanding of geophysi-
cal processes to interpret biotic responses at site and 
landscape scales. Ecologists have focused on numerous, 
often interrelated, themes addressing longer-term plant 
succession, animal community assembly, nutrient accrual, 
and the much more protracted processes related to soil 
genesis.

16.3.4.1  Research Themes at the Geology–
Ecology Interface: Immediate 
Interactions

Generally, ecologists have poorly described the specific types, 
intensity, and spatial extent of the volcanic disturbances that 
have affected the sites they studied. In some cases, geologists 
provide detailed descriptions of geophysical processes and 
deposits in terms that set a framework for subsequent ecologi-
cal investigations (at Surtsey and Mount St. Helens, among 
others). The common disconnect between geologists and 
ecologists may be related in part to the complexity of volca-
nic disturbance processes and the arrival of ecologists at erup-
tion sites after some time has elapsed. This limits 
communication between geologists and ecologists and also 
allows time for changes in the volcanic deposits and the biota, 
possibly obscuring some of the interactions.

Volcanic and associated hydrologic processes damage 
vegetation, leaving evidence that geologists can read to help 
interpret properties of geophysical processes. Examples are 
widely scattered in the literature, and the 1980 eruption of 
Mount St. Helens offers a particularly important case where 
dozens of volcanologists conducted detailed studies, often 
drawing on evidence recorded by vegetation damage 
observed within days or weeks of the eruption. The US 
Geological Survey’s initial synthesis of the eruption (Lipman 
and Mullineaux 1981) provides many examples that capital-
ize on the rich diversity of geophysical processes and the 
characteristics of vegetation on the land at the time of the 
eruption (Table 16.3). Observations of disturbance by mech-
anisms of abrasion, heat (e.g., charring), and impact force 
recorded in tree-fall arrangement informed analysis of the 
PDC (lateral blast), lahar, and debris-avalanche processes. 
Even before the 1980 eruption, vegetation was used in unrav-
eling the earlier eruptive history detailed in part through 
radiocarbon dating of organic matter killed at the time of 
emplacement of deposits and observations of charred wood 
used to distinguish hot from cold flowage deposits 
(Mullineaux and Crandell 1981).

Interpretations of initial disturbance caused by eruptions 
need to be founded on understanding of interactions of prop-
erties of the affected biota with properties of the geophysical 
processes and eruptive products. Nuances in the characteris-
tics of a disturbance type can yield surprisingly different 
degrees of severity to biota. The 2008 Chaiten and 2011 
Cordon Caulle eruptions, for example, both deposited tephra 

Table 16.3 Observations of damage to organic matter used to interpret 
properties of geophysical processes that imposed one or more distur-
bance mechanisms on terrestrial ecosystems. All references concern the 
18 May 1980 eruption of Mount St. Helens and were published in 
Lipman and Mullineaux (1981).

Process/zone
Observation of 
organic matter Mechanism Reference

Scorch/
standing dead 
forest

Melting of cuticular 
waxes on conifer 
needles

Heat Winner and 
Casadevall

PDC/
blowdown 
forest

Color, smell, 
flexibility

Heat Banks and 
Hoblitt, 
Moore and 
Sisson

PDC/
blowdown 
forest

Tree-fall 
arrangement

Impact Kieffer

PDC Fragmentation, 
bark/wood removal

Impact, 
abrasion

Hoblitt et al., 
Waitt

Debris 
avalanche

Fragmentation, 
tree-fall 
arrangement

Impact, 
abrasion

Voight et al.

Lahar Bark/wood removal, 
tree-fall 
arrangement

Impact, 
abrasion

Janda et al.

PDC:  pyroclastic density current.
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in Chile’s Valdivian rainforests, but with different effects 
depending on particle size and density as well as deposit 
thickness. A distinctive, single rain of lithic gravel tephra 
(bulk density >2.0 g cm−3) at Chaiten (the beta layer of 
Alfano et al. 2011) severely abraded the tree canopy 
(Fig. 16.3a), depositing foliage and canopy epiphytes in the 
basal 5–8 cm of tephra deposits (Fig. 16.3b) (Swanson et al. 
2013). In contrast, several 10s of cm of low-bulk-density, 
pumiceous lapilli tephrafall at Cordon Caulle did not abrade 
the canopy (Fig. 16.3c), failed to produce a concentration of 
organic matter in the lower part of the tephra profile, and 
gently buried perennial, understory plants with green foliage 
in growth position (Fig. 16.3d) (Swanson et al. 2016). At 
Chaiten, >15 cm of fine tephra (ash) deposition, possibly 
combined with interception of rainfall, triggered canopy 
damage when excessive weight in the canopy caused exten-
sive breakage and delivery of limbs to the forest floor 

(Fig. 16.3e) (Swanson et al. 2013). Both tree phenology in 
relation to the season when an eruption occurred and the 
capacity of damaged trees to sprout new limbs and foliage 
can strongly influence survival after scorching disturbance. 
In the 110-km2 standing dead forest zone at Mount St. Helens, 
for example, all conifers were killed, but a bigleaf maple 
(Acer macrophyllum) had not yet burst bud by the 18 May 
eruption, so it survived (Fig. 16.3f). Several common tree 
species in the Valdivian rainforest, in contrast, have the 
capacity to sprout after disturbance by scorching, but sprout-
ing occurs mainly from major limbs and the bole where the 
bark is thick enough to protect buds from heat damage.

16.3.4.2  Role of Biophysical Legacies
Ecologists have long known that components of the pre- 
disturbance ecosystem that remain after a disturbance can 
greatly influence the pace, pattern, and direction of  ecological 

Fig. 16.3 (a) Canopy abrasion by lithic gravel tephra at Chaiten volcano; (b) canopy litter (foliage, twigs, ephiphytes) deposited in the basal layer 
of lithic gravel tephra deposit at Chaiten volcano—samples of tephra deposits on white sheets (left to right) are from 0–5, 5–10, and 10–15 cm 
above pre-eruption ground surface and dark material is organic matter; (c) lack of canopy abrasion or limbfall by 50 cm of pumiceous tephra 
deposition at Cordon Caulle volcano; (d) presence of the understory plants Drimys andina in growth position buried in 35 cm of pumiceous tephra 
at Cordon Caulle volcano; (e) high concentration of fallen limbs interpreted as resulting from deposition of fine tephra in the forest canopy, pos-
sibly soaked by rain, leading to sufficient weight to cause limbfall at Chaiten volcano; (f) bigleaf maple (Acer macrophyllum) with foliage amid 
killed conifers in the standing dead forest zone of Mount St. Helens in 1980 (USDA Forest Service) (Photos: a J. Jones; b–f F.J. Swanson).
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response—the course of secondary succession. Because 
explosive volcanism involves many geophysical processes, 
and these processes occur as intensity gradients along flow 
and depositional paths, the type, amount, and spatial distri-
bution of biophysical legacies are commonly present and 
readily identifiable in post-eruption landscapes. The 1980 
eruption of Mount St. Helens galvanized the study of bio-
physical legacies, as findings from early research there for-
malized many ideas that were more loosely defined in 
previous decades. Chief among these ideas is the widespread 
importance of surviving organisms, propagules, and other 
organic matter, even at sites that at first appear to have com-
plete mortality. Legacies occur in many circumstances, such 
as under snow and ice, and within soil, sediment, and decom-
posed logs. In some cases it may be years before processes 
such as erosion of new deposits liberate surviving organisms 
and make pre-eruption soil available to support new life. 
Biological legacies can profoundly influence the pattern and 
pace of succession, because they can provide local sources of 
propagules rather than relying solely on dispersal from dis-
tant source populations. Legacies may also provide suites of 
resources for recolonizing and newly colonizing species, 
such as food and cover for animals, and safe sites, higher 
moisture retention, shade, and nutrients that facilitate estab-
lishment under harsh environmental conditions (e.g., 
nutrient- impoverished substrates). However, in many cases 
organisms may survive the primary disturbance but then fail 
to persist on the site because of limiting resources, inhospi-
table environmental conditions, predation, or secondary dis-
turbances, which commonly increase after severe site 
modification.

16.3.4.3  Plant Succession
A primary focus of ecologists across numerous volcanic set-
tings has been tracking plant species accrual and changes in 
community structure (composition, richness, and abundance) 
through time at eruption sites. This work has included classic 
vegetation science as well as novel experimental work aimed 
at teasing out the underlying mechanisms causing the 
observed patterns. Most volcano ecology succession work 
has adopted a plot-based approach at relatively fine spatial 
scales (0.25–500 m2), and these plots are revisited through 
time to depict the sequence of ecological change. Some of 
these studies stand as excellent examples of plant responses 
to disturbance and are widely cited throughout the broader 
successional literature. Successional development on dis-
turbed sites requires dispersal of seeds and spores from source 
populations and the amelioration of environmental conditions 
by many mechanisms, including weathering of inorganic sub-
strates, accumulation of organic matter, and development of 
biotic structures that serve as habitat for animals. Under pri-
mary-successional scenarios, plant community development 

may be slow and strongly influenced by stochastic processes 
and contingencies, such as arrival sequence. In contrast, when 
surviving vegetation is abundant and widespread, vegetation 
development may proceed quickly and be more deterministic. 
Del Moral and Magnusson (2014), for example, found that 
plant species richness in cases of primary succession at Mount 
St. Helens plateaued in the second decade post-disturbance 
but cover continued to gradually increase at many sites over 
longer periods. The more remote, insular, and higher-latitude 
Surtsey volcano had rather stable richness by the fourth 
decade at many plots.

16.3.4.4  Animal Community Assembly
Animal ecologists have a long and rich history of describing 
arrival and accrual of animals, both vertebrates and inverte-
brates, at eruption sites. In some cases, such as at Krakatau, 
this work has been accomplished by periodic expeditions to 
sites where animal taxa are cataloged and compared to 
assemblages from earlier post-eruption trips. Such investi-
gations appear to have rarely used plot- or transect-based 
sampling design. In contrast, at a few eruption sites, most 
notably Mount St. Helens and Surtsey, ecologists arrived 
shortly after the site was created (Surtsey) or disturbed 
(Mount St. Helens) and established networks of plots and 
transects where a diverse array of animals has received 
detailed and repeated measurements (annually) for decades. 
Community assembly proceeds at a pace set by extent of 
survivors and proximity of source populations. In a review 
of findings from eruptions at seven volcanoes, Edwards 
(2005) notes rapid accrual of the “aerial plankton” of arthro-
pods adrift on the winds, birds, and other highly mobile 
organisms. He comments on “pioneers gaining early entry, 
transients establishing an early beachhead, and permanent 
colonization proceeding from these sites” (Edwards 2005, 
p. 268). Across a volcanic disturbance gradient at Mount St. 
Helens, the pace of small-mammal community assembly 
was strongly influenced by residual mammals and the 
amount of living and dead vegetation present in the post-
eruption landscape (Crisafulli et al. 2005). For highly 
mobile taxa, like birds and bats, development of suitable 
habitat appears to be the single most important factor deter-
mining both the rate and pattern of species establishment. 
Number of bird species climbed through three decades post 
eruption at Mount St. Helens and at a higher rate than at 
Surtsey, which appears to have plateaued in the fifth decade 
(Crisafulli et al. 2015). These two cases also reveal com-
plexities of trajectories of species assembly, such as (1) the 
role of canopy closure in abruptly reducing plant species 
diversity after 15 years in some environments at Mount St. 
Helens; (2) the abrupt increase in bird species at Mount St. 
Helens in response to habitat structure provided by shrubs 
and tree saplings; and (3) after 20 years at Surtsey, the 
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effects of nesting seabird colonies in increasing nutrient 
supply and, thereby, plant accrual and spread (Sigurdsson 
and Magnusson 2010).

16.3.4.5  Biotic Interactions
Because biological populations are typically reduced or 
more rarely extirpated during eruptions, in the first years 
after a volcanic event, ecosystems are rendered relatively 
simple. Biotic interactions are likely to be more apparent, be 
unusually strong, and become important in allowing affected 
systems to initiate biotic assembly, as by mutualism. These 
mutual interactions are important because of the poor nutri-
ent status and water-holding capacity of volcanic deposits 
and are therefore of particular interest to ecologists. Examples 
of mutualistic relationships include those between nitrogen- 
fixing bacteria and plants, and certain fungi associated with 
the root systems of plants, called mycorrhizae (see Allen et 
al., Chap. 11, this volume) in which the plant provides car-
bon to the fungus, and the fungus supplies the plant with 
otherwise-limited nutrients, such as phosphorus, along with 
water. Plant and animal interactions, both positive and nega-
tive from a plant perspective, have been reported to be impor-
tant in volcanic landscapes (Andersen and MacMahon 1985; 
Che- Castaldo 2014). Herbivory by both ungulates and 
insects has strongly influenced plant populations and com-
munity structure, and seed and spore dispersal by animals 
has been important for the arrival at eruption sites of plants 
with poor dispersal mechanisms. Animals influence plant 
communities by trampling and burrowing (bioturbation), as 
well as depositing nutrients in the form of urine and feces.

16.3.4.6  Nutrient Inputs and Soil Genesis
Ecologists have been quick to note that volcanic deposits 
are nutrient impoverished, typically devoid of plant-avail-
able nitrogen as well as carbon. The source, accumulation 
rates, and concentrations of these essential building blocks 
for ecosystem development have been studied in the con-
text of both oceanic volcanic islands (e.g., Surtsey, 
Krakatau, San Bernardino) and in continental settings, such 
as Mount St. Helens. The vectors leading to nutrient enrich-
ment of volcanic deposits can be as varied as aerial fallout 
of arthropods, plants and their nitrogen-fixing bacterial 
symbionts, and development of seabird colonies on islands 
with associated marine-derived guano. In areas with high 
mortality of trees, remaining boles and branch systems pro-
vide nest and perch sites that draw birds and mammals that 
enrich the site through uric acid/urine and fecal inputs. 
These animals also deposit seeds and spores that initiate 
new plant growth. Eventually dead trees decompose, pro-
viding a “time-release” source of carbon and increasing the 
water-holding capacity of the volcanic deposit. Surviving 

vegetation provides nutrient inputs through litterfall and by 
snaring wind-blown particles. Longer-term soil genesis 
processes have been investigated on the Hawaiian 
Archipelago, among other locations.

16.4  Discussion and Conclusions

16.4.1  Status of Volcano Ecology: A Global 
Perspective

The pace of volcano ecology research has accelerated over 
recent decades as the growing body of work calls attention to 
its value and provides concepts to be tested with study of 
new eruptions. The pace of study of new volcanic eruptions 
has increased from one published study per 2.5 years in 
1883–1920 to one per year in recent decades. A wide array of 
biomes, taxa, and ecological processes has been studied 
around the globe. The studied volcanoes represent a wide 
range of tectonic settings, biogeographic contexts, volcanic 
processes, magma composition, and properties of deposits.

The field of volcano ecology is still in an early stage of 
development. Much of the work has been opportunistic, 
incomplete in coverage of eruptions, spotty in terms of taxo-
nomic coverage, and lacking in standardized protocols for 
research approaches. Sustained commitment to study at indi-
vidual locations has been rare, and, where it has occurred, it 
is a mix of personal and institutional commitments. However, 
there have been some notable exceptions, such as the use of 
common sampling protocols at Mount St. Helens and several 
Chilean eruption sites; the use of systematic, multidisci-
plinary planning of campaigns at Krakatau and Kasatochi; 
and the sustained commitment to sampling at Surtsey and 
Mount St. Helens. The high incidence of studies in 
Mediterranean and temperate forest biomes suggests that 
research potential is influenced by proximity of academic and 
governmental researchers to recently active volcanoes and, 
thereby, proximity for governmental investment in research 
and infrastructure. On the other hand, researchers have con-
ducted studies at very remote volcanoes, but this work has 
been largely implemented and financed by wealthy nations 
(Iceland, Japan, the Netherlands, the United Kingdom, and 
the USA). The tendency for studies to occur at sites of major 
(high-VEI) eruptions reflects the interesting questions that 
can be addressed after large, complex eruptions, such as those 
producing conditions for primary succession, and also the 
greater public interest and economic and social effects, which 
may make it easier to secure funding for studies.

Efforts to provide a spatial or geographic framing for vol-
cano ecology studies have taken several forms across the 
published record of research. Some studies and whole 
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research programs have adopted useful “disturbance- 
gradient” designs using at least two approaches: (1) study 
sites located along a gradient of disturbance severity (propor-
tion of organisms killed by the primary disturbance event), 
regardless of the disturbance type; and (2) study sites on a 
gradient of disturbance intensity (physical force exerted on 
an ecosystem by a single disturbance type or mechanism, 
such as thickness of tephrafall deposits). A set of core studies 
at Mount St. Helens, for example, has been arrayed along a 
gradient of primary disturbance severity ranging from thick, 
initially sterile, pumiceous pyroclastic-flow deposits to thin 
tephrafall deposits (several chapters in Dale et al. 2005b). 
Examples of studies along a gradient of disturbance for a 
single disturbance type include effects of tephrafall depth on 
forest understory vegetation (Antos and Zobel 2005), tephra 
effects on boreal forests (Grishin et al. 1996), and variation 
in abrasion of vegetation and depth of deposits along lahar 
flow paths (Frenzen et al. 2005). However, many of the vol-
cano ecology studies we have reviewed do not clearly 
describe the volcanic disturbance processes that affected 
study sites and do not place the sites in the larger pattern of 
the disturbances, which limits interpretation of findings.

We note, however, a near absence of landscape-scale 
studies that move beyond plot systems and gradients to 
address large-scale vegetation patterns and the interplay 
with secondary disturbances (e.g., erosion and deposition 
during major floods). This work would occur at a scale 
embracing multiple disturbance types and a sampling of 
ecosystem types. Such an approach is necessary to test 
hypotheses about the relative importance of movement 
into a disturbed area from the edge of the disturbance zone 
or outward from hot spots of biological legacies within the 
disturbance zone. Relevant observations (Adams et al. 
1987; Lawrence 2005) offer some starting points for this 
work at Mount St. Helens.

Unlike the field of volcanology, which has established 
dozens of volcano observatories in many countries since the 
1980 eruption of Mount St. Helens, no counterpart ecologi-
cal observatories focus on volcanoes. The major motivation 
for volcano observatories is the great risk to public safety 
posed by eruptions, which justifies the expense. However, 
volcano ecology studies also serve society by providing 
information that can be used to anticipate effects of eruptions 
on the landscape around them, near and far, and what the 
prognoses are once an eruption occurs, including the poten-
tial consequences for a suite of factors of societal importance 
such as natural resources, agriculture, water, and infrastruc-
ture (e.g., transportation systems). Furthermore, volcanoes 
provide one endpoint in the continuum of large, infrequent 
disturbances from natural to wholly anthropogenic, and thus 
can inform ways to formulate and address management goals 
in the face of disturbances (Dale et al. 1998; Turner and Dale 
1998).

In some respects Mount St. Helens and Surtsey have 
become volcano ecology observatories, with sustained, dedi-
cated staff, an ecological monitoring program, complex port-
folios of research activities, and in the case of Mount St. 
Helens, intensive public outreach.

16.4.2  Mount St. Helens in the Global Context 
of Volcano Ecology Research

Mount St. Helens has been an important contributor to the 
field of volcano ecology, as a result of a special combination 
of circumstances. The major eruption involved diverse pro-
cesses, which offer a wide array of study opportunities. 
Precursor studies provided in-depth understanding and 
knowledge of volcanic and ecological historical settings, 
giving a strong frame of reference for assessing disturbance 
effects on ecosystems. Several months of precursor volcanic 
activity drew the attention of a large, interdisciplinary, 
regional and national science community that stood ready to 
take on the opportunity provided by the eruption. Immediate, 
intensive geological investigations led by the US Geological 
Survey gave the ecological science community a thorough 
interpretation of the complex eruption, which formed the 
template for ecological investigations that followed. Access 
to the disturbed area was constrained at first because of the 
destruction of roads, and relied heavily on helicopters, but 
within a year many roads were repaired and vehicle access 
was possible. Most importantly, the US Congress created the 
(44  515-ha) Mount St. Helens National Volcanic Monument, 
with the goal of allowing geological forces and ecological 
processes to “proceed substantially unimpeded” and to foster 
science, education, interpretation, and recreation to the pub-
lic’s benefit. This legislation ensured that research would be 
a primary focus of the post-eruption landscape and that ade-
quate protection would be in place to safeguard research 
infrastructure from loss or damage. The federal agency 
responsible for the new Monument, the US Forest Service, 
has made a concerted effort to protect research sites and 
opportunities. Strong institutional support for science has 
come from the US Forest Service and National Science 
Foundation; funding for quick response was especially 
important. Vegetation and aquatic studies completed before 
the eruption were extremely valuable in assessing system 
response. Eager, attentive public and media organizations 
have sustained interest in the area and thereby reinforced 
agency support.

The contribution of Mount St. Helens to advancement of 
volcano ecology has taken many forms. The science program 
has contributed 177 (42%) of 423 publications in the 
Crisafulli et al. (2015) database. Mount St. Helens scientists 
have coauthored a large share of the multi-volcano synthesis 
publications, which has been a rather recent phenomenon 
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(e.g., del Moral and Grishin 1999; Dale et al. 2005a; Edwards 
2005; del Moral and Magnusson 2014; Crisafulli et al. 2015). 
Scientists in the large Mount St. Helens community have fre-
quently consulted with foreign government agencies and 
academics concerning research opportunities and ecosystem 
effects associated with new eruptions, co-convened interna-
tional symposia and field tours on volcano ecology, and been 
integral players in the emerging global network of scientists 
working in the field of volcano ecology. Another dimension 
of advancing volcano ecology has been partnering with col-
leagues to initiate studies following eruptions elsewhere, 
using protocols in common with those used at Mount St. 
Helens: research underway, for example, with Chilean col-
leagues working at Chaiten, Cordon Caulle, and Calbuco 
volcanoes. The vibrancy of the Mount St. Helens research 
program, community of scientists, and outreach specialists 
signals that these roles are likely to continue.

The 1980 eruption and the setting of Mount St. Helens 
make it a representative case for study of eruption–ecosys-
tem interactions in some respects and an unusual case in oth-
ers. The tectonic setting of Mount St. Helens in a volcanic 
chain associated with a subduction zone is very common, 
and the highly energetic, explosive 1980 eruption (VEI = 5) 
in a mountainous landscape with moist, maritime climate 
involved a wide variety of volcanic and associated  hydrologic 
processes. However, the suite of volcanic processes in the 
1980 eruption of Mount St. Helens does not provide exam-
ples of several important types of eruptions and settings of 
volcano ecology studies, such as basaltic lava flows. The 
pyroclastic flows of the 1980 eruption did not have opportu-
nity to interact with pristine terrestrial or several types of 
aquatic ecosystems, because those existing just before the 
eruption had been obliterated by the huge debris avalanche 
and then by a powerful blast PDC (lateral blast) before the 
pyroclastic flows occurred. In terms of its ecological setting, 
Mount St. Helens resides in the temperate forest biome, 
which is intermediate in extent among the seven types of ter-
restrial biomes considered (Table 16.2).

Public communications about volcanoes and volcano 
ecology have been a hallmark of the Mount St. Helens pro-
gram and a model for other locations around the world. 
Outreach infrastructure and networking include several visi-
tor centers, dozens of Ranger Naturalists who provide pre-
sentations to hundreds of thousands of people annually, 
sustained relationships with national and international 
media, a nonprofit organization focused on science educa-
tion and stewardship at the volcano (the Mount St. Helens 
Institute), and museums that curate tens of thousands of 
Mount St. Helens’ biological specimens and make them 
available to researchers around the world. A distinctive fea-
ture has been use of the volcanic venue to explore the inter-
section of arts, humanities, and science, which is a growing 
phenomenon nationally at sites of long-term ecological 

research (Swanson 2015). Since 2000, creative writers and 
scientists have gathered at Mount St. Helens on 5-year erup-
tion anniversaries to share their learning with one another 
and with the public in performances and written works 
(Snyder 2004; Goodrich et al. 2008; Buntin 2010; terrain.
org 2013).

Highly collaborative, interdisciplinary research and 
broader inquiry requires a strong, interactive community. 
Volcano ecology research at Mount St. Helens is unusual in 
terms of the diversity of disciplines and intensity and dura-
tion of studies, which make it one of only three sites in our 
highest class of study intensity (Table 16.2) and the only 
one in a continental setting; the other two (Krakatau and 
Surtsey) are in marine settings. This history highlights the 
importance of an open, diverse scientific community for 
dealing with the social and ecological complexity of major 
volcanic disturbance events. At Mount St. Helens, the 
Forest Service has made concerted efforts to sustain and 
enlarge the research community through mechanisms such 
as week-long field gatherings every 5 years, termed 
“pulses,” which attract more than 100 members of the sci-
ence community and actively recruit new, early-to-mid-
career scientists to maintain long-term studies and to 
initiate new research. The pulses also host groups of cre-
ative writers and involve participation by high-school stu-
dents and undergraduates. The overall effect is to encourage 
and sustain interpersonal and interinstitutional collabora-
tions, facilitate group publications, and assist in the inter-
generational handoff of research projects.

16.4.3  Future Volcano Ecology Research

This review of the state of global volcano ecology research 
and the experience of volcano ecology at Mount St. Helens 
prompts several recommendations for further study:

 1. Ongoing research at eruption sites should continue, and at 
those sites where there has been a lapse in measurements, 
work should be reinitiated to document long-term pat-
terns of ecosystem responses to volcanic disturbance. 
This sustained effort is particularly important for ecosys-
tems with long seres following disturbance, such as for-
ests or cold regions that may require centuries to develop 
following high-intensity eruptions.

 2. At sites with multidecadal research, investigators or other 
responsible parties (e.g., agencies) need to recruit new 
members into the research community as aging scientists 
approach retirement, thus allowing for intergenerational 
transfer of long-term data and plot systems, and steward-
ship of studies well into the future.

 3. In the case of future eruptions, it is important to initiate 
work as soon as access is possible and conditions are safe, 
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because early interpretation of the physical disturbance 
effects across the landscape and initial responses of biota 
is a key to understanding longer-term processes of biotic 
assembly. Evidence of ephemeral phenomena (e.g., influ-
ence of snow) may quickly vanish yet may be important 
to explaining organism survival and other phenomena.

 4. An integrated multidisciplinary science approach at erup-
tion sites should investigate numerous taxa, ecological 
interactions, and ecosystem processes, as well as human 
responses to eruptions at scales of individuals, communi-
ties, and nations.

 5. Volcano ecology studies should be founded on investiga-
tion at the geology–ecology interface to place the work in 
a clear geographic context by sampling along disturbance 
gradients and other aspects of landscape context.

 6. It is essential to thoroughly document research efforts and 
data, so they are available to future researchers. Such 
efforts should include plots that are georeferenced, publi-
cally accessible data sets, monumented photopoints, and 
physical voucher-specimen collections that are deposited 
in safe, curated repositories.

 7. Despite the wealth and diversity of volcano ecology 
research efforts to date, several areas of inquiry remain 
unexplored or only sparsely explored. Understudied sub-
ject areas that deserve attention include
 (a) Evolutionary processes in sites with limited popula-

tion size and concomitant isolation in post-eruption 
landscapes may lead to shifts in genetic structure 
through genetic drift and bottlenecks. Similarly, 
immigrants to eruption sites may be subject to 
founder effects associated with small population size, 
absence of or low gene flow, and suites of novel 
selective pressures in the post-eruption landscape. 
Although tantalizing, such evolutionary processes 
have only occasionally been assessed at eruption 
sites, and the results have been variable across taxa.

 (b) Landscape ecology perspectives addressing broad- 
scale (100–1000 km2) vegetation change and associ-
ated animal community assembly to assess influences 
on landscape pattern development and consequences 
for ecological processes. Such approaches would 
provide a template for follow-up studies of patch 
dynamics and metapopulations.

 (c) Studies of biogeochemical cycling and soil genesis.
 (d) Development and change in food-web structure dur-

ing the course of succession.
 (e) Aquatic–land interactions in post-eruption land-

scapes, such as the flows of energy, matter, and 
organisms.

 (f) Comparisons of the patterns and rates of change in 
key ecosystem parameters (e.g., net primary produc-
tion) and processes among different system types, 
such as terrestrial, lake, and stream environments that 
were disturbed by the same eruption.

 (g) Attention to emerging phenomena, such as climate 
change and invasive non-native species that may alter 
the course of ecosystem response.
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Glossary

Biological legacy Live and dead organisms and organic 
matter that survive an ecological disturbance and may 
affect the pace and pattern of post-disturbance ecosystem 
development.

Blast PDC (blast pyroclastic density current) A form of 
pyroclastic density current initiated by rapid decompres-
sion of lava domes or cryptodomes (magma bodies cooled 
high within a volcanic edifice) owing to sudden collapse. 
Rapid decompression results in a directed explosion that 
initially impels the current laterally before it becomes a 
gravity-driven flow. [Sources: a generalized definition 
based on definitions of PDCs provided in Pierson and 
Major (2014) and Sigurdsson et al. (2015)]. In the case of 
the Mount St. Helens 1980 eruption, failure of the volca-
no’s north flank unroofed pressurized magma and super-
heated groundwater. Rapid exsolution of magmatic gases 
and conversion of superheated groundwater to steam pro-
duced a laterally directed blast, which formed a density 
current that flowed across rugged topography. The current 
contained fragmented rock debris as well as shattered for-
est material (Lipman and Mullineaux 1981).

Debris avalanche A rapid granular flow of an unsaturated 
or partly saturated mixture of volcanic rock particles (± 
ice) and water, initiated by the gravitational collapse and 
disintegration of part of a volcanic edifice. Debris ava-
lanches differ from debris flows in that they are not water-
saturated. Although debris avalanches commonly occur 
in association with eruptions, they can also occur during 
periods when a volcano is dormant. (Sources: Pierson and 
Major 2014; Sigurdsson et al. 2015).

Lahar An Indonesian term for a rapid granular flow of a fully 
saturated mixture of volcanic rock particles (± ice), water, 
and commonly woody debris. A lahar that has ≥50% solids 
by volume is termed a debris flow; one that has roughly 
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10–50% solids by volume is termed a hyperconcentrated 
flow. Flow type can evolve with time and distance along a 
flow path as sediment is entrained or deposited. (Sources: 
Pierson and Major 2014; Sigurdsson et al. 2015).

Pyroclastic flow Rapid flow of a dry mixture of hot (com-
monly >700 °C) solid particles, gases, and air, with a 
ground-hugging flow that is often directed by topography. 
Flows are generally gravity driven but may be accelerated 
initially by impulsive lateral forces of directed volcanic 
explosions. Flows typically move at high velocity (up to 
several hundred km h−1).

Refuge (refugia) Localized sites where organisms survive 
a disturbance event at a level greater than the surrounding, 
disturbance-affected area.

Succession Development of an ecosystem following dis-
turbance, including processes such as species assembly 
by immigration and establishment, species interactions 
(e.g., herbivory), and site amelioration (e.g., weather-
ing of inorganic substrates). Primary succession refers to 
cases with no legacies of the pre-disturbance ecosystem; 
secondary succession refers to cases where some biota 
from the pre-disturbance ecosystem persists.

Tephrafall A rain of volcanic particles to the ground 
following ejection into the atmosphere by an explosive 
eruption. Tephra is a collective term for particles of any 
size, shape, or composition ejected in an explosive erup-
tion. (Sources: Pierson and Major 2014; Sigurdsson et al. 
2015).
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 Coda. “Another Weather: Mount St. Helens”

Ursula K. Le Guin 

Weightless clouds and airy rain drift over
a lower, slower weather in the world
where lava turns in vast typhoon pavanes,
thick fire beneath a ponderous earthen sky:
storms brew a thousand years before they break
in quaking thunder of tectonic shift
to hurl their hot bright hail straight up, send forth
the monstrous overwhelming wave, or still
a city into feathery clouds of glass.

I watch you, my volcano, through the depths
of sunlit air, and see you snowy-flanked
breathing your lazy steam-plume south, yourself
a vapor drifting, a bright veil of stone.

(from In the Blast Zone, Oregon State University Press, p. 8–9)
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 Coda. “Pearly Everlasting”

Gary Snyder

Walk a trail down to the lake
mountain ash and elderberries red
old-growth log bodies blown about,
whacked down, tumbled in the new ash wadis.
Root-mats tipped up, veiled in tall straight fireweed,
fields of prone logs laid by blast
In-line north-south down and silvery
limbless barkless poles—
clear to the alpine ridgetop all you see
is toothpicks of dead trees
thousands of summers
at detritus-cycle rest
—hard and dry in the sun—the long life of the down tree yet to go
bedded in bushes of pearly everlasting
dense white flowers
saplings of bushy vibrant silver fir
the creek here once was “Harmony Falls.”
The pristine mountain
just a little battered now
the smooth dome gone
ragged crown

the lake was shady yin—
now blinding water mirror of the sky
remembering days of fir and hemlock—
no blame to the magma or the mountain
& sit on a clean down log at the lake’s edge,
the water dark as tea.

I had asked Mt. St. Helens for help
the day I climbed it,   so seems she did.
The trees all lying flat like,   after that big party.
Siddhartha went to on the night he left the house for good,
crowd of young friends whipped from sexy dancing
dozens crashed out on the floor

angelic boys and girls, sleeping it off.
A palace orgy of the gods but what
“we” see as “Blast Zone” sprinkled with
clustered white flowers

“Do not be tricked by human-centered views,” says Dogen,
And Siddhartha looks it over, slips away—for another forest—
—to really get right down on life and death.

If you ask for help it comes.
But not in any way you’d ever know
—thank you Loowit, lawilayt-lá, Smoky Mâ

   Gracias   xiexie   grace

(from In the Blast Zone, Oregon State University Press, p. 114–115)
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