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ABSTRACT

Disturbance is a fundamental part of ecosystems but varies in scale, intensity,
frequency and resulting influence on species. Large infrequent disturbances are extreme
in two or more of those aspects and may have disproportionate influences on resulting
communities. Humans are altering landscapes at an unprecedented rate and frequently
want to manage resulting landscapes for ecosystem services and quick recovery. By
studying the way ecosystems reassemble after naturally occurring large, infrequent
disturbances we can gain insight into how to effectively manage anthropogenically
altered landscapes. Volcanic eruptions provide an excellent opportunity to study
ecosystem assembly processes after disturbance because they often involve several
disturbances differing in scale and severity but not in timing, thereby providing excellent
opportunities to infer differences in processes. This thesis focuses mostly on vegetative
recovery after volcanic debris avalanches, volcanic landslides, but will also addresses
recovery processes within areas devastated by lateral blasts, pyroclastic flows and lahars.
In each chapter vegetative community assembly after disturbance is examined from a
different scale, starting with a global review of the literature. Next is a comparison of
different volcanic disturbances at Mount St. Helens after its 1980 eruption, and finally,
drivers of vegetation change are examined in detail on the debris avalanche deposit at

Mount St. Helens.
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INTRODUCTION

The Need to Study Large Infrequent Disturbances

Disturbance is a fundamental part of ecosystems, but vary in scale, intensity, frequency
and resulting influence on species. Large infrequent disturbances are extreme two or more of
those aspects and may have disproportionate influences on resulting communities. Humans are
altering landscapes at an unprecedented rate and frequently want to manage resulting landscapes
for ecosystem services and quick recovery. By studying the way ecosystems reassemble after
naturally occurring large, infrequent disturbances we can gain insight into how to effectively
manage anthropogenically altered landscapes. VVolcanic eruptions provide an excellent
opportunity to study ecosystem assembly processes after disturbance because they often involve
several different disturbances differing in scale and severity but not in timing, providing
excellent opportunities to infer differences in processes. This thesis will focus mostly on
vegetative recovery after volcanic debris avalanches, volcanic landslides, but will also address
recovery processes within areas devastated by lateral blasts, pyroclastic flows and lahars. In each
chapter vegetative community assembly after disturbance will be examined from a different
scale, starting with a global review of the literature. Next will be a comparison of different
volcanic disturbances at Mount St. Helens after its 1980 eruption, and finally, drivers of
vegetation change will be examined in detail on the debris avalanche deposit at Mount St.
Helens.

Volcanic Debris Avalanches (VDAS)

Landslides come in many types, from simple slumps of a small area to slides that move

the whole mass of the disturbed material downslope - often further than the length of the scar left

behind. The later class, known as long-runout landslides, cause considerably more disturbance



than the former, as slumps can leave ecosystems largely intact. The volume of material
transported in long-runout landslides varies widely from 0.01 km? to as high as 100 km®. The
largest long-runout landslides are volcanic debris avalanches (VDAS); these result from the
catastrophic collapse of volcanic flanks and edifices (Figure 1) and comprise roughly 20% of all
long-runout landslides (Korup et al. 2007). VDASs have several features that distinguish them
from other long-runout landslides, including their overall larger volume and proportionally wider
extent because they tend to be unconstrained by existing topography (Figure 2). The initiating
slope of VDAs tends to be shallower, and the material that makes up the resulting deposit comes
from a deeper depth than comparable non-volcanic landslides (Siebert 1984). VDAs travel faster,
cover longer distances, and contain higher volumes of water than other long-runout landslides.
They tend to be composed of mechanically weak and hydrothermally altered debris, as the rock
is highly weathered from long-term stresses of temperature and pressure within the volcanic
edifice (Siebert 1984; Korup et al. 2013). The resulting deposits are wide and characterized by
unevenly spaced depressions and mounds known as hummocks (Figure 3). The soils associated
with VDAs tend to be coarse-grained, poorly sorted, and nutrient-poor (Adams and Adams 1982;
Adams and Dale 1987; Parker 1993; Glicken 1996; Velazquez and Gémez-Sal 2008).
Community Assembly and Succession
Understanding of ecological succession, or changes that occur after disturbance in the biological
and physical conditions of an ecosystem, has developed substantially since the first studies
addressed vegetative recovery after VDAS. Some argue that “succession” is no longer even the
correct word, preferring to refer to “alternative stable states” or the “neutral theory of plant
assembly.” As “succession” has been in consistent use since the earliest of the publications

included in this review, we will retain the term. However, readers need to be aware of the many



Figure 1. Image of entire mountainside giving way at initiation of Mount St. Helens debris
avalanche, art by Elsie M. Denton.
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Figure 2. Volcanic debris avalanches (VDAS) deposits (black triangles), as compared to other
rockslide avalanches (grey circles) as compiled by Korup et al. (2013), reprinted with
permission. VDASs are on average larger than other rockslide avalanches and cover a greater area
at any given volume. Special attention is drawn to those VDAS where vegetative establishment
and change has been studied (red). Both axes are presented as logarithmic scales.



Figure 3. View of the Mount St. Helens debris avalanche deposit shortly after emplacement,
showcasing hummaocky terrain and novel substrates with ridges affected by the lateral blast in the
background and a wooden seed trap in the foreground. Photo taken by Virginia Dale 1981.

ways succession has been conceptualized over time and the current understanding of related
processes.

Historically, ecologists distinguished between primary succession, which occurs on new
substrates free of biological legacies, and secondary succession, which proceeds after a
disturbance that leaves remnants of the previous ecosystem. Many disturbance events are
mixtures of the two processes.

a) Inhibition model
The inhibition model assumes that, once a given community is established, it persists, in the

absence of further disturbance, by maintaining abiotic conditions favorable to its continuance



and unfavorable for establishment of new species complexes (Connell and Slatyer 1977). For
instance, high richness of initial algal communities in intertidal areas may inhibit further
community change as all niches are occupied (Maggi et al. 2011). Competition plays a large role
in the inhibition model.

b) Tolerance model

In the tolerance model of succession, a cohesive community does not exist (Connell and
Slatyer 1977). Under this theory, it would be more apt to describe the plants in a landscape as a
collection of species that happened to arrive and establish. Species neither facilitate nor inhibit
their successors, and the assemblage is determined by neutral processes. The characteristics of
this assemblage shift and change based on the life history traits of each species, with little
cohesion between them. Over time, the community is dominated by species that best tolerate the
changing conditions. An analysis of post-mine succession in Germany determined that neutral
processes well describe succession in a dry grassland in the first 20 years after mining cessation
(Baasch et al. 2010a). This type of succession also tends to preserve fugitive species (Pulsford et
al. 2016) those that can only establish in disturbed conditions, such as the acorn barnacle
(Balanus pacificus), which primarily establishes on sandy substrates and small pebbles and is
outcompeted by other species on solid rocky areas (Hurley 1973).

Instead of thinking of succession in terms of species communities, Tilman (1985a) suggested
considering the process as shifts in resource availability through time, with species assemblies
changing to take the best advantage of those niches. A frequently occurring shift in succession is
the switch from nutrient limitation and high light availability in early succession to easy and
higher availability of nutrients in late successional communities and limited light. Johnson

(1996) amended this theory by clarifying that this shift in resource partitioning was not driven by



time per se but by interactions between species. The available species pool can greatly affect the
rates of transitions between resource limitations.

Of course, all these theories assume a stable climatic regime and species pool, which is often
not the situation. Prach and Walker (2019) found large differences in rates of recovery between
cold versus warm biomes, such differences may influence rates of succession in a warming
climate. They also found invasive species to be more likely to alter the trajectory of recovery in a
secondary as opposed to a primary successional landscape.

A more modern synthesis of disturbance and succession considers alternative stable states.
These alternative states are potential communities under the same climatic regime and species
pool. Which state exists is determined by stochastic processes or outside forcing. For example,
species richness and abundance of early colonists can determine whether inhibition or facilitation
is the dominant operative process (Maggi et al. 2011). There is evidence that alternative states
are best considered transient (but may persist for many generations), and any genuinely
undisturbed community would converge to a cohesive successional endpoint (Fukami and
Nakajima 2011). However, since no natural community exists without ongoing disturbance,
these ‘alternative transient states’ remain important for understanding successional processes.
Figure 4 shows an idealized diagram of how these multiple states might coexist on a landscape.

The Goal of Informing Land Management Decisions
While interesting, the goal of studying successional processes is not just improved
understanding, but to then leverage that understanding to help us improve management of
disturbed landscapes. Primary succession, such as after a volcanic debris avalanche is analogous
to human caused disturbances like mining, large industrial areas, dam draining and loss of water

in inland seas. Other volcanic disturbances such as mudflows or lateral blasts are similar in



degree to floods or wildfires. These similarities mean that lessons learned from processes in

volcanic systems are directly applicable to managing other disturbed lands.



CONIFER

Figure 4. A simplified diagram of how species assembly and succession might progress with
Mount St. Helens as an example system. Grey arrows represent state transition that may be
directed by the tolerance model and neutral processes. Jagged black arrows represent transitions
that take place with the assistance of disturbance. Circular black arrows represent communities
that will persist in a stable state in the absence of disturbance. Bare rock, grass, and alder (Alnus
rubra) are alternative transient states, while moss and conifer communities are alternative stable

states. Art by Elsie M. Denton.
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Abstract
Volcanic debris avalanches are among the largest and most severe disturbances known.
Therefore, studying processes of ecosystem formation on the deposits emplaced by these
landslides provides insights into the patterns of community assembly after the most severe
disruptions. In this review we synthesize findings of 60 vegetation studies from 15 volcanic
debris avalanche deposits. One of the most impactful drivers of the speed with which
communities reestablish is the climatic region in which the debris avalanche occurs. The fastest
recovery occurs in the tropics and slowest in the boreal latitudes. The existence of biotic
legacies, or remnant soils or biota from the previous communities accelerates community
establishment, and these legacies are found more frequently on smaller debris avalanche
deposits. Where these legacies exist, recovery proceeds many times more rapidly than in primary
successional areas of the deposits. Similar patterns across mountains are observed in the species
guilds that arrive and become established on the deposits with nitrogen fixers and early seral
species doing particularly well. Complete recovery, meaning that communities match those of

surrounding undisturbed areas, from this extreme class of disturbance takes a very long time,
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decades in the tropics and centuries to millennia at higher latitudes. Secondary disturbances are
frequent and often reshape the direction of community development. Understanding of
community development on debris avalanches would be greatly expanded if continuous time
series over decadal to millennial scales were available on more disturbances. This could be
achieved through repeat monitoring of permanent plots, remote sensing, or use of pollen core
analysis. Such studies may enable inference about whether long-lasting community differences
from surrounding areas are due to alternative stable states or simply the slow turnover of long-
lived species on volcanic debris avalanches. Further study of these topics will foster better
management of human disturbed landscapes, such as those from large-scale mining.
Introduction

Large, infrequent disturbances, such as volcanic eruptions, hurricanes, tornadoes, floods,
and wildfires, can completely transform landscapes (Foster et al., 1998; Lugo, 2020). The type,
magnitude, spatial extent and duration of the disturbance and the composition of the preexisting
community all impact how plant communities recover afterwards (Turner and Dale 1998). A
volcanic debris avalanche (VDA) is both a large, infrequent disturbance and a truly dramatic
event. VDAs occur when the edifice of a volcano gives way, collapsing downslope. This process
may be part of an eruption event or be triggered by an earthquake, rainfall, or rapid snowmelt
(Roverato et al. 2021). Debris avalanches can completely bury preexisting vegetation
communities and form broad, mostly flat landscapes punctuated by large hummocks formed by
semi-intact blocks from the volcanic edifice. These novel landscapes are largely devoid of life
and present opportunities for the formation of novel ecosystems (Adams et al. 1987a).
Thousands of these deposits are identified in volcanic records (Roverato et al. 2021). As with

other types of ecosystem disturbances, vegetative communities begin to reestablish immediately
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after VDAs occur (White 1979; Stuart Chapin et al. 1994b; Mueller-Dombois 2000b; Young et
al. 2001; Chang and Turner 2019). Since these avalanches are among the most severe of
disturbance events, the resulting deposits provide living laboratories for studying the upper
thresholds of community processes regarding vegetation reestablishment on landscapes.

Despite over a thousand individual VDAs identified in the geologic record (Roverato et
al. 2021), vegetative communities after these disturbances have been studied at few deposits.
Vegetative establishment and change on individual debris avalanche deposits has been studied
since 1933 (Griggs 1933) and accelerated after 1980, when the eruption of Mount St. Helens
clarified which volcanic disturbance formed these distinctive, hummocky deposits (Voight B et
al. 1981; Glicken 1996). This knowledge spurred investigations of VDA deposits at other
volcanoes. There exists no previous synthesis of the findings of the 60 published studies, reports,
and theses investigating plant communities after VDAS. As characteristics unique to debris
avalanches may determine pathways of plant community succession post-disturbance (Foster et
al. 1998), a comprehensive synthesis is needed. This review highlights the importance of
covariates such as climate, elevation, prevailing ecotype, and pre-disturbance biotic legacies in
the form of soils and surviving vegetation on the successional trajectory of vegetation re-
establishment. In this review we aim to identify 1) major predictors of processes in community
formation and succession on VDA deposits worldwide, 2) secondary processes that have more
nuanced influences, and 3) knowledge gaps that can guide future work in these systems.

Literature Review

Approach

This systematic literature review was conducted by locating all primary research

publications on vegetative succession on VDA deposits up until 9 Dec 2022 using the databases
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Web of Science, JSTOR, and Google Scholar. We supplemented articles from our personal
collections not located by the search.

Ten search terms with wildcards were used in each database to account for alternative
spellings around a root word (see Table 5 in the Appendix). The seemingly obvious term
‘succession’ was not included in the search terms because it has an alternative geologic meaning
(Sigurdsson 2015) that resulted in thousands of off-target results.

Titles and abstracts of articles identified were reviewed to determine if they reported
findings from vegetative succession or community assembly on VDA deposits. As some
databases included a massive number of off-target results, a stopping criterion was used. If 100
consecutive records were reviewed without finding an article that might meet the search criteria,
the search was ceased. Articles were downloaded only once, even if they turned up in multiple
searches. Some 18 (Web of Science) + 118 (Jstor) + 195 (Google Scholar) = 331 potential titles
were found in the initial sweep, with an additional eight articles added from our personal
collections.

The primary reasons that articles were excluded was for landslides that did not occur on
volcanoes or for studies on a different type of volcanic deposit. A total of 18.1% of the originally
identified articles met the above criteria for inclusion after closer review.

General Description of Studies

A total of 60 studies fit our research criteria, covering research on 15 distinct VDAs
(Attachment 1). Out of that total, 32 (53%) of publications are from Mount St. Helens — the most
intensively studied VDA deposit in the world; six studies focus on the Chaos Jumbles of Lassen
Peak California, five are from the Casita Volcano in Nicaragua, and four are from Mt. Taranaki

in New Zealand. Bezymyanny in Russia and Mt. Mageik in Alaska, USA, were the subject of
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three publications each. All other deposits are represented by only one or two publications. 12%
of studies were from tropical regions, 78% were from temperate zones, and 10% were from
boreal ecosystems. Area impacted by these VDAs ranged from 0.1 km? (New Zealand, Mt.
Tongariro) to 320-500 km? (New Zealand, Mt. Taranaki, Ngaere formation) (Figure 5).

The time from emplacement to the end of the first decade was exclusively examined in
21 publications. Succession or vegetative assembly was documented at decadal time scales in 29
published papers. Six studies examined communities and cover several centuries after
emplacement, and six reported findings hundreds to thousands of years post-avalanche.

The most frequently reported metrics were vegetative cover (39 studies) and richness (28
studies) (Table 1) while 17 studies included some measure of community change (Table 2). A
subset of studies (15) focused only on specific species on debris avalanche deposits. To
standardize richness across studies for better comparison, we used a linear simplification of a
rarefaction curve. The area of one plot and mean number of species per plot was used to define
one point, and the total area of all plots and total number species found defined the other. Then
linear regression was used to set all plots to number of species per 250 m?, the unit of
measurement at Mount St. Helens, which comprises the largest percentage of the data.

Most studies focused only on plants, but 10 addressed interactions between plants and
other trophic levels. The effects of secondary disturbances such as landslides, ashfalls, or human
interventions on successional pathways was examined in 16 studies. Most studies used plot-
based measurements (72%); others used satellite-based greenness measures (21%). Four of the
published studies reported results of greenhouse experiments using substrates collected from

debris avalanche deposits.
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Figure 5. Global map of the distribution of volcanic debris avalanches where vegetative
establishment and change has been studied on deposits. All triangles are proportionally scaled to
the deposit area in km?. The color of the triangle represents elapsed time since emplacement
associated with when research was conducted. Dashed line represents the boundary of the tropics
and solid line boundary between temperate and boreal regions.

Table 1. Summary of the types of data collected in published research on vegetative assembly
and change counted by volcanic debris avalanche deposits studied and subset by years after
emplacement when studies were conducted. Individual studies detailed by author in Table 6 in
Appendix — Chapter I.

Years Decades Centuries
(0-9) (10-100 years) (100-1000+ years)
Species accumulation 14 10 2
Plant cover 12 21 5
Community composition 6 4 5
Tree line 0 3 5
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Table 2. Summary of findings on continuing species community change and tree line recovery

by volcano where these reported metrics were sampled. Where available, findings from primary
and secondary areas on debris avalanches are presented separately.

Species composition  Verdict Sampled and Analyzed Type of Analysis
Mount St. Helens, Still changing Years 0-30 Permutational analysis of
USA variance, multispectral

imaging, ordination,
change in plant functional
type distribution

Ontake, Japan Primary: still changing Years 0-5 Raw lifeform

Secondary: still changing frequencies

Casita, Nicaragua Primary: still changing Years 0-4 Detrended change

Mt. Lassen, USA

Secondary: stable

Tree community is stable
but differs from areas
around disturbance

Years 300-350

detection

Density Counts

Mt. Taranaki, New Stable ~ Year 27,300 Importance values and
Zealand direct gradient analysis
Mt. Usu, Japan Stable ~ year 8,000 to 20,000 Text description of
(dating of deposit is community
uncertain)
Tree line Depressed by Years post emplacement Biome
Mt. Victory, Papua 1500 m 83 Tropical
New Guinea
Shiveluch 13, Russia 600 m 364 Boreal
Mt. Fuji, Japan 1000 m 2900 Temperate
Mt. Lassen, USA 120 m 320 Temperate
Bezymyanny, Russian 300-350 m 32 Boreal
Mt. Taranaki, New 0 27,300 Temperate
Zealand
Mt. Usu 0 8,000-20,000 Temperate
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The Problem of Terminology

There were many inconsistencies in the use of terminology across the studies included in
this review. Particularly in older literature, VDASs are frequently referred to simply as large
landslides, and we often had to consult outside sources to determine if classification as a VDA is
appropriate (Siebert and Roverato 2021). Alternatively, it was occasionally difficult to
distinguish a pyroclastic flow, often called a ‘hot avalanche,” from a debris avalanche. For
instance, Taylor (1957) described the deposits from Mt. Victory as ‘of the same type’ as Mt.
Lamington’s deposits. The latter volcano experienced both a debris avalanche and pyroclastic
flows during the studied eruption. As descriptions of Mt. Vicory in subsequent volcanic literature
are sparse, it is difficult to tell if that deposit is a VDA. The geologic literature may also refer to
debris avalanches as sector collapses Bernard et al. (2021) and occasionally refers to the same
deposit as both a debris avalanche and a lahar (Procter et al. 2014), even though these are distinct
types of volcanic disturbance distinguished by the amount of water in the material. Table 3
details the differences between these three types of volcanic disturbance. In addition, some
authors use the term debris avalanche to refer to any landslide that is not confined to a channel.
For example, Jomelli et al. (2011) produced off-target results in our literature search that had to
be removed. We suggest following the conventions specified by Bernard et al. (2021) in their
review of the geological characteristics of VDAs. Consistence in terminology will help eliminate
further confusion.

Major Predictors of Processes in Community Formation and Succession

Two factors appear to be the largest determinants of community development post-VDA:

1) biotic legacies — remnants of pre-disturbance communities and 2) the climatic zone where the

VDA occurred. These factors explain the rate and shape of successional trajectories across VDAS
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and could be used to make generalizations about how succession would proceed on new VDAS.

The total surface area of the resulting deposit emplaced by the debris avalanche also affects

successional pathways, though this is hard to separate from the influence of biotic legacies.

Biotic Legacies

Biotic legacies, in the form of surviving plants or mineral soil, profoundly affect the

speed of vegetative cover development, the return of plant species, and the stabilization of

species composition. These legacies are predominantly found at the tail end of avalanche

deposits (Nakashizuka et al. 1993; Velazquez and Gémez-Sal 2007, 2008, 2009b, a; Dale and

Denton 2018) and along their margins (Adams et al., 1987; Velazquez & Gémez-Sal, 2007). The

rest of the surface area of debris avalanches is devoid of any form of biotic legacy, and plant

community formation must begin from scratch on bare mineral substrates, a process that is many

times slower, often referred to as primary succession. For example, on the Nicaraguan Casita

Volcano, one of the smallest VDASs studied, down slope areas where soil and rock were

extensively intermixed exceeded one hundred percent plant cover after only one year.

Table 3. Table detailing differences between a volcanic debris avalanche and other types of
volcanic disturbances these landslides might be confused with in the literature.

Characteristic

Volcanic Debris Avalanche*

Lahar (Volcanic Mudflow)?

Pyroclastic Flow”

Trigger

Composition

Temperature
Velocity

Travel Distance

Deposits

Primary Hazard

Flank collapse, edifice failure

Blocks of fragmented edifice rock,
unconsolidated debris (non-juvenile
material), water (<50%)

Usually cold (0-30 C), but Mount St.
Helens avalanche was warmer.

Fast (10 to 110 m/s) but slower than
pyroclastic flows

Very long (tens to 100+ km)

Hummocky terrain, large blocks,
chaotic landscapes

Landscape burial, river damming,
long-term geomorphic change

Heavy rains, earthquakes,
volcanic eruptions, lake
breakouts

Water (>50%), volcanic ash,
rock fragments

Cold to warm (0-30 C,
occasionally up to 100 C)

Moderate (1 to 25 m/s)

Can be very long (100+ km
via river valleys)

Stratified mud/ash/rock
deposits along valleys

Valley inundation, flooding

Explosive eruption column
collapse, lava dome collapse

Hot gas, ash, pumice, rock
fragments

Very hot (200-1000+ C)

Extremely fast (10 to >300 m/s)

Short to medium (less than one to
tens of km)

welded tuffs, unconsolidated
pumice, scoria or blocks to several
meters

Extreme heat, asphyxiation, burial
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However, in upslope primary successional areas, cover was approximately 50% after four years
on the same deposit (Velazquez & Gomez-Sal, 2008), a transitional zone that contained fewer
biotic legacies had recovery rates between the two extremes. Similarly, to the pattern seen at
Casita, plant cover developed ten times faster where biotic legacies existed as compared to
primary successional areas in Japan (Ontake Volcano) (Nakashizuka et al. 1993). In a boreal
region, the tail end of the deposit from the Mt. Mageik landslide (Alaska, USA) was noted by
Griggs (1920) to have extensive soil mixed in with the deposit and was completely covered with
vegetation when the landslide was revisited 93 years after the disturbance (Jorgenson et al.
2004). In general, run-outs and margins make up a higher percentage of the area on small VDA
deposits so the influence of legacies is more evident.

Furthermore, downslope areas influenced by extensive biotic legacies in Nicaragua
(Casita Volcano) were the sole locations on that volcano where community composition
stabilized during the four-year observation period (Velazquez & Gémez-Sal, 2008). Additional
evidence of community stabilization is the fact that areas with extensive biotic legacies on the
Nicaraguan debris avalanche closely match the plant cover and species composition of other
disturbed areas, such as nearby 5 ha non-volcanic landslides. On the other hand, plant
communities on the landslide undergoing primary succession differed markedly from each other,
and nearby disturbed areas and were unstable over time - changing from year to year (Velazquez
& Gomez-Sal, 2008) (Table 2).

Evidence of the importance of biotic legacies is also seen at California’s Mt. Lassen.
Even more than 300 years post-disturbance, the substrate on this debris avalanche deposit
remains so nutrient-poor and dry that a full canopy of coniferous trees has not established and,

compared to nearby undisturbed areas, species composition differs and cover is much reduced
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(Parker, 1991; Parker, 1993). This recovery pattern contrasts with a large mudflow on the same
mountain that occurred in 1915. Mudflows differ from debris avalanches by having more than
50% water and usually result in secondary succession. Species composition and cover on the
mudflow were found to match surrounding undisturbed areas after only 80 years (Parker 1992).
This discrepancy in speed of succession at the same mountain was thought to be due to the
extensive biotic legacies in the mudflow as opposed to the barren debris avalanche deposits
(Parker 1992).

Succession was not accelerated by every measure in secondary successional areas at
every mountain. For instance, the number of species found in primary and secondary
successional areas was not different at Nicaragua’s Casita VVolcano (Velazquez & Gomez-Sal,
2008). Conversely, in Japan (Ontake Volcano), areas where biotic legacies existed had at least
twice the number of species as primary successional areas (Nakashizuka et al. 1993).
experiments using substrates collected from debris avalanche deposits.

Climatic Zone

The climatic zone where a VDA occurs also exerts influence on the rate of succession. In
the tropics, 100% vegetation cover and most species arrive within months. In contrast, in boreal
regions it may take many decades to centuries for cover to reach that of surrounding
communities (see Figure 6A). Temperate regions fall somewhere in between. Similar trends are
seen when using plant richness (number of species found) as a metric of recovery (Figure 6B).

In temperate regions, where plant community formation has been studied on a larger
number of deposits, cover accumulation seems to follow a logit function. Cover accumulation is
very slow in the first few years after emplacement. Five to 10 years may pass before even 5%

vegetative cover is observed (Nakashizuka et al. 1993; McCann 2017; Dale and Denton 2018).
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Rapid acceleration in cover accumulation occurs between one and two decades after the event,
and eventually complete ground cover is achieved, probably between 50 and 100 years (Dale &
Denton, 2009). In contrast, species accumulation, or plant richness, follows a linear trajectory
over most of the measurement period, with a trend towards eventual saturation beginning to
occur after four decades (Nakashizuka et al. 1993; Dale and Denton 2018). Similar patterns are
observed in tropical regions, albeit at a much faster pace. In the tropics of Nicaragua, maximum
number of species per plot is reached within the first year, after which species richness declines
(Veldzquez and Gomez-Sal 2009b). The decline in species richness is attributed to the
dominance of one or two species, which outcompete and displace rarer species (Velazquez and
Gomez-Sal 2009Db).

Complete recovery is observed in the temperate regions several thousand years after
emplacement (Clarkson 1977; Lees 1987b; VVégh and Tsuyuzaki 2022). Though it is not known
exactly when this recovery occurred.

Studies of vegetation on VDA deposits in boreal regions are scant, possibly because
locations are more difficult to access. A second visit to the same boreal volcano was reported in
published literature in only two cases, and therefore trends are inconclusive. However, both
species and cover accumulation rates are markedly slower compared to other zones (Grishin
1996, 2011, 2019; Grishin et al. 2000) likely due to shorter growing seasons, harsher abiotic
conditions, and smaller available species pools. Even Mt. Mageik, the most progressed of the
boreal locations in terms of plant cover (Jorgenson et al. 2004), is dominated by grasses while
the surrounding forest is tall alder shrub after nearly a century (Alaska Inventory and Monitoring

Program 2016). That said, high latitude sites may be more likely to return to a vegetative
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Figure 6. A) Vegetative cover as reported by years since emplacement of volcanic debris
avalanche (VDA) deposits, color-coded by climatic zone (black: tropical, grey: temperate, and
white: boreal). B) Species richness on VDA deposits scaled to a 250 m? plot reported by years
since emplacement and color-coded by climatic zone.
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composition mirroring surrounding undisturbed sites, due to those same harsh conditions and a
limited species pool reducing the viability of alternative stable states (Prach and Walker 2019).
More Nuanced Predictors of Processes in Community Formation and Succession

While climatic zone and biotic legacies determine rates of community development
across mountains and describe the broad sweep of recovery trajectories across years and decades,
other influences can be distilled from the literature that add finesse to our understanding of these
processes. These factors include certain species and plant functional types, topography and
secondary disturbances. Trends related to these factors are less able to be generalized than the
major takeaways either because conflicting evidence has been found in at least some cases or
because they simply haven’t been as well studied. As such, these topics would provide rich areas
for further research.

Species Functional Groups

While numerous species manage to arrive and establish themselves on VDA deposits,
certain guilds are particularly influential. Early seral species, nitrogen-fixing plants, mosses,
lichens, and plants with belowground meristems all play predictable roles across most VDAs
studied and across climatic zones.

a) Annuals and Early Seral Species:

Annual species play a crucial role in the early years (first few years after a debris
avalanche in the tropics and the first two decades in the temperate regions) following the
emplacement of a debris avalanche. This question is yet to be addressed in boreal regions.
Although late seral species may also arrive and establish soon after emplacement, annual species
typically dominate in terms of early cover (Adams et al. 1987a; Dale 1989; Velazquez and

Gdmez-Sal 2007). In Washington State at Mount St. Helens, annual and biennial species with
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plumed, fluffy seeds, capable of wind dispersal were among the first dominants, comprising all
the seeds collected in traps in the first year after the eruption (Dale 1989). Similarly, annual
species were the most abundant, comprising 63% of the cover among the most abundant species
after 4 years in Nicaragua (Velazquez and Gomez-Sal 2009b); all of these were wind dispersed
species as well. Annuals may play a lesser role however if there is no seed source nearby from
which they can disperse (Nakashizuka et al. 1993).

b) Geophytes:

Like annual species, geophytes, or species with belowground growth points (Mueller-
Dombois and Ellenberg 1974) also play an outsized role in the initial stages of community
establishment. These species are well-equipped to survive the abrasion and shock of
transportation within the avalanche material, making them poised for growth when other
propagules have yet to arrive. Often, they are the only surviving species (Adams and Adams
1982; Adams et al. 1987a). Geophytes have been found at notably high abundance in the initial
years after disturbance across various volcanic sites. This pattern was identified up to 14 years
post-eruption in the USA at Mount St. Helens and was also documented in Nicaragua and Japan
(Casita and Ontake Volcanoes, respectively) (Adams et al. 1987a; Nakashizuka et al. 1993; Dale
and Adams 2003; Dale et al. 2005).

c) Nitrogen Fixers:

The presence of nitrogen-fixing species plays an important role in soil genesis (Bishop
2002; Walker et al. 2003) and community assembly in primary successional landscapes.
Nitrogen fixers, throughout their life, death, and decomposition, greatly alter the environment by
increasing the available nutrients for other plant species, thereby increasing the number of

species than can survive and thrive (Tilman 1985b; Walker 1989; Gill et al. 2006; Marleau
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2009). Several nitrogen-fixing species have been observed to have this influence on primary
successional landscapes: lupines (Lupinus spp.) (Dale and Adams 2003), alders (Alnus spp.)
(Ohsawa 1984; Nakashizuka et al. 1993; Dale and Adams 2003), and birches (Betula
spp.),(Ohsawa 1984; Grishin et al. 2000; Grishin 2011, 2019). Moreover, other species have
been found to fix nitrogen under low nutrient conditions, including poplars (Populus spp.) and
willows (Salix spp.) (Von Wuehlisch 2011; Doty et al. 2016) and are abundant on many VDA
deposits (Ohsawa 1984; Nakashizuka et al. 1993; Dale and Adams 2003).

The potential for nutrients to be drivers of community composition was explicitly
evaluated in Nicaragua at the Casita VVolcano. The presence of sufficient nutrients, primarily
controlled by decomposition from nitrogen fixers, was one of the primary determinants of
community composition at Casita, at least in primary successional areas (Velazquez and Gomez-
Sal 2008, 2009b, a). Nitrogen additions on Washington’s Mount St. Helens debris avalanche
increased forb abundance, particularly of non-native species (Bishop et al. 2010). Further, lupine
(Lupinus lepidus var. lobbii — a nitrogen fixer) mortality created high-quality, islands of fertility
that facilitated the succession of other species (Bishop 2002). Combined nitrogen and
phosphorus additions to debris avalanche soils in the first years after the slide increased growth
up to 14 times that of controls that did not receive additional nutrients (Adams and Dale 1987).

Absence of nitrogen fixers may also slow down succession. At California’s Mt. Lassen
volcano, species composition has stabilized on the Chaos Craigs debris avalanche deposit, but
even after 300 years the community here does not match that of surrounding undisturbed
communities (Heath 1967; Crandell et al. 1974; Parker 1991; Kroh et al. 2008b). Notably,
lupines and other nitrogen fixers are almost entirely absent from this community (Kroh et al.

2008D).
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d) Mosses and Lichens:

Moss communities thrive in these dry, nutrient-poor landscapes and are found early in
succession across various biomes, including Papua New Guinea (Mt. Lamington, tropical), the
USA (Washington: Mount St. Helens and California: Mt. Lassen, both temperate; Alaska: Mt.
Magik, boreal), and both Russian volcanoes (Shiveluch and Bezymianny, boreal). At Mount St.
Helens, Mt. Magik, and the Russian VVolcanoes, these communities have persisted for decades
after the initial disturbance. In some cases, such as the Russian volcanoes, succession appears to
be stalled at the moss and lichen stage unless conditions are ameliorated, such as in depressions
or wind-protected areas (Grishin et al. 2000). Furthermore, moss communities may inhibit the
formation of other types of communities through a combination of physical barriers to seeds and
allelopathy (Steijlen et al. 1995). When succession is stalled, growth of lichens can even be used
to date the age of debris avalanche deposits (Crandell et al. 1974).

e) Non-native Species:

Non-native species are often among the first dominants on VDAs after emplacement.
Whether non-natives facilitate the arrival and establishment of other species, however, is less
predictable. Non-native species have been found to be particularly important on the tail end of
debris avalanche deposits in Nicaragua and the USA (Casita and Mount St. Helens volcanoes,
respectively) (Dale and Adams 2003; Velazquez and Gomez-Sal 2009b; Dale and Denton 2018).
Most species initially found on the Casita landslide were dispersed by wind and were non-native
(all but one of the 12 most abundant species) (Velazquez and Gémez-Sal 2009b). In Nicaragua,
this led to decreased diversity, as the most dominant exotic species competitively excluded
natives (Velazquez and Gomez-Sal 2009b). Conversely, at Mount St. Helens, plots with a higher

presence of non-native species also exhibited increased cover of native species (Dale and Adams
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2003; Dale and Denton 2018). Though, at Mount St. Helens, the relationship between the
prevalence of non-native species and diversity is further complicated by a soil stabilization
seeding effort conducted in 1980 on the lower section of the deposit, which introduced numerous
non-native species (Townsend 1990).

The finding that invasive dominance leading to a community shift in the tropics is not
unique. Prach and Walker (2019) found that novel ecosystems were more prone to form during
succession in the tropics due to susceptibility to invasion by nonnative species than at higher
latitude. This concept has not yet been directly tested on any debris avalanche deposit but may
explain the difference in response to non-natives at Mount St. Helens as opposed to Casita
Volcano.

Topography

The size and shape of a debris avalanche deposit influence the trajectory of plant
community development. Among important topographic drivers of community development are
distance from the source and the edge of the deposit, microtopography, and elevation.

a) Distance from Source:

Increasing distance from the avalanche scar increases the rate of plant community
development. While debris avalanches roll and tumble the material, there is still substantial
sorting of materials (Dufresne et al. 2021). Larger, intact blocks of rock are deposited early in the
slide. Finer material continues to travel down the slope at high speeds and is deposited in much
more even terrain (Glicken 1996; Korup et al. 2013; Dufresne et al. 2021). On the debris
avalanche in Washington (Mount St. Helens), Lawrence and Ripple (1998) found that distance
from the source crater accounted for 15 percent of the explained variation in accumulation of

greenness in the first five years after the eruption; however, Lawrence (2005) found it accounted
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for 13 percent after 13 years, but only 4 percent after 20 years. The sorting of material can
influence subsequent community development. The Mount Lassen VDA highlights this effect
clearly as the deposit is the result of three distinct avalanches that happened nearly
simultaneously, each one with increasing coarseness of material (Crandell et al. 1974). After
three centuries, the first avalanche, with the finest material, had nearly complete canopy closure.
The last avalanche, with the coarsest material, was barely vegetated at all in the same period
(Heath 1967).

Distance from the source of the VDA also interacts with biotic legacies. Soils and organic
debris picked up by the avalanche can be pushed ahead or mixed in with the terminus of the
deposit, creating biotic legacies that accelerate succession (Taylor 1957; Velazquez and Gomez-
Sal 2007, 2008, 2009b, a; Velazquez et al. 2014). Similarly, smaller zones of mixed mineral soil
and landslide material are often observed on the margins of deposits along valley walls (Adams
et al. 1987a; Dale 1989). The terminal ends of debris avalanche deposits with increased biotic
legacy tend to recover faster (Veldzquez and Gomez-Sal 2007, 2008, 2009b; Velazquez et al.
2014). For instance, in Papua New Guinea, one year after the 1951 slide at Mt. Lamington, the
lower portion of the debris avalanche deposit was already covered in chest-high grass (Taylor
1957). Similarly, in Japan at Ontake volcano (Nakashizuka et al. 1993) and in Nicaragua at
Casita, cover establishment and stabilization of species communities were faster on the runout
ends of the deposits (Lawrence 2005; Velazquez and Gomez-Sal 2007, 2008, 2009b).

b) Edge Effects:

Debris avalanches typically remove or bury most existing vegetation. However, the

vegetative communities proximal to the avalanche path and the resulting deposit often remain

largely intact, though other volcanic disturbances can affect these communities (Dufresne et al.
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2021). Intact vegetative communities that are adjacent to VDA deposits facilitate seed dispersal,
colonization by organisms, and organic input through litter fall (Veldzquez and Gémez-Sal
2008). All these factors help ameliorate the harsh conditions of VDA deposits and potentially
expedite vegetation establishment.

Analysis of satellite imagery of Mount St. Helens identified this transitional zone or edge
as being no more than 150 m wide along the margins of the deposit (Lawrence et al. 2000;
Lawrence 2005). Edge effects were also noted in Japan at Ontake volcano; however, they were
most prevalent at lower elevations (Nakashizuka et al. 1993). This prevalence might be attributed
to the milder conditions resulting from an interaction of biotic legacies and lower elevations
leading to greater likelihood of successful establishment during seed dispersal from surrounding
vegetation.

Edge effects were not found in the plot-based vegetation studies in Washington (Mount
St. Helens), but that might be because all plots were beyond the 150 m from the edge of the
deposit zone identified from satellite imagery (Dale 1989). Furthermore, the abundance of seeds
caught in the three years after emplacement of the debris avalanche deposit did not relate to
distance from the south edge of the deposit where remnant intact forest exists. This lack of
relationship between seed number and distance from edge of deposit may be the result of
prevailing winds sweeping up the valley from the terminus of the deposit. Most seeds (87%)
caught in those first few years after the avalanche event were lightweight and wind dispersed
(Dale 1986, 1989). In support of this theory, vegetation was found to establish radially from
richness hotspots around water on the avalanche deposit (Adams and Dale 1987; Dale 1987).

Similarly, no increased similarity to vegetation in the neighboring intact community was found

30



in plots closest to the margin of the deposit in Nicaragua at the Casita volcano (Velazquez and
Gomez-Sal 2007).
c) Microtopography:

Topography and microsite conditions are significant factors influencing the establishment
of plant species (Lawrence 2005; Veldzquez and Gémez-Sal 2007, 2009b; Velazquez et al.
2014). However, this influence may be confounded by the effect of slope, which tends to be
steeper at higher elevations. Elevation was not a significant predictor of vegetation establishment
15 years after the landslide at Mount St. Helens (Lawrence et al. 2000), so long as the analysis
controlled for increasing slope, which often correlates with elevation. Nevertheless, 25 years
post-eruption and beyond, elevation became the most influential predictor of plant cover. This
shift suggests that environmental gradients, such as temperature and precipitation changes, may
gradually exert more influence on vegetative patterns (Lawrence 2005). Slope as an important
individual predictor dropped out of the models at Mount St. Helens with time. Conversely, in
California at Mt. Lassen, slope was a major predictor of tree cover on the Chaos Jumbles deposit
340 years after the landslide, a factor that did not predict vegetation patterns elsewhere on that
volcano (Parker 1991).

The uneven terrain of hummocky debris avalanche deposits allows for the development
of microsites that facilitate or inhibit establishment. For instance, in Russia at Bezymianny,
conifers and other trees only established in low-lying areas that retained extra moisture and were
shielded from wind, even four decades after the deposit was formed (Grishin et al. 2000). On a
smaller scale, in Washington at Mount St. Helens, depressions of less than a meter trapped
significantly more seed than nearby flat sites and trapped the only conifers seeds found in the

study (Dale 1989; Dale et al. 2005). In addition, these low spots were moister than surrounding
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areas. Combined, this protection from wind and increased moisture may explain why low areas
became hot spots of species accumulation (Adams and Dale 1987; Dale 1989). On a larger scale,
low laying wet plots had richer, more diverse communities, four years after emplacement than
dry, hummocky areas (Adams et al. 1987c).

Microtopography also has the potential to influence multi-species interactions. At Mount
St Helens, spider webs were more common on mounds than adjacent flat areas or depressions.
The spider webs captured high amounts of seeds and moisture (Dale 1989), which may have led
to subsequent faster development of plants on the mounds as opposed to nearby flat substrate.
Secondary Disturbance

A VDA is a massive, discreet disturbance, but by no means the last or only disturbance a
landscape experiences. Often, subsequent disturbances occur, either immediately or years after
the initial landslide. These secondary disturbances vary in scale, ranging from ponds drying up
due to changes in the water table, insect outbreaks, or minor slumps to massive events such as
extensive flooding, fires and further landsliding. Additionally, secondary disturbances may be
the result of other volcanic disturbance types, such as tephra fall (Ohsawa 1984; Grishin et al.
2000). In some cases, secondary disturbance can accelerate the process of succession. For
example, in Russia (Bezymianny), ash fall from a nearby eruptions enriched nutrient-poor debris
avalanche deposits soils allowing for the rapid colonization of herbaceous plants in an area that
had previously remained barren (Grishin et al. 2000).

For secondary disturbances with low intensity, effects on the resulting community may
be minimal. For example, Campbell (2001) conducted an elk exclosure experiment that found
ungulate browsing did not inhibit growth of woody species, though it did somewhat increase

grass cover (Campbell 2001; Dale et al. 2005). Similarly, Dale (1989) hypothesized that a rodent
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population increase may have caused tree seedlings to die in seeded plots four years after the
debris avalanche, however this was found to have no long-term influence on tree species
community compositions (Dale and Denton 2018). Worth noting, the cause of this tree seedling
die-off is disputed. Adams et al. (1987c) identified the mortality as the result of summer drought
or spring flooding.

Secondary disturbances of moderate intensity can redirect the development of new
ecosystems. For instance, repeated resliding may have delayed the establishment of self-
sustaining populations in Nicaragua (Velazquez et al. 2014), resulting in the persistence of
random ordering of species as opposed to species accretion. Extensive resliding was also noted
as a visible disturbance on higher slopes at Mt. Vicory 80 years after the emplacement of that
deposit and may have contributed to the observed treeline reduction (Taylor 1957). Resliding
further appears to be the reason the Japanese Gotenba debris avalanche area has not developed
fir forests as elsewhere on the mountain, even after 2900 years, and remains stalled at a larch
dominated community (Ohsawa 1984). Slope, which is closely correlated with the probability of
resliding, was also associated with the speed of revegetation in Washington at Mount St. Helens
increasing the speed of revegetation according to early NDVI studies (Lawrence et al. 2000;
Lawrence 2005). A different type of secondary disturbance, repeated off gassing of the nearby
crater, reputedly kept the debris avalanche deposit at Whakaari almost entirely free of vegetation
save for one isolated individual even 45 years after the initial emplacement (Hamilton and
Baumgart 1959).

At the extreme end of the intensity continuum, some secondary disturbances can be so
severe that community assembly must start again, initiating primary succession. This reset of

succession was seen after the severe flooding in 1996 that washed away approximately 18 long-
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term plots at Mount St. Helens (or 15% of the 120 original plots) leaving behind steep, bare
unstable slopes (Dale and Adams 2003). Similarly, in Russia at Shiveluch, when one debris
avalanche flowed over the deposit of a previous VDA, plant communities were completely reset
(Grishin 1996; Grishin et al. 2000).

However, even after secondary disturbance has occurred, it is possible that harsh abiotic
attributes of debris avalanche deposits still have a lasting influence on resulting communities. In
Japan, on Mount Usu, a study looking at forest recovery after ashfall found forests growing on
the ash overlying the debris avalanche deposits remained more open, without a closed canopy,
than forests growing at the same elevation where ashfall overlapped previous ashfall (Végh and
Tsuyuzaki 2022).

Anthropogenic Disturbance

Many secondary disturbances have human origins, as observed in studies at the Casita
Volcano in Nicaragua (Velazquez and Gomez-Sal 2007, 2008, 2009b, a; Velazquez et al. 2014).
Located near the Pan-American Highway and surrounded by small towns, the Casita VVolcano
experienced immediate human utilization of the landscape, including firewood harvesting and
controlled burns. These human disturbances led to diverse trajectories of plant community
change (Velazquez and Gomez-Sal 2007, 2009b; Velazquez et al. 2014). Specifically, wood
cutting promotes aggregation of individuals from species that thrive in high light environments,
as canopy openings from treefall facilitate seedling aggregation. Burning also encourages the
growth of new seedlings around dead parent plants (Velazquez et al. 2014).

a. Management Decisions
Management decisions by humans can alter the trajectory of community assembly on

volcanic debris avalanches. As in Nicaragua, in Washington at Mount St. Helens, several human
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interventions profoundly affected the course of succession. The Army Corps of Engineers’
decision to remove the debris collected on the lower portion of the debris avalanche deposit
removed much of the organic debris and soil that would have formed the basis of a secondary
successional zone on this deposit (Glicken 1996). Furthermore, the National Soil Conservation
Service initiated a large-scale reseeding effort on the lower portion of the debris avalanche
deposit and some of the surrounding blowdown zone (Townsend 1990). While the primary goal
of this intervention was to mitigate soil erosion — a goal deemed unsuccessful (Collins and
Dunne 1988) — the seeding had persistent effects on the plant community. Due to limited seed
availability, the seed mix was comprised mostly of grass and legume species that were not
indigenous to the Mount St. Helens region. In plots that received this additional seed input, plant
cover developed faster and overall species richness was higher than in unseeded plots.
Furthermore, this rapid development coincided with a higher dominance of introduced species
(Dale and Adams 2003; Dale and Denton 2018). The effects were still detectable 35 years after
the eruption and intervention but were diminishing (Dale and Adams 2003; Dale and Denton
2018). It is not known how long community differences from this unsuccessful management
intervention will last.
Knowledge Gaps and Directions for Further Inquiry

What is Meant by Recovery?

Our literature review suggests that it takes several centuries for plant communities on
VDA deposits to resemble surrounding, undisturbed areas, even without secondary disturbances
yet no time series of studies captures the full suite of change trajectories at a single mountain.
Supporting the notion that ecosystems on VDA deposits will be in flux for several centuries are

observations at the five volcanoes where treeline measurements were taken (Mt. Victory, Papua
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New Guinea; Shiveluch 13, Russia; and Mt. Fuji and Mt. Usu, Japan; Mount Taranaki, New
Zealand ), the treeline remained depressed for decades to centuries following the debris
avalanche, even in tropical regions, but recovery eventually occurred after several thousand years
(see Table 3). Similarly, in California (Mt. Lassen), tree composition and cover were still
distinctly different after three centuries as compared to surrounding forests; tree cover on the
debris avalanche deposit reaching only 20% of cover in undisturbed areas nearby (Parker 1991).
Photos included in the papers indicate that tree line remains depressed at Mt. Lassen by about
120 meters, with very sparse tree cover (Heath 1967; Crandell et al. 1974; Kroh et al. 2008b).
However, eventually treeline recovery does occur, as there is no notable difference in tree line on
the ancient deposits of Mount Usu (Japan) (Végh and Tsuyuzaki 2022) and Mount Taranaki
(New Zealand) (Clarkson 1977; Lees 1987b) where many thousands of years have passed since
the avalanche deposit was emplaced.

How we measure ‘recovery’ matters. Recovery appears to happen much faster if only
cover or greenness is used as the metric of recovery as has been examined extensively using
satellite imagery at Mount St. Helens. Primary successional areas such as the debris avalanche
deposit are among the slowest areas to green up after the 1980 eruption. Only the edges of the
deposit were beginning to accumulate greenness in the first 4 to 14 years after emplacement
(Lawrence and Ripple 1998, 1999; Lawrence et al. 2000; Teltscher and Fasshacht 2018) but
rapid accumulation of greenness occurs across the entire deposit between years 14 and 24
(Teltscher and Fassnacht 2018; Li 2022). Greenness accumulation largely plateaued between
years 24 and 36 (end of the study) (Teltscher and Fassnacht 2018; Li 2022). However, vegetation
classes did not match those of surrounding undisturbed areas (coniferous forest), comprising

meadows, sparse vegetation, deciduous trees shrubs and occasional coniferous trees, as well and
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bare soil and rock (Teltscher and Fassnacht 2018). It is not known how long these mixed and
varied communities will persist.
Repeat Sampling Needed

One major limitation in our understanding of debris avalanche plant community
development is the lack of repeated sampling on most deposits. Without appropriate time series,
it is unclear if the centuries-long impact on species composition and tree line depression is due to
the formation of alternative stable states or if these are artifacts of very slow rates of change once
longer-lived species, such as trees, become established. Only Mount St. Helens and Mt. Lassen
provide a true time-series of change at decadal scales. Without consistent monitoring over time,
it is challenging to draw conclusions about the progression of community assembly (Baasch et al.
2010b). To address this limitation, extant permanent plots should be maintained and resampled
on all existing deposits. Ongoing monitoring should be coupled with the initiation of regular
monitoring programs as further debris avalanches occur. These endeavors are crucial for drawing
further insight into successional pathways on these massive disturbances. We realize that such
time and monetarily expensive options are not feasible in all cases and certainly cannot be
conducted retroactively. Fortunately, methods like remote sensing, repeat photography and
pollen analysis may allow inferences to be made about change that has happened over previous
time intervals.

Modern satellite technology can also be leveraged to improve time series inference on
existing and newly formed deposits. With space-based imagery available globally since the
launch of LandSat in 1972, untapped potential exists to study trends and community changes
across volcanoes (Zhu et al. 2022). So far, remote sensing is used only at Mount St. Helens

(Harrington et al. 1998; Lawrence and Ripple 1998; Lawrence 1998, 2005; Lawrence et al. 2000; Marzen

2001; Kuzera et al. 2005; Marzen et al. 2011; Teltscher and Fassnacht 2018; Li 2022), but such studies
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could be easily expanded to VDAs elsewhere in the world. Focusing on satellite studies through
time may make up for some of the lack of repeated ground-based monitoring particularly as
high-resolution spectral data that allows for assessment of community composition becomes
more readily available (Teltscher and Fassnacht 2018). Inference is of course limited by the scale
at which the relevant sensors function but provides a ready way to compare directly across
VDAs and is available when most other data may not be.

Repeat photography using existing historic images is another avenue to infer change over
time when other data may not exist. So far repeat photography has been exploited by one study
examining vegetation change that happens to include images from a VDA. Jorgenson et al.
(2004) compared historic images taken by Griggs on the Mageik Landslide (Griggs 1920) to
photography in the same locations taken 96 years later. Since volcanic disturbances are dramatic
events that invite documentation, a concerted effort to mine the historical photographic record of
journalists and researchers active at locations where VDASs have occurred may yield rich insights
into the way vegetation has changed at many debris avalanches that have occurred since the
invention of the camara.

Many debris avalanches occurred long before the advent of the technologies detailed
above however. For debris avalanches that occurred within the last hundred to thousand years, it
may be possible to gain insight into community formation and change by studying the
dendrochronological record. This may be a particularly fruitful method for comparing across
multiple VDAs that occurred at different times on the same mountain (space for time
substitutions), such as at Mt. Shiveluch in Russia (Grishin et al. 2000) or Mt. Agustine (Siebert et
al. 1995) in the USA. Mt. Lassen (Crandell et al. 1974) also in the USA would be a particularly

good location to use dendrochronology as three VDA with different texture compositions
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occurred there in rapid sequence. It would be difficult to employ dendrochronology to study tree
communities before and after a single VDA as this technique has been successfully employed
after lahars (Hupp 1984) because VDASs generally bury or remove entire communities leaving no
surviving individuals or communities to be studied.

For VDASs that occurred even further back in geologic time, it may be possible to gain
inference about community development and change using palaeoecological techniques like
pollen cores from bogs and lake sediments, stable-isotope composition of charcoal, and X-ray
analyses of sediments and preserved individuals (Birks 2012; Jackson 2012) that allow for
accurate reconstruction of ancient environments. To date, only pollen cores have been used to
study temporal change in plant communities overlaying debris avalanche deposits, and even this
study was incidental to the location atop a debris avalanche. (Lees 1987b, a) collected cores
above ancient (20 ka+) debris avalanches at Mt. Taranaki in New Zealand. These pollen cores
indicated that communities were similar where they overlaid debris avalanche deposits and areas
where they did not overlay these deposits as far back as high-quality sequences could be
established (4,000-11,000 years) so long as communities were not disturbed by subsequent
volcanic or human events. This technique could be intentionally deployed to examine
community change centuries to thousands of years in the past at many existing debris avalanche
deposits. This application would substantially expand the number of deposits where a
chronological sequence of change could be inferred. However, accurate inference of past
communities and change would require high resolution sampling after emplacement of the VDA
deposit and would be limited in taxonomic resolution to families or genera, for many species

have similar pollen morphologies (Jackson 2012).
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The ideas presented above are not an exhaustive list of the alternative way community
formation could be examined on VDA deposits but will hopefully provide inspiration for
researchers hoping to understand temporal change on these truly massive, but infrequent,
disturbances.

Further Topics

Many topics have also not yet been examined or investigated in sufficient depth for VDA
deposits to expand our understanding of community formation after disturbance. For instance,
secondary disturbance, where it has been studied, results in huge and lasting community shifts
but has only been investigated at Mount St. Helens, Washington (Campbell 2001; Dale and Adams
2003; Dale and Denton 2018) and the Casita VVolcano, Nicaragua (Veldzquez and Gémez-Sal 2007,
2009b; Velazquez et al. 2014). Another promising path for further investigation is plant interactions
with other trophic groups and how these may change, delay or accelerate paths of community
assembly. So far, a suite of papers at Mount St. Helens are just beginning to investigate this rich
landscape of multitrophic interactions between plants, insects, and ungulates (Bishop and
Schemske 1998; Campbell 2001; Bishop 2002; Bishop et al. 2010; Che-Castaldo et al. 2015).
Such multi-tropic interactions are common and influential (Paine 1988), but their effects on
successional pathways are largely unstudied. Interactions with bacteria and fungi and their
association with plants may accelerate or delay plant establishment on debris avalanche deposits
and have only been briefly touched upon at other volcanic disturbances (reviewed in Mufioz et
al., 2021). These microbial associations are often combined with root traits thought to promote
establishment in nutrient-poor environments. For example, at Mount St. Helens on a pyroclastic
flow deposit, it was found that the bacteria (Frankia) that allows alders to fix nitrogen only

triggered extensive root nodulation in seedlings establishing within existing alder thickets, and
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seedlings without nodulation grew much more slowly (Seeds and Bishop 2009). This indicates
that lack of microbial symbiotes might be inhibiting alder expansion in this ecosystem.
Understanding the facilitation versus inhibitory effects microbes may have during community
assembly would extend our understanding of successional dynamics after disturbance. Lastly,
studies on founder effects, species inertia, and spatial autocorrelation are lacking in the VDA
succession literature.
Implications for Management beyond Debris Avalanches

While VDASs are rare and infrequent events, their spatial extent and severity are
comparable to some of the most intense disturbances caused by human activities, particularly
mining (Liu et al. 2022; Yang et al. 2022), as well as phenomena such as the drying of inland
seas due to climate change and water diversion (Seltenrich 2023). Managing these systems to

develop stable and productive ecosystems requires understanding factors that influence species

assembly and ecosystem development and the time frames over which these factors operate. This

knowledge may enable better management of massive disturbed systems.
Compared to a global review of succession rates on a variety of other disturbances

resulting in primary (mining, lava flows, glacial retreat, landslides, industrial disturbance) and

secondary succession (wildfires and old field succession) (Coradini et al. 2022), ecosystems post

debris avalanches were among the slowest to recover. In many cases, cover takes longer to

develop on VDAs than even the mean of 15 years when 50% cover is reported for landslides and

lava flows in the review. Coradini et al. (2022) however did find some variables influencing rate

of succession that are similar to those compile the present review. Firstly, that coarser substrates

often delay succession, and that disturbance scale, particularly at upwards of 100 km?

precipitously delays cover development. Interestingly, (Coradini et al. 2022) did not find that
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absolute latitude emerged as an independent predictor of speed of vegetation recovery, but this
may be because the authors included mean annual temperature, which correlates strongly with
latitude in their model. Mean annual temperature was found to explain the single largest
contribution of cover return rates of any predictor evaluated in their study. The authors also
found that succession rates were roughly five times faster in areas undergoing secondary
succession as areas undergoing primary succession, which is in line with our findings.

Findings from our review of existing research on VDA revegetation indicate that
management strategies must be tailored based on biome and spatial extent. Restoration processes
are likely to proceed more rapidly in areas where biological legacies exist. Secondary
disturbances or human inputs can significantly alter ecosystem processes, but not all
interventions have the same impact. Therefore, careful planning is needed that takes into account
the overall goals of interventions, the time frame desired by managers and how chosen
interventions will impact existing species.

Conclusions

This review aims to provide a comprehensive synthesis of the current understanding of
succession on VDAs. We have identified the climatic zone in which the disturbance occurs as
one of the most crucial predictors of rate of community development, along with the presence of
biological legacies from the pre-disturbance ecosystem. Initial accumulation of cover and species
can occur rapidly, especially in tropical regions, but differences in community and vegetation
structure can persist for decades to centuries compared to surrounding undisturbed areas.
However, the true impact of other factors, such as elevation, scale of disturbance, and
precipitation, has not been adequately studied, particularly as these variables often interact,

confounding their effects.
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Secondary disturbances, whether natural or human-induced, can alter the trajectory and
pace of succession, with lasting impacts on vegetative communities decades later. Despite
progress, many knowledge gaps remain, particularly regarding the pathways of succession,
interactions between trophic levels, the presence of alternative stable states and reliable

reconstructions of chronosequences.
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APPENDIX - CHAPTER 1

Appendix for “Plant Community Assembly on Volcanic Debris Avalanche Deposits around the

World”

Table 4. Search terms and initial records from systematic search for three databases 19 Sept - 9
Dec 2022

Initial records found

Search term Web of Science  JStor  Google
Scholar
1 Vegetat* recover* debris avalanche volcan* 5 245 17,100*
2 Plant recover* debris avalanche volcan* 3 273 15,100*
3  Plant reestablish* volcan* landslide 2 73 7,150*
4 Vegetat* reestablish* volcan* landslide 2 56 4,760*
5  Vegetat* recover* volcan* landslide 16 439 9,930*
6  Plant reestablish* debris avalanche volcan* 1 45 18,400*
7 Plant establish* debris avalanche volcan* 3 341 17,700*
8  Plant establish* volcan* landslide 14 746*  1,620*
9  Vegetat* establish* volcan* landslide 15 625*  16,900*
10 Vegetat™ establish debris avalanche volcan* 3 330 18,500*
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Table 5. Studies broken up by time since emplacement that they covered and major types of data

reported. These numbers are summarized in Table 2 in the main text.

Years Decades Centuries
(0-9) (10-100 years) (100-1000+ years)
Species Taylor 1957 Griggs 1933 Clarkson 1977

accumulation

Plant cover

Community
composition

Tree line

Adams and Adams 1982
Adams et al. 1987a

Adams et al. 1987b

Adams et al. 1987¢

Dale 1987

Dale 1989

Dale 1991

Dale 1992

Nakashizuka et al 1993
Velazques and Gomez-Sal 2007
Velazques and Gomez-Sal 2008
Velazques and Gomez-Sal 2009a
MaCann 2017

Griggs 1920

Taylor 1957

Adams and Adams 1982

Martin et al. 1986

Adams et al. 1987a

Adams et al. 1987b

Adams et al. 1987c

Dale 1991

Velazques and Gomez-Sal 2007
Velazques and Gomez-Sal 2008
Velazques and Gomez-Sal 2009a
MaCann 2017

Adams et al. 1987a

Dale 1991

Nakashizuka et al 1993
Velazques and Gomez-Sal 2007
Velazques and Gomez-Sal 2008
Velazques et al. 2014

Hamilton and Baumgart 1959

Taylor 1957

Titus et al. 1998
Grishin et al. 2000
Campbell 2001

Dale and Adams 2003
Dale et al. 2005

Dale and Denton 2018
Grishin 2019

Griggs 1933

Taylor 1957

Lawrence 1998
Harrington et al. 1998
Lawrence and Ripple 1998
Lawrence and Ripple 1999
Grishin et al. 2000
Lawrence and Ripple 2000
Campbell 2001

Marzen 2001

Dale and Adams 2003
Dale et al. 2005

Kuzera et al. 2005
Lawrence 2005

Jorgenson et al. 2006
Bishop et al. 2010

Marzen et al. 2011
Sparkes 2016

Dale and Denton 2018
Grishin 2019

Li 2022

Campbell 2001
Sparkes 2016
Dale and Denton 2018

Teltscher and Fassnacht 2018

Taylor 1957
Grishin 1996
Grishin 2019

Moore 2017

Heath 1967
Clarkson 1977
Parker 1993
Kroh et al. 2008
Moore 2017

Crandell et al. 1974
Clarkson 1977

Lees 1987a

Parker 1991

Kroh et al. 2008

Vegh and Tsuyuzaki 2022

Heath 1967

Crandell et al. 1974
Clarkson 1977

Ohsawa 1984

Vegh and Tsuyuzaki 2022

45



CHAPTER II

MULTIPLE TRAJECTORIES OF LAND-COVER CHANGE: INFLUENCE

OF DISTURBANCE SEVERITY OVER FOUR DECADES AFTER THE

ERUPTION OF MOUNT ST. HELENS
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Abstract

Context: To understand land-cover change, it is necessary to monitor landscapes over
long temporal extents. The 1980 eruption of Mount St. Helens (MSH) provides an opportunity to
analyze vegetation recovery trajectories over four decades after disturbances of different
severities.

Obijectives: We aim to enhance understanding of land-cover changes after major
disturbances to inform management of the processes influencing ecosystem reestablishment.

Methods: We assessed land-cover change using Land Cover Mapping and Projection data
(derived from Landsat) at 5-year intervals from 1985-2020. Non-water pixels within the MSH
National VVolcanic Monument were classified as Barren, Grass/Shrubland, or Forest. We
calculated land-cover changes for severely disturbed (undergoing secondary succession) areas
created by a lateral blast and mudflows and for extremely disturbed (undergoing primary

succession) areas created by pyroclastic flows and a debris avalanche.
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Results: Disturbance severity strongly influenced which land-cover conversion was likely
to occur and the extent of land surface converted. However, severity had little influence on when
change occurred or on starting land cover (except for Forest, which was initially only found in
secondary successional areas). Grass/Shrubland-to-Forest conversion is accelerating across all
disturbances 40 years after the eruption. Alternative successional pathways occurred in all
disturbance zones.

Conclusions: Contrary to conclusions of earlier studies at Mount St. Helens using NDVI
(Normalized Difference Vegetation Index), land-cover change is ongoing 40 years after the
eruption. Many aspects of land cover and land-cover change are unique to individual
disturbances. Hence land managers should carefully assess the initial conditions of their systems
before undertaking any management planning.

Introduction

After major disturbance, it is important to know why and when land-cover changes so
landscapes can be better managed to enhance ecosystem services as well as economic and
cultural resources. Land-cover change is a nuanced process, and the rate and direction of the
change may depend upon the severity of the disturbance event (Foster et al. 1998). It is important
to understand these subtleties to manage landscapes for desired outcomes (Lister et al. 2020).
The conventional view of succession as a consistent, unidirectional process — derived largely
from studies of old-field succession — does not hold true across all landscapes (Pulsford et al.
2016). In some cases, multiple or complex successional pathways may occur (Fukami and
Nakajima 2011). While such alternative communities form after disturbances of different
intensities (Halpern 1988), how long these communities persist and the lasting effect of

disturbance severity on community trajectory is unclear.
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Disturbance events shape ecosystem recovery — yet the long-term effects of initial
conditions on landscapes and their changes remains uncertain. Some disturbance events are so
severe that they remove all elements of the preexisting community — leaving no soil, biota, or
even dead material (Walker and del Moral 2011). These landscapes, known as primary
successional areas, start from the beginning in terms of community assembly. In contrast, other
disturbance events result in landscapes that harbor biotic legacies, such as soils, surviving
organisms, or downed woody debris (reviewed in Coradini et al. 2022). These secondary
successional areas have remnants, or biotic legacies, of the previous ecosystem. Biotic legacies
can accelerate community development through the availability of propagules and more
favorable conditions for establishment. These conditions may result in communities that develop
five times as quickly as areas without legacies (Nakashizuka et al. 1993; Velazquez and Gémez-
Sal 2009b). While initial differences in communities undergoing primary versus secondary
succession are well described (Franklin et al. 2018), it is unclear how long initial conditions
influence the amount, direction, and rate of change.

The Mount St. Helens (MSH) landscape is ideal for comparing land-cover change in
primary and secondary successional areas, with minimal confounding factors due to similar
timing of disturbance, initial and surrounding habitat, and climate. The volcanic disturbances in
the 1980 eruption occurred within minutes of each other (Lipman and Mullineaux 1981),
affecting areas that were once relatively uniform in habitat (evergreen forest) and in the same
climate zone, as they are adjacent (Swanson et al. 2005). Thus, the influence of spatial and
temporal differences is minimal, making it more likely that variations in land-cover change after
the eruption are due to the conditions created by the disturbance, rather than other confounding

factors (Kreyling 2024). Further, after Mount St. Helens erupted, much of its surrounding
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ecosystems were protected by the creation of the Mount St. Helens National VVolcanic Monument
(est. 1982) with the goal to support research and education. Therefore, changes observed within
the monument reflect ecological processes in the absence of human intervention (USDA Forest
Service, 1985). As a result, this post-volcanic landscape provides the opportunity to observe how
unmanaged ecosystems change over time. The understanding of recovery patterns and processes
developed from the study of Mount St. Helens can then be used to inform management actions in
other landscapes (Jensen et al. 1996).

Over the course of the eruption, multiple, large-scale disturbances devastated great
swaths (~600 km?) of old-growth and young evergreen forests at Mount St. Helens (Lipman and
Mullineaux 1981). Two of the volcanic disturbances were so severe that the resulting landscapes
could be aptly classified as undergoing primary succession (Adams and Adams 1982; Crawford
1985). Primary successional areas were caused by the pyroclastic flows (incandescent currents of
ash, gas, and volcanic debris) and the debris avalanche (a massive landslide resulting from the
collapse of the north flank of the volcano). In contrast, other disturbed areas retained substantial
remnants of pre-existing communities and were classified as secondary successional areas (del
Moral 1983; Andersen and Macmahon 1985). Secondary successional areas include land
devastated by the lateral blast (explosive eruption of high-pressure gas, ash, and rock moving at a
high speed horizontally away from the crater that toppled the forest like matchsticks) and
volcanic mudflows (flows of loose soil and melting glaciers with more than 50% water that
swept down the flanks of the mountain). Studying land-cover change in these diverse
disturbances allows for a broad understanding of multidecadal succession.

Remote sensing has previously been used to study land-cover change at Mount St.

Helens. While many vegetation indices exist to assess change, only Normalized Difference
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Vegetation Index (NDV1) has been used extensively at Mount St. Helens (Harrington et al. 1998;
Lawrence et al. 2000; Lawrence 2005; Kuzera et al. 2005; Marzen et al. 2011; Li 2022). NDVI
was also identified as the most accurate index for assessing change in this landscape (Lawrence
and Ripple 1998). Prior analysis of NDVI data from Mount St. Helens estimated biomass
suggested land-cover change ceased on the landscape after two decades (Harrington et al. 1998;
Lawrence et al. 2000; Lawrence 2005; Kuzera et al. 2005; Marzen et al. 2011; Li 2022), Relying
only on NDVI data, it would seem that the landscapes have reached a stable state, but it is more
likely that this finding is due to a phenomena known as pixel saturation where it becomes
difficult to identify change as greenness increases (Morresi et al. 2019).

In contrast to satellite-based work, plot-based studies indicate that plant communities are
still shifting even 30 years after the eruption (Dale and Denton 201809; del Moral and Chang
2015). On the debris avalanche deposit, for example, early seral species that favor open habitats
are giving way to forest species (Dale and Denton 201809). Furthermore, land cover is far from
homogeneous. In some areas, vast carpets of moss can be observed; in other areas, willow and
alder thickets dominate (Teltscher and Fassnacht 2018). Still other landscapes are fields of small
conifers growing among the brush (Teltscher and Fassnacht 2018). Additionally, it appears that
there is no singular narrative of land-cover change on this volcanically disturbed landscape (del
Moral and Chang 2015). It is evident that understanding land-cover change at Mount St. Helens
requires looking beyond NDVI.

Fortunately, advances in both satellite imaging and post-processing of remote sensing
data in recent years allow us to move beyond the current story that suggests change has ceased
on this dynamic landscape (Friedl et al. 2022). The United States Geological Survey’s Land

Change Monitoring, Assessment, and Projection (LCMAP) dataset not only documents the
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amount of greenness on a landscape but also reliably distinguishes between eight different land-
cover classes: Water, Snow/Ice, Barren, Grass/Shrubland, Forest, Wetland, Agriculture, and
Urban (Brown et al. 2020). The LCMAP product uses all seven bands from the Landsat satellite
and multiple images within a year to produce accurate landcover classification which has been
extensively tested with in situ data for the continental United States (Young 2008). By using this
existing landcover classification system, we present findings that will be easily interpretable by
land managers and testable across a wide variety of systems. Using LCMAP data in this study,
we ask two questions:
Research questions
1. Do patterns of land-cover change differ between primary and secondary successional areas?
This question can be broken down into subcomponents:

a. What was the initial land cover of each disturbance?

b. How did it change?

c. When did that change occur?

d. Where did that change occur?

2. s there evidence of alternative successional pathways?
Methods
Study area
This study focuses on the area around Mount St. Helens (46.202950, -122.200354), a

volcano in Washington State, USA, that erupted violently in 1980 (Figure 7). Prior to the
eruption, the area was dominated by evergreen forest consisting of Douglas-fir (Pseudotsuga
menziesii (Mirbel) Franco), western hemlock (Tsuga spp.) and true firs (Abies spp.) in the

canopy and associated forest understory species, such as swordfern (Polystichum munitum
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(Kaulf.) C. Presl), huckleberry (Vaccinium spp.), and bunchberry (Cornus canadensis L) (St.
John 1975).

In upland areas of southwestern Washington, Douglas-fir is the most common early
succession tree species because it produces abundant seed that can germinate and grow under
high light conditions (Hofmann 1920; Franklin et al. 2018). However, red alder (Alnus rubra)
quickly became the dominant tree species on the debris avalanche deposit (Dale and Denton
2018) and the mudflows (Frenzen et al. 2005) created by the 1980 eruption. When red alder
(Alnus rubra) is present, it can dominate and overtop Douglas-fir (Shainsky and Radosevich
1992). Red alder has a maximum life span of 100 years (Harrington 1990); whereas Douglas-fir
lives as long as 1000 years (Lavender and Hermann 2014). Hence while red alder will give way
to Douglas-fir, early succession forest conditions can exist in the region for centuries.

Focal disturbance events of the 1980 eruption of Mount St. Helens

More things and stuff and words and information. The 18 May eruption of Mount St.
Helens resulted in a mosaic of different disturbance events, which damaged or destroyed
preexisting communities (Fig. 1). In this paper, we focus on areas impacted by four different
volcanic forces. Two areas were devastated by disturbances so severe that they resulted in
primary succession: the debris avalanche and the pyroclastic flows. Two areas were less severely
impacted and retained remnants of their preexisting communities. The disturbances that created
these secondary successional areas were the lateral blast and mudflows, also known as lahars.
The debris avalanche was triggered by a 5.1 magnitude earthquake that caused the north flank of
the mountain to collapse in the largest landslide in recorded history (Siebert 1984). This
landslide laid down 60 km? of material in valleys, completely burying the preexisting vegetation

and soils. The debris avalanche deposit averages 45 m deep (Glicken 19986).
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Figure 7. A) Location of Mount St. Helens, where this study was conducted, indicating the
extent of each disturbance zone within the Mount St. Helens National VVolcanic Monument. B)
Percent of total land surface within each disturbance zone that has undergone land-cover
conversion since monitoring began in 1985 through 2020 (5 to 40 years post-eruption).
Blue/green colors indicate disturbances that instigated secondary succession; brown/yellow
colors indicate disturbances that resulted in primary succession.
The pyroclastic flows scoured the landscape after a Plinian column of ash shot high into the
atmosphere and then collapsed, releasing a tumult of incandescent gas and molten rock (Rowley
et al. 1985). The pyroclastic flows burned and buried the impacts from previous disturbances and
all vegetation, creating a 15 km? area of light and porous volcanic rock averaging 20 m deep.
The lateral blast was released by the debris avalanche because of the extreme pressure
and heat that had been building inside the volcano. The lateral blast of rock, ash, and superheated
gas was directed northward. Close to the volcano, trees, and other vegetation disintegrated, but

further away, the trees were blown over and laid down like giant matchsticks. The lateral blast

covers an area of nearly 500 km? (Kieffer 1981). The heat from the eruption melted glaciers,
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which caused mudflows to sweep down the slopes of the volcano at speeds of about 140 km hr*
washing away and burying trees, scouring stream channels, and inundating the rivers with silt.
These mudflows covered a total area of about 50 km? (Lipman and Mullineaux 1981). Other
types of volcanic disturbance were not included in the present analysis.
Data Set

Land cover was assessed using data from the US Geological Survey made available
through the Landsat program. The Land Change Monitoring, Assessment, and Projection
(LCMAP) product was available for 1985 through 2021 at the time this work was completed
(Young 2008; Brown et al. 2020). Using multiple Landsat scenes within one year, the LCMAP
primary land cover product is produced using the Continuous Change Detection and
Classification (CCDC) algorithm (Zhu and Woodcock 2014) to assign each pixel to one of eight
primary land-cover classes: Water, Snow/Ice, Barren, Grass/Shrubland, Wetland, Agricultural,
Forest, and Urban. A primary land-cover class is defined as the cover type for a pixel based on
the classification algorithm. LCMAP includes a measure of confidence for the land-cover
assignment for each pixel. To assess land-cover change over the entire period but reduce
computational load, we downloaded LCMAP scenes for the Continental US dataset version 3,
vertical tile positions 2 and 3, and horizontal tile positions 3 from 1985-2020 at five-year
intervals. We masked out pixels that contained Snow/Ice or Water at any time point and
reclassified the land-cover classes since barren areas can have a high degree of misclassification
(Brown et al. 2020). The reclassification is as follows: Barren (Barren and Urban),
Grass/Shrubland (Agricultural, Wetland and Grass/Shrubland), and Forest was left unaltered. A
total of 26,589 pixels were reclassified, or 1% of the entire area. Reclassification was more

frequent in primary successional areas (4% of pixels) than secondary successional areas (0.6% of
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pixels). Authors’ familiarity with the area was used to justify this reclassification since there are
no agricultural areas, urban areas do not exist to a meaningful extent within the monument, and
wetlands occupy a small enough and very fragmented fraction of the land surface that examining
them separately would be unlikely to inform broad patterns. To reduce the influence of
management factors on resulting patterns, scenes were clipped to the boundary of the MSH
National VVolcanic Monument. To allow comparisons between disturbance types, the reclassified
land-cover rasters were masked to the extent of each of the four disturbances. Mask defining
layers were shapefiles of the MSH National Monument Boundary and disturbance zone were
obtained from the US Forest Service. Data preparation and analysis were done in ArcGIS Pro
(Esri, Version 3.3.2).
Change Detection and Classification

We used our maps of land cover between 1985 and 2020 to quantify the degree of land
conversion each disturbance experienced. Using conditional statements within the raster
calculator, we determined the land-cover change trajectory for each pixel (see example code in
supplementary). Those pixels that had undergone change were the focus of the rest of our study.
For each pixel where land-cover change was detected, we classified and mapped the type of
change observed: Barren to Grass/Shrubland, Grass/Shrubland to Forest, or Barren to Forest. To
quantify the potential for alternative pathways of succession, pixels where the Barren-to-Forest
conversion had occurred were further split into those that experienced multi-step change (e.g.,
Barren to Grass/Shrubland, then Grass/Shrubland to Forest) and direct conversion (e.g., Barren
directly to Forest). Differences in each land-cover type (Barren, Grass/Shrubland, and Forest)
over every time-step were calculated and compared between primary and secondary successional

areas. Linear mixed models were used with successional type and timestep as fixed predictors.
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Because n = 2 in each successional type at each time-step, we did not attempt a more
complicated model. Assumptions of homogeneity of variance and linearity and normality of
residuals were assessed for each model.
Time Until Change

We quantified how long it took for land-cover conversion to happen. For both pixels
experiencing Barren-to-Grass/Shrubland and pixels undergoing Grass/Shrubland-to-Forest
conversion, we calculated the number of years (in 5-year bins) it took for each type of change to
occur (see example code in supplementary). Barren-to-Forest conversion was so rare over the
landscape and complicated due to the two pathways of change that time until change was not
calculated for that land-cover change pathway.
Where Change Occurred

We quantified the environmental variables elevation and distance from water and how

they influenced when and what change occurred. For both the Barren to Grass/Shrubland
conversion and the Grass/Shrubland conversion, we fit a linear regression with time until change
as the dependent variable and explanatory variables being disturbance type, elevation above sea
level, distance to nearest water source (in 30 m bins due to pixel size). We also fit a logistic
regression with the same predictor variables for the binary outcome one-step versus two-step
Barren to Forest Conversion. For elevation about sea level, we expected that small steps in
elevation might not produce much of an effect but larger ones would; so we ran a series of
models at 30 m, 100 m, and 500 m steps and used Akaike Information Criterion values to select
the best fitting model, see supplementary table 5 (Burnham et al. 2011).
In situ data

It is important to quantify the accuracy of the LCMAP dataset as applied to the Mount St.
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Helens landscape. We ground-truthed LCMAP land-cover assessment using 82 long-term 250 m?

plots on the debris avalanche deposit (Dale and Denton 201809) for which high quality global
positioning system data exist. Plant cover, composition, and percentage of bare ground were
collected in these plots at eight time points that roughly correspond to the years we quantified
land cover with LCMAP (Dale plots measured in 1983, 1989, 1994, 2000, 2004, 2010, 2015, and
2022 correspond to 1985, 1990, 1995, 2000, 2005, 2010, 2015 and 2020 LCMAP images,
respectively). Species-level cover data from the Dale plots were summed by plant functional type
to result in the following cover classes: Barren/Litter and Grass/Forb/Shrub. We then assigned
each plot to a dominant cover class (>50% cover) at each sampling period. Once closed canopy
forest began to develop, canopy densiometer readings were taken at the center of each Dale plot.
If canopy cover was >50%, a land-cover class of Forest was assigned. A confusion matrix was
used to assess the degree of misclassification between the plot-based data and the LCMAP pixels
at each time point (Salmon et al. 2015); a total of 652 pixels were compared. Significant
differences were detected using a Monte Carlo simulation to test for the association between
LCMAP and plot-based land-cover classification [associate from the regclass package] (Petrie
2016). Data analysis was done in R 4.2.
Results

Do patterns of land-cover change differ between primary and secondary successional areas?

a) What Was the Land Cover?
Land cover varied widely. Only five years after the eruption, the extent of Barren land was as
low as 12% in the lateral blast zone, and as high as 78% on the pyroclastic flows (Figure 8A).
Disturbance type did not seem to determine the extent of bare ground, however, as the mudflow

zone had the second highest extent of Barren ground, 61%, followed by the debris avalanche
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40%. This pattern in the distribution of Barren ground was still present 40 years after the
eruption. In most areas an average of 12% of the land surface underwent land-cover conversion
during the study period, but land-cover change was most extensive on the debris avalanche
where 27% of the land surface had converted (Figure 7B).

Similarly, Grass/Shrubland cover was not determined by successional classification and
varied widely between individual disturbances (Figure 8B). The pyroclastic flow area had the
least Grass/Shrubland (22%) five years after the eruption, and the lateral blast zone had the most
(86%). The mudflow and debris avalanche zones had intermediate extents of Grass/Shrubland
(28% and 59% respectively). This distribution of Grass/Shrubland reordered slightly by the end
of the monitoring period, 40 years after the eruption. The Grass/Shrubland was more abundant
on the pyroclastic flow than on the mudflow deposits by that time.

Forest land cover was the only land-cover type where initial succession conditions
mattered (Figure. 8C). Both primary successional areas had 0% Forest cover at the beginning of
the monitoring period, five years after the eruption. At that time, Forest was rare, but present, in
both secondary successional areas: 2% in the lateral blast zone and 10% in the mudflow area. By
the end of the study period, there was 11 times as much Forest in secondary successional areas as
in the primary successional areas.

b) How did land cover change

The direction of change and extent of change, however, were explained by successional type.
Barren land to Grass/Shrubland conversion was most common in primary successional areas
(primary 17.4% versus secondary 1.8% of the landscape), while Grass/Shrubland to Forest
conversion was more common in secondary successional areas (primary 1.6% versus secondary

9.8% of the landscape). Conversion from Barren to Forest was rare in all zones (<0.3% of the
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landscape). There is statistical evidence of differences in land-cover change by successional type
(Table 6). Land cover classified as Barren disappeared at an average rate of 2.1% per five-year
time-step in primary successional areas while change was not statistically different from zero in
secondary successional areas (F-statistic: 20.84 on 2 and 25 DF, p-value: 4.722e-06, Adjusted R-
squared: 0.5951, with assumptions moderately supported by this model).

Grassland extent increased in primary successional areas and decreased in secondary
successional areas by an average rate of 1.9% and -1.2% respectively per five-year time-step (F-
statistic: 23.78 on 2 and 25 DF, p-value: 1.642e-06, Adjusted R-squared: 0.6279, with severe
non-linearities in the residuals of this model because rates of change vary over time). Forested
land increased at an average rate of 1.5% in secondary successional areas but was not different
from zero in primary successional areas at each time-step (F-statistic: 37.81 on 2 and 25 DF, p-
value: 2.761e -08, Adjusted R-squared: 0.7316, assumptions well supported). Unique among
land-cover classes examined, the rate of change in Forest cover increased with time at an average
rate of 0.2% with each five-year time-step.

Table 6. Rates of change in proportion of each land-cover type by five-year intervals from 5 to

40 years after the eruption as defined by a linear model. Bold indicates estimates whose
confidence intervals (CI) don’t include zero.

Estimate Lower CI Upper CI

Barren

Primary -0.021 -0.026 -0.016
Secondary -0.001 -0.006 0.004
Time-step -0.002 -0.004 0.000
Grass/Shrubland

Primary 0.019 0.012 0.025
Secondary -0.012 -0.019 -0.006
Time-step -0.001 -0.003 0.001
Forest

Primary 0.002 -0.001 0.005
Secondary 0.015 0.012 0.018
Time-step 0.002 0.001 0.003
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Figure 8. Percent of land surface broken out by disturbance zone between 5 and 40 years since
eruption for each cover type: A) extent of Barren land, B) extent of Grass/Shrubland, C) extent
of Forest. Blue/green colors indicate disturbance zones that instigated secondary succession, and
brown/yellow colors indicate disturbance zones that resulted in primary succession.

c) When did land cover change?

The time until land conversion happened was determined more by the type of conversion
(i.e., Barren to Grass/Shrubland versus Grass/Shrubland to Forest) as opposed to successional
type. The rate of conversion from Barren to Grass/Shrubland followed a humped-shaped pattern
over time in all disturbances (slow initial rate of change, followed by rapid change, followed by
deceleration) (Figure 9A; Figure 10). The most rapid period of change was detected at year 20 in
the lateral blast zone, year 25 in both the mudflow and debris avalanche zones, but not until year
35 for the pyroclastic flow. Grass/Shrubland conversion to Forest increased over time in all
zones following a nearly linear pattern (Figure 9B; Figure 11). Maximum rates of
Grass/Shrubland to Forest conversion were seen in the final time-step at year 40 in all zones.

The rate of any given land-cover conversion was strongly influenced by successional type.
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Higher rates of Barren-to-Grass/Shrubland conversion were found in primary successional zones
(Figure 9A). The highest rate of change was when 5.08% of the total land area on the debris
avalanche underwent this conversion during a single time-step, and on the pyroclastic flow a
maximum rate of 3.68% of the land area occurred in a single time-step. Secondary successional
areas never exceeded more that 1% of their total land area undergoing the Barren to
Grass/Shrubland conversion at a single step, with a maximum of 0.26% and 0.84% for the lateral
blast and mudflow zones, respectively.

The rate of Grass/Shrubland-to-Forest conversion was also strongly determined by
successional type (Figure 9B). Secondary successional areas always underwent this conversion
more rapidly. Maximum rates of change in the secondary successional areas were 3.02% and
1.87% of total land area for the lateral blast and mudflow zones, respectively, for a single five-
year time-step. In primary successional zones, the rate of change was much lower, reaching a
maximum of 0.88% of land in the debris avalanche and a maximum of only 0.01% of land
surface on the pyroclastic flow.

d) Is there evidence of alternative successional pathways?

The Barren-to-Forest land-cover conversion was rare across all successional zones
(Figure 12), but its occurrence via two pathways provides evidence for the existence of
alternative successional pathways. In most disturbance zones, the two-step Barren-to-
Grass/Shrubland-to-Forest conversion was more common, occurring between 62-77% of the
time, but on the pyroclastic flow the single-step Barren directly to Forest conversion was more
common, occurring 79% of the time (Figure 12).

e) Where Did Land-cover Change Happen?

Disturbance type, distance to water and elevation all influenced how long land-cover
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Figure 10. Detection results of land-cover change dynamics for the transition between Barren
and Grassland. Time since eruption until the land-cover transition occurred (between 10 and 40
years) is marked with a colored coded pixel, see scale bar. White areas did not undergo this land-
cover conversion during the study period. Inset maps for each disturbance are color coded and
represent enlarged views of areas of interest.
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Figure 11. Detection results of land-cover change dynamics for the transition between
Grass/shrubland and Forest. Time since eruption until the land-cover transition occurred
(between 10 and 40 years) is marked with a color-coded pixel, as shown in the legend. Black
areas did not undergo this land-cover change during the study period. Inset maps for each
disturbance are color coded and represent enlarged views of areas of interest.
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Forest conversion. Blue/green colors indicate areas where the disturbance resulted in secondary
succession, brown/yellow colors indicate disturbances that resulted in primary succession.
conversion took to happen (Table 7).

For both Barren to Grass/Shrubland conversion and Grass/Shrubland to Forest conversion, pixels
further from water and higher in elevation were slower to undergo conversion. Disturbance type
is a predictor of when conversion will happen. Barren to Grass/Shrubland conversion occurred at
a mean of 23 years on the Debris Avalanche, 27.1 years on the Pyroclastic flow, 18 years on the
mudflow, and 17.2 years in the lateral blast zone. Grass/Shrubland to Forest conversion takes
longer, a mean of 32 years for the pixels that have so far converted on the Debris Avalanche,
22.8 years in the Mudflow, and 27.1 years in the Lateral Blast Zone. There was no detectable
difference in when Grass/Shrubland to Forest conversion happened between the Debris
Avalanche and Pyroclastic Flow.

For those rare pixels that converted from Barren to Forest during the 40 years since the
eruption, the one-step Barren to Forest was 11.1 times the odds less likely to occur than the two-
step Barren to Grass/Shrubland to Forest conversion. However, several factors did increase the
likelihood of one-step conversion. Closer proximity to water and higher elevation slightly
increased the odds of one-step conversion. Pixels in the Pyroclastic Flow zone were 5.1 times
more likely to undergo one-step conversion than pixels in the Debris Avalanche zone, and this
conversion was 4.6 times less likely in the Lateral Blast zone than the Debris Avalanche. The
odds of one-step versus two-stem Barren to Forest conversion did not differ between the Debris
Avalanche and the Mudflow zones.

f) In Situ Data?

There was a significant difference between land cover as estimated by LCMAP and as
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Figure 12. Land-cover change over time for the rare Barren-to-Forest conversion type. There are
two possible pathways of change. The multistep transition Barren-to-Grass/Shrubland-to-Forest
(marked with yellow), and the one step transition Barren-to-Forest (marked with purple).
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Figure 13. Percent of conversion from Barren-to-Forest that followed each pathway. Marked in
orange is a two-step process Barren-to-Grass/Shrubland then Grass/Shrubland-to-Forest. Marked
in purple is a single step process from Barren directly to Forest. Disturbances that resulted in
secondary succession were lateral blast and mudflow. Disturbances that resulted in primary
succession were debris avalanche and pyroclastic flow.
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determined at the plot level [estimated p-value = 0, with 1000 permutations, we are 95%
confident that the p-value is between 0 and 0.004 (Table 9)]. Overall accuracy of the LCMAP
land-cover classifications based on in situ data is only 41%. This seems to be mostly the result of
the Grass/Shrubland category being assigned to many pixels that were identified as either Barren
or Forest in situ (Figure 14). However, this misclassification does not appear to be due to wobble
between categories as only 5 pixels in the entire landscape demonstrate reversion to a prior
landcover type.

Table 7. Model results from linear models predicting when change happened at Mount St.
Helens based on elevation, distance from water and disturbance type. A generalized linear model
predicted whether two step or one step conversion from barren to forest was more likely to
happen with the same predictors. 30m, 100 m and 500 m elevation steps were tested for each

model, only the best model is presented here, and the rest can be found in the Supplementary
Table 5. Bolded values are significantly different from each other (alpha<0.05).

Barren to Grassland conversion Grassland to forest Conversion
Coefficient Std T-value  Coefficient Std Error  T-value
(yrs) Error (yrs)
Intercept 23 0.37 62.6 32 0.36 90.7
(Debris Avalanche)
Distance to water (30 m) 0.0010 0.00007 14.0 0.0014 0.00004 37.2
Elevation (500 m step) 0.0007 0.0001 4.89 0.0003 0.00007 4.00
Pyroclastic Flow 4.1 0.23 17.5 6.02 49 1.22
Mudflow -5.0 0.43 -11.7 -9.2 0.38 -24.0
Lateral Blast -5.8 0.25 -23.1 -4.9 0.32 -15.2
Barren to Forest Conversion
Coefficient (log odds) Std z-value
Error
1-step vs 2-step -2.40 0.68 -3.54
conversion
Distance to water (30 m) -0.0005 0.0001 -4.58
Elevation (500 m step) 0.001 0.0003 3.40
Pyroclastic Flow 1.62 0.70 212
Mudflow 1.09 0.57 1.90
Lateral Blast -1.54 0.46 -3.34
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Table 8. Contingency table comparing LCMAP land-cover predictions with land cover as
estimated from in situ vegetation monitoring of long-term 250 m2 plots on the debris avalanche
deposit. Plot-based data were collected in 1983, 1989, 1994, 2000, 2004, 2010, 2015, and 2020
and compared to the nearest year in our LCMAP dataset. Bolded numbers are land covers that
are the same in both datasets. Overall accuracy of 41%.

Plot Based Land Cover LCMAP Land Cover Class

Barren Grass/Shrub ~ Forest  Total Omission Commission
Error Rate Error Rate
Barren 51 220 0 271 81% 13%
Grass/Shrub 8 213 0 221 3.6% 64%
Forest 0 159 5 164 97% 0%
Total 59 592 5
Discussion

We investigated patterns in land-cover change at Mount St. Helens and the way these
patterns were modified by successional pathway via four subquestions. Each aspect of
investigation yielded a different perspective. 1a) The amount of Barren ground and
Grass/Shrubland on the MSH landscape was unaffected by successional pathway. Each
disturbance exhibited a distinctly different land-cover extent. Forest land cover, however, was
more common in areas following the secondary successional pathway. 1b) How land cover
changed was strongly influenced by successional pathway. Primary successional areas were
more likely to convert from Barren to Grass/Shrubland, and secondary successional areas were
more likely to convert from Grass/Shrubland to Forest. 1c) In contrast, when land-cover
conversion occurred it was determined principally by the type of conversion. Maximum rates of
land-cover change from Barren to Grass/Shrubland occurred around twenty years after the
eruption on most landscapes, and maximum rates of conversion from Grass/Shrubland to Forest
increased with time, with maximum conversion rate probably yet to be reached on any of the
volcanic disturbances. 1d) Water and elevation appear to be predictors of when land-cover
change occurs. 2) Evidence of alternative successional trajectories was found in landscapes

undergoing both primary and secondary succession.
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Lessons Learned from an Unmanaged System

Knowing both the severity of the disturbance and initial land cover allows us to make
predictions about future change processes. Without knowing both the initial cover and the
severity of the initial disturbance, the story is incomplete. When examining the accumulation of
cover, evidence from multiple locations indicates that succession can progress up to five times
more rapidly in secondary disturbance (Nakashizuka et al. 1993; Velazquez and Gémez-Sal
2009b). However, a review looking at primary versus secondary succession across many
different initiating disturbances indicates that predicting subsequent change might not be that
simple. Coradini et al. (2022) found that in some primary successional sites woody vegetation
may develop faster than woody vegetation in similar areas undergoing secondary succession,
even if ground cover develops faster in secondary successional areas. Coradini et al. (2022)
suggests this result may be due to lack of competition for space with herbaceous vegetation, but
it may also be because soil properties of some developing soils are more favorable to wood as
opposed to herbaceous vegetation (Frouz et al. 2018; Lopez-Marcos et al. 2020). Our work
extends these findings by pointing to the importance of current land cover for determining what
happens next, suggesting the importance of initial chance colonization, and highlighting the
enduring legacy of those events and the complexity of trying to describe succession.

Succession is not only an orderly march from bare ground to climax community as it is
often presented in textbooks (e.g., Mcintosh 1981). The deficiency of the orderly concept of
succession is recognized (Pickett and Cadenasso 2009), and theories of alternative stable states
or recovery trajectories have been proposed in the literature since the 1970s (e.g., Cattelino et al.
(1979)). However, actual test cases where alternative trajectories of community development can

be shown are rare. Where these proofs exist, the studies have been plot-based and presented at
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Figure 14. Photos of plots representing correspondence between land cover as predicted by
LCMAP and the 250 m? vegetation plots on the debris avalanche deposit. The plot number and
the year the photo was taken is in the lower right corner under each photo.
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the species and community level. These studies show evidence of differing communities existing
directly after a disturbance, but rapid convergence of trajectories towards the pre-disturbance
community after only three (Abrams et al. 1985) to five years, even though actual return to pre-
disturbance community can still take several decades (Halpern 1988). Our work provides
evidence for alternative successional trajectories occurring over decades (the paths of transition
from a barren to a forested landscape. Further, we were able to detect these pathways even at a
very coarse scale (30 m x 30 m pixel based resolution). If alternative trajectories are visible at
the resolution of long-term remote sensing technology such as Landsat, a much wider variety of
trajectories likely exist when considered at the functional type or species community level. The
ability to remotely identify areas following alternative successional paths will make studying
why they occur much easier. We documented alternative pathways in both primary and
secondary successional areas, with some evidence that alternative pathways might be more
common after primary succession (e.g., the direct Barren-to-Forest conversion pathway was most
likely on the pyroclastic flow deposit).

Alternative trajectories of land-cover change may be determined by environmental
covariates or secondary disturbance. Coradini et al. (2022) found that covariates such as soil pH,
temperature, evapotranspiration, and disturbance extent influence the rate of plant cover growth
after primary succession with only latitude affecting the rate of recovery in both primary and
secondary successional areas. At Mount St. Helens a review of plot-based work indicates that,
across multiple measures of change, recovery rates are slowed by ongoing disturbances as well
as by isolation, elevation and exposure (del Moral and Chang 2015). The pyroclastic flow
deposit has the highest average elevation of all the disturbances we considered, is the furthest

from outside seed sources (Adams and Adams 1982), and is prone to repeat disturbances from
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erosion (del Moral 1999). The fact that alternative paths of succession were found to be more
common on the pyroclastic flow as compared to the debris avalanche deposit provides support
for the influence of elevation on trajectory of change. Additionally, in our study alternative
pathways occurred more frequently in drainages across all disturbances, which is also where
erosion was more common.

Contrary to previous NDVI based work on the Mount St. Helens system, land-cover
change has not ceased on the landscape, and succession is not complete. Previous remote sensing
work indicated that initial vegetation development was slow in the first 10 years after the
eruption, then accelerated rapidly roughly 15 years after the disturbance, and then slowed again
(Harrington et al. 1998; Lawrence et al. 2000; Marzen et al. 2011). By 20 years after the
eruption, the accumulation of vegetation as suggested by NDVI had essentially stopped (Kuzera
et al. 2005; Teltscher and Fassnacht 2018; Li 2022). However, we found that the
Grass/Shrubland cover type is converting rapidly to Forest across much of the landscape, and
this process is still accelerating 40 years after the eruption. This result makes clear that
delineating land-cover classifications beyond NDV1 is essential to understand recovery processes
after a disturbance, particularly over long-time scales. It should be noted however, that simply
classifying the establishing vegetation as forest does miss some of the story as large areas of the
current forest in the blast zone are dominated by red alder (Frenzen et al. 2005; Dale and Denton
2018), which is unusual in the Pacific Northwest (Franklin et al. 2018). Meanwhile, coniferous
stands are developing in other parts of the disturbance area (Teltscher and Fassnacht 2018).
Distinguishing between these alternative successional pathways will require a different

methodology from the wide land-cover classification analysis done here.
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An even more nuanced story of land-cover conversion would be revealed if finer
divisions of land-cover type could be derived from satellite imagery. The roughly 30% accuracy
in Grass/shrubland classification when compared to in-situ data is not unique to our study (Abdi
et al. 2022). Also, large areas of barren land are difficult for existing classification algorithms to
distinguish properly (Brown et al. 2020). However, it is possible to improve land-cover
classification to near 80% accuracy by incorporating both measures of greenness and
temperature as evidenced on savanna landscapes (Herrero et al. 2019), so long as some in-situ
training data are used. We strongly recommend this approach rather than relying solely on
national land-cover products derived from satellite imagery for further studies investigating land-
cover change.

Application to Management

The study of unmanaged systems can guide management decisions. Because we found
large differences in land cover even within a single type of succession, land managers might be
led astray if they rely on rules of thumb like ‘secondary successional areas will recover first.’
Given that each disturbance area is unique, it is important to assess existing cover after each
disturbance and compare current conditions to management goals. This approach better informs
management than a single arbitrary rule. Further, it may be possible to manage primary and
secondary successional areas similarly once existing land cover is known, as the time until land-
cover conversion is largely dependent on starting conditions.

Managers may need to consider extensive intervention if goals do not align with the
inertia of the system (e.g., increasing the amount of grassland after the second decade or
establishing forests earlier). This type of intervention was, in fact, conducted on private, Federal,

and Washington State lands within the Mount St. Helens blast area and outside the National
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Monument, where tree plantations were reestablished within the first decade (Harrington et al.
1998). These types of extensive, active interventions can be very expensive as compared with
allowing succession to proceed naturally (Mercer 2004); however, depending on management
goals, such interventions may make sense. For example, it is expected that complete coverage by
conifer forest would take 100-200 years in the Pacific Northwest without intervention (Kreyling
2024).

However, highly disturbed systems with no legacies of previous vegetation will still
recover naturally. If heterogeneous habitats that provide a range of ecosystem services like water
filtrations, habitat for wildlife, and erosion prevention are the goal, then allowing natural
recovery processes to proceed may be desirable. Allowing for natural recovery is easier and
cheaper in many habitats, yet still successful (Frouz et al. 2020).

Relying on a national remote sensing product like LCMAP may be feasible if managers
are attempting to remotely detect bare areas after disturbance or well-developed forest. However,
if attempting to manage a grassland or matrix of shrubby vegetation, improved classification will
be necessary for accurate decision making.

Conclusions

To understand land-cover change processes at Mount St. Helens and elsewhere, it is
necessary to understand both initial land cover and the severity of disturbance. This information
has allowed us to determine that succession is still ongoing four decades after the eruption. As
alternative successional pathways occurred in all disturbances, further work should attempt to
elucidate under what conditions alternative pathways may occur. In all cases, it is important to

include both in situ and remotely sensed data to accurately assess change over time.
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APPENDIX - CHAPTER 2

Supplementary Material for Multiple trajectories of land-cover change: disturbance severity and

patterns over four decades after the eruption of Mount St. Helens

Figure 15. Land cover as predicted by Land Cover Mapping and Projection data from USGS at
the beginning (1985, five years after the eruption) and end (2020, 40 years after the eruption).
rey areas are Barren, yellow Grassland and green Forest. Black lines indicate boundaries
between disturbance zones.
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Figure 16. Percent of land surface that experience each type of change between 1985 and 2020
(5 to 40 years after the eruption). Grey for no change, yellow for Barren to Grassland conversion,
blue for Grassland to Forest conversion and red for Barren to Forest conversion. Disturbances
that resulted in secondary succession: lateral blast and mudflow. Disturbances that resulted in
primary succession: debris avalanche and pyroclastic flow.
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Table 10. Percent of land cover by type in each disturbance area by year. Secondary zones are
BDF: blowdown forest and MF: mudflow. Primary zones are DA: debris avalanche and PF:
pyroclastic flow.

Year Zone Barren Grassland  Forest

1985 BDF 12% 86% 2%
1990 BDF 12% 86% 3%
1995 BDF 11% 85% 3%
2000 BDF 11% 85% 4%
2005 BDF 11% 84% 6%
2010 BDF 11% 81% 8%
2015 BDF 11% 79% 11%
2020 BDF 11% 76% 14%
1985 DA 40% 59% 0%
1990 DA 40% 60% 0%
1995 DA 38% 62% 0%
2000 DA 34% 65% 1%
2005 DA 30% 69% 1%
2010 DA 28% 70% 2%
2015 DA 25% 73% 2%
2020 DA 24% 73% 3%
1985 MF 61% 28% 10%
1990 MF 61% 28% 11%
1995 MF 61% 28% 12%
2000 MF 60% 27% 12%
2005 MF 60% 27% 13%
2010 MF 60% 25% 15%
2015 MF 59% 24% 17%
2020 MF 59% 22% 19%
1985 PF 78% 22% 0%
1990 PF 78% 22% 0%
1995 PF 78% 22% 0%
2000 PF 76% 24% 0%
2005 PF 74% 26% 0%
2010 PF 73% 27% 0%
2015 PF 69% 31% 0%

2020 PF 66% 34% 0%




Table 9. Percent of the landscape that underwent change and type of conversion between 5 and
40 years after the eruption. Secondary zones are BDF: blowdown forest and MF: mudflow.
Primary zones are DA: debris avalanche and PF: pyroclastic flow.

Some
Zone No Change change Type of conversion
Barren to Grassland Grassland to Forest Barren to Forest
BDF 87.33% 13% 1.12% 11.48% 0.07%
MF 89.43% 11% 2.42% 7.91% 0.24%
DA 80.37% 20% 17.00% 2.34% 0.30%
PF 87.99% 12% 11.84% 0.01% 0.13%

80



CHAPTER Il
SHIFTING CONSTRAINTS: SITE CONDITION, PROPAGULE
LIMITATION AND PRIORITY EFFECTS ACROSS 42 YEARS OF

SUCCESSION AFTER THE MOUNT ST. HELENS ERUPTION
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Abstract

In our increasingly dynamic world, it is important to understand the ways ecosystems
change after disturbance. Gap: Propagule limitation, site condition, and priority effects are all
known to influence the way ecosystems reestablish after disturbance; However, the relative
strengths of these influences and how they change over time has rarely been compared within a
single system. Using the post-eruptive landscape of Mount St. Helens after 1980 we sought to
determining? (1): What is the influence of priority effects versus site condition versus propagule
limitation on land cover (LC) over time? (2a): How do specific covariates of site condition and
propagule pressure influences rates of change in land cover. (2b): does this influence vary with
time since disturbance

To test these questions we used a series of structural equation models and land cover
classification derived from Landsat imagery using random forest algorithms based on in situ data
to train the models. Land cover and rates of land cover change were assessed at roughly five-year
intervals between 4 and 42 years after the eruption of Mount St. Helens, WA, 1980.

We found that including priority effects in the model transforms our understanding of
succession in the system. Without including priority effects we overestimated the influence of
site condition and propagule pressure on land cover in the first decades. Including priority effects
in our model indicates the direct influence of these forces on land cover is smaller and the
stochastic influence captured by priority effects in the initial period is large. Later land cover is
largely determined by conditions of the system in terms of site condition and propagule
limitation, these swamp out the individual influence of priority effects. Further, stochasticity was
initially very important for explaining cover development. However, while land cover change is

initially limited by harsh site conditions, but those ameliorate while propagule pressure is still
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limiting. This means that there is a period during community formation that might be particularly
suitable for management interventions when restoration efforts are likely to succeed and may
have a long-lasting impact on the community due to priority effects.

Introduction

Following major disturbances, understanding the causes and timing of land cover changes
is essential for effectively managing landscapes to improve ecosystem services, along with
economic and cultural resources. The process of community formation after disturbance, or
succession, can be described as the initial arrival, persistence and sometimes replacements of
species through time (Pickett and Cadenasso 2009). Primary succession occurs when a
disturbance is so severe that no biological remnants of the former community remain and plant
community formation must begin from scratch. While successional processes have been studied
for over a century (Gleason 1926; Clements 1928; Connell and Slatyer 1977), most research
considers each driver of vegetation recovery in isolation from other pressures. It is likely that
drivers of change experience synergistic and interacting influences on rates of plant
reestablishment (Meiners et al. 2015). Further, how drivers of community change shift in
influence through time is largely unexamined but may explain important characteristics of long-
term ecosystem dynamics (Chang and HilleRisLambers 2016).

Site condition, propagule limitation, species performance and priority effects are among
the most important drivers of successional dynamics (Pickett and Cadenasso 2009). Site
condition includes severity of disturbance, abiotic factors such as temperature, precipitation and
resource availability (Meiners et al. 2015). Propagule limitation relates to the ability of
individual seeds or diaspores to arrive at a site and includes dispersal mechanisms, seed banks

and distances to nearest seed sources (Pickett and Cadenasso 2009). A third major class of
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successional drivers, species performance, includes variables such as species’ life history,
resource use, phenology, and interaction with pathogens and symbionts among many other
factors (Pickett and Cadenasso 2009). Priority effects are the influence preexisting or first
arriving vegetation has on the future state of a system through preemption of space or resources
(Fukami 2015). Distinct from the influences of the previous three classes of drivers, priority
effects include stochasticity, which is important as chance events can dramatically alter
community composition (Kreyling et al. 2011). Variation in any of these drivers may lead to
changes in the composition or structure of a plant community during succession.

While studies of succession inherently consider change over time, how drivers of
succession might change in magnitude of influence over time is still largely unknown. In a
review of succession world-wide, Coradini et al. (2022) found that many site condition variables
such as latitude, soil pH, the size of the disturbed area, temperature, and evapotranspiration affect
the rate of vegetation recovery in primary succession. However, their review focused only on the
initial period of community formation during which vegetation cover went from zero to 50%. It
is not known whether these drivers continued to influence rates of succession similarly as
communities continued to develop.

There is reason to suspect that drivers of successional processes change in influence over
time. Assessing land-cover change after volcanic disturbance in the first 15 after disturbance
revealed both site condition (severity of disturbance and slope) and propagule limitation
(distance to surviving forest) as important predictors of cover in the initial period after the 1980
eruption of Mount St. Helens (Lawrence et al. 2000). However, 20 years after the eruption, a
single site condition variable (elevation) accounted for the majority of the explained variation in

land cover change rates (Lawerence 2005). Several studies have also assessed the idea of
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environmental filtering early in succession (site condition) giving way to competition (species
performance) controlling community composition in more developed communities. This has
been used successfully to describe the variation in leaf traits in early successional and developed
communities in the tropics (Lohbeck et al. 2014) and distribution of resource acquisition
strategies temperate rain forest (Mason et al. 2012). Both of these latter examples use
chronosequences to infer drivers, rarely is there an opportunity to test the effects and interactions
of community change drivers as a system develops.

In this study, we aim to assess the interplay between site condition, propagule limitation,
and priority effects and how these drivers influence land cover and rates of change over time. We
use the volcanic debris avalanche deposit at Mount St. Helens (Figure 1) as our study system,
and Landsat time series data to identify land-cover classes over time trained using in situ data
from the system. While finer community detail is difficult with the scale of satellite imagery
available, species performance is included in our model by identifying three broad land-cover
classes. Barren, areas yet to be extensively colonized by vegetation; herbaceous, communities
typically considered early successional; and woody, communities dominated by trees and shrubs.

We ask: (1): What is the influence of priority effects versus site condition versus
propagule limitation on land-cover (LC) over time? (2a): How do specific covariates of site
condition and propagule pressure influences rates of change in land cover? (2b): Does this
influence vary with time since disturbance?

Methods
Study System
This study focuses on the area around Mount St. Helens (46.202950, -122.200354), a

volcano in Washington State, USA, that erupted violently in 1980 (Figure 17). Prior to the
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eruption, the area was dominated by evergreen forest consisting of Douglas-fir (Pseudotsuga
menziesii (Mirbel) Franco), western hemlock (Tsuga spp.) and true firs (Abies spp.) in the
canopy and associated forest understory species such as swordfern (Polystichum munitum
(Kaulf.) C. Presl), huckleberry (Vaccinium spp.) and bunchberry (Cornus canadensis L) (St.
John 1975). In upland areas of southwestern Washington, Douglas-fir is the most common early
succession tree species because it produces abundant seed that can germinate and grow under
high-light conditions (Hofmann 1920; Franklin et al. 2018). However, red alder (Alnus rubra)
quickly became the dominant tree species on the debris avalanche deposit left by the 1980
eruption (Dale and Denton 2018) . When red alder (Alnus rubra) is present, it can dominate and
overtop Douglas-fir (Shainsky and Radosevich 1992). Red alder has a maximum life span of
100 years (Harrington 1990); whereas Douglas-fir lives as long as 1000 years (Lavender and
Hermann 2014). Hence while red alder will give way to Douglas-fir, early succession forest
conditions can exist in the region for centuries.

The Debris Avalanche Deposit

The Mount St. Helens debris avalanche resulted in a massive deposit of homogenized rubble and
fractured blocks from the mountain edifice (Glicken 1996). The Mount St. Helens avalanche
deposit is the largest landslide in recorded history and occurred as a triggering event to the 1980
eruption of the volcano (Voight B et al. 1981). The deposit averaged 45 m thick but reached a
maximum depth of 195 m (Voight B et al. 1981). Large hummocks of up to 50 m and deep
depressions dot what is otherwise a mostly flat deposit. Directly after the avalanche the area was
almost completely devoid of life. The deposit either completely buried or pushed in front of it the
preexisting community. Only along the margins and the tail end of the deposit were any

survivors found in rafts of soil formed by root wads (Adams and Adams 1982)

86



| L N % P R, O |

0 1.5 3 6 Kilometers
e——

Il Debris avalanche deposit

] Undisturbed by eruption [ Waterbody

| Other disturbance, primary succession

| Other disturbance, secondary succession ® Reference points

Figure 17. Mount St. Helens area showing location of study plots on the debris avalanche
deposit, and relationship to other disturbance zones from eruption.

The deposit was hot at time of emplacement — up to 100 C in some locations. Once
cooled, the conditions were adequate but not ideal for plant growth (Adams et al. 1987a). There
was limited water holding capacity due to a rough texture consisting mostly of sand, gravel, and
larger materials (Adams and Dale 1987). The substrate had extremely low levels of nitrogen (700
ppm) and organic matter (0.31% weight loss on ignition) and was acidic (pH 4.8) (Adams and

Dale 1987). Seedlings planted in these soils under green-house conditions survived but did not

thrive (Adams and Dale 1987).
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Spatial Imagery
A variety of spectral indices were calculated from remotely sensed data from the

Landsat satellite program. Use of multiple indices in land cover classification allows for
improved accuracy as different indices emphasize different aspects of a system, making it more
likely differences will be detected (Loukili et al. 2025). Landsat imagery at roughly five-year
intervals were downloaded from Earth Explorer (accessed January 2025). To allow for best
correspondence with the long-term plots, the years 1984, 1989, 1994, 2000, 2004, 2010, 2015,
and 2022 were used. Landsat images chosen include cloud free (or nearly so) images between
July 1 and July 31, the peak growing season at Mount St. Helens. Black body surface
temperatures, which allow for estimation of temperature differences across vegetation types, but
do not directly correspond to actual temperatures, which would have to account for greenness,
were derived from the thermal infrared bands (TIRS) (eg. 1) (Herrero et al. 2019). Greenness
and vegetation health was estimated using the normalized different vegetation index (NDVI)
calculated from the red and near infrared bands using the following formula (band numbers
corresponding to these data types vary across the generations of Landsat satellites this project
covers) (Kshetri 2018) (eq. 2). Normalized difference moisture index (NDMI), which estimates
the moisture content of vegetation, was derived using the near infrared and shortwave infrared
bands as per equation 3 (Gao 1996). The enhanced vegetation index (EVI) uses several
corrections to increase sensitivity to dense vegetation, derived as per the following equation 4
(Liu and Huete 1995). The soil adjusted vegetation index (SAV1) includes a soil correction
factor that improves sensitivity at high reflectance values resulting from bare ground as per
equation 5 (Huete 1988). The tassel cap wetness (TCW) index estimates surface moisture by

contrasting the sum of the visible and near-infrared bands with the sum of the shortwave
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infrared bands multiplied by specific coefficients (these vary depending on which Landsat

satellite is being used Landsat 5 equation 6, Landsat 8/9 equation 7) (Crist and Cicone 1984).

K2

BBST = —2 eq. 1
In (radience+1)
_ (NIR-Red)
NDVI = (NIR+Red) €q.2
NIR-SWIR
NDM[ = JER-SWIR) eq. 3
(NIR+SWIR)
Ggain X (NIR—Red
EVI = gainX( ) eq. 4
(NIR+RedXCaerosol resistance 1~BlueXCaerosol resistance 2L soil adjustment)
NIR—-Red
SAVI = (NIR-Red) €q.5
(NIR+Red+L soj) adjustment)x(l'H-' soil adjustment)
TCW,s = 0.1509 X Blue + 0.1973 X Green + 0.3279 x Red + 0.3406 x NIR — 0.7112 x SWIR1 — 0.4572 x SWIR2 eq. 6
TCWyggo = 0.1511 x Blue + 0.1973 x Green + 0.3283 x Red + 0.3407 X NIR — 0.7117 x SWIR1 — 0.45559 x SWIR2 eq. 7

Land Cover Classification
We classified land cover type using the Random Forest algorithm (ArcGIS Pro v3.0.3), a
machine learning tool capable of distinguishing groups within high dimensional data with non-
linear relationships and multicollinearity (Breiman 2001). Inputs were the multispectral indices
calculated in equations 1-7. Pixels were classified as either Water, Barren, Herbaceous or
Woody. Due to extreme difference in reflectivity between the early years after the eruption
when the ground was mostly unvegetated and later when nearly the entire deposit was
vegetated, we used two different years as base years for our classifier. Ten years since the
eruption (YSE), or 1990, was used as a base year for 1984 (4 YSE) through 1994 (14 YSE). For
the latter period, 2010 (30 YSE) was used as a base year, 2000 (20 YSE) — 2022 (42 YSE). The
base years’ pixels corresponding to the location of the long-term plots were randomly split into
70% (58 training pixels), 30% (24 testing pixels) data. Once trained the algorithm was applied
to the testing data applicable to each base year, and then again to all pixels corresponding to

long-term plots in other years within the period (82 testing pixels per year). After verification,
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the algorithm was applied to all pixels within the debris avalanche deposit (Table 11 and Figure

18).

3 water
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Figure 18. Extent of the debris avalanche deposit with land cover as classified using the random
forest algorithm at roughly five-year time points from 1984 to 2022, 4 to 42 years after the
eruption of Mount St. Helens. Land cover is grey for barren, yellow for herbaceous, and green
for woody, water is blue, and No Data is white (from clouds).

Table 10. GIS layers used for explanatory variables in a study of the revegetation of Mount St.
Helens after its 1980 eruption. Some values estimated at this point.

GIS layer/variable Driver Range of values  Original data source
Severity of Disturbance Site Condition 3-15km (Voight B et al. 1981)
Distance from surviving forest Propagule Limitation 25-8225m (Voight B et al. 1981)
Distance from edge of deposit  Propagule Limitation 0-1500 m (Voight B et al. 1981)
Distance to water Site Condition 30-2200 m Calculated

Ground Based Dataset

Accuracy of the remote sensing information was examined using in situ data from
vegetation monitored in a network of permanent plots installed in 1981 and 1982 (one or two
years after the eruption). The vegetation in these permanent plots was measured during ten

summers over a 42-year period (actual time points: 1981, 1982, 1983, 1989, 1994, 2000, 2004,
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2010, 2015, and 2022). The 250 m? circular plots were placed at 50 m intervals along two
transects: one between Castle and Coldwater Lakes and another down the western extent of the
deposit (Figure 17). The initial 120 plots represented the variety of geologic and topographic
conditions on the debris avalanche deposit and distances from surviving vegetation in the
adjacent landscapes (Adams et al. 1987a). However, during the first two decades after the
eruption, 38 of the plots were lost to erosion and lahars or could not be located in four or more
years. When one to three years of in situ data were missing for a given plot random forest-based
imputation was used to determine land cover for those years (Breiman 2003). This approach
gives n=82 considering plots with complete land-cover estimates. Because these plots correspond
to a large portion of the area of a Landsat pixel (pixels are a total of 900 m?), we use them as in
situ data to estimate the accuracy of the models’ predictions.
Modeling

To determine the relationships between site condition, propagule limitation, and priority
effects and how these determine land cover over time, we used a series of structural equation
models (SEMs) (Barker et al. 2014). SEMs can be used to test hypothesized relationships
between variables based on model implied covariance matrices. If a model is theoretically
correct, the implied pattern of covariances should match the pattern seen in the data. SEMs are
ideal for testing hypothesized relationships in complex systems, for instance how site condition
and propagule limitation influence each other and jointly affect land-cover change and how those
relationships might change over time. SEMs also allow for the incorporation of indirect effects
through interactions that might be missed by standard regression. Further, it is possible to
estimate effects that can’t be directly observed through the use of ‘latent” variables. This allows

for the direct incorporation of complete ecological concepts in models and reduction in
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uncertainty by accounting for multicollinearity between predictors. For instance, a latent variable
of site condition might be estimated through the measured predictors severity of disturbance and
distance to water. SEM can incorporate cross-lagged or autoregressive structures, making it well-
suited for analyzing land-cover change over time. Finally, in SEM it is possible to test goodness-
of-fit which makes it possible to infer how well the model fits the data and also allows for direct
comparison of the fit of competing models.

To incorporate change over time we used a SEM panel model (Mayerl and Andersen
2019). The outcome variable, land cover, had three cover classes (barren (0), herbaceous (1) and
woody (2)). Land cover was predicted by two latent variables: site condition and propagule
limitation. Site condition was parameterized by distance from the eruptive crater, a proxy for
severity of the disturbance, and distance to the nearest water source (we tried including elevation
as well, but it proved too highly correlated with severity of disturbance in our system).
Table 11. Error matrix for the random forest classification includes plots from the following
years (1984, 1990, 1994, 2000, 2004, 2010, 2015, 2022) all based on training done during the

growing season to identify the following land cover types at Mount St. Helens, WA. Predicted
land cover in rows, in situ land cover in columns.

Error Matrix Water Barren  Herbaceous Woody Total Class Error  Class Error

Omission Commission
% %
Random Forest Classification

Water 39 20 0 1 60 29.1 35.0

Barren 10 176 5 9 200 14.1 12.0

Herbaceous 1 4 42 10 57 30.0 26.3

Woody 5 5 13 132 155 13.2 14.8

Total 55 205 60 152 472 - -

Random Forest classifier overall accuracy: 82.4%, yearly accuracy (1984: 77.4%, 1990: 100% , 1994: 75%, 2000: 63.6, 2004:
100%, 2010: 63.6%, 2015: 76.6%, 2022: 90.3%)

Propagule pressure is estimated through the measured predictors of distance to nearest
seed source and distance to undisturbed forest. (Table 12). The indicator variables used to
parameterize the model were previously identified as important both initially and later in the time

series of change since the deposit was (Lawrence et al. 2000; Lawrence 2005). See Figure 19A for
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an illustration of the simplest panel model considered. A second model (See figure 19B) includes
priority effects by allowing land cover at one time point to directly influence land cover at the
succeeding time point. Comparing fit between the two models allows us to infer which model
better captures successional processes in this system. Fit statistics like y>, RMSEA (Good <0.05,
Acceptable 0.05 — 0.08, mediocre 0.08-0.10, Poor > 0.10) and CFI (Good >0.95, Acceptable
0.90-0.95, Poor <0.90) were used to assess model fit. All variables were standardized before
inclusion in the models.
Alternative Approach: Piecewise Growth Curve Modeling
We also estimated the influence of successional drivers on rate of land cover change over time
using an approach known as growth curve modeling (Miller et al. 2024). Using a growth curve
model made it possible to determine the influence of predictors on rates of change (slopes) at
different time points over the course of succession by using a piece-wise modeling approach
(Harring et al., 2021). (See supplementary figure 23 for a conceptual figure of a growth curve
model). This approach allows us to understand longitudinal trends and how site condition and
propagule limitation variables shape the pattern of land-cover change over time.(See
supplementary Figure 24 for a conceptual figure of a piece-wise growth curve model).

Results
Success of Random Forest Classification
Random forest classification resulted in a highly accurate land-cover classification as compared
to in situ data (overall 82.4% accuracy, range 63%-100% across years) (Table 13). Most of the
debris avalanche deposit underwent land-cover conversion from barren to some other land-cover
type between year 4 and year 42 after the eruption (Figure 18) according to our classification

scheme.
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Panel Model

Model A: The site condition and propagule limitation model is a mediocre fit for the data
(RMSEA mediocre, TFI poor, CFI acceptable) (Figure 20A). Site condition had one strongly
informative indicator (severity of disturbance) and one weakly informative indicator (distance to
water). Propagule pressure has one strongly informative indicator (distance to undisturbed forest)
and one weakly informative indicator (distance to nearest seed source). Both latent variables
informed land cover at most time points, but their influence was not large (Figure 21A). Harsher
site conditions suppressed the establishment of herbaceous and woody vegetation between years
10 and 20 after the eruption, but this effect shrunk and even became positive in the succeeding
decades. Increased distance from seed sources showed an initial positive influence on cover
change from barren to herbaceous to woody land cover, but this relationship became negative by
year 24 after the eruption. Model B: Including priority effects essentially eliminated the
influence of both site condition and propagule pressure during the first 14 years after
emplacement. The model of priority effects included with site condition and propagule limitation
was an acceptable fit for the data (RMSEA = acceptable, TFl=acceptable, CFl=acceptable) and
fit the data better than Model A. The quality of the indicator variables on their latent factors did
not change much, but the effect of the latent factors on land cover was modulated substantially
by the inclusion of priority effects (Figure 20B). Land cover at every time point was a strong
predictor of land cover at the next time point between years 4 and 30 after emplacement. Harsher
site condition slightly decreased the potential for herbaceous and woody vegetation to develop
through year 14 YSE, but thereafter harsher conditions strongly correlated with increased cover
type. Propagule limitation has essentially no influence during the first 15 years after

emplacement but strongly limits cover change between years 20 and 42 after emplacement.
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The Growth Curve Model

The initial unconstrained growth-curve model indicated three separate periods of land-cover
change (Figure 22A), so we fit a piece wise growth model which estimated the influence of site
condition and propagule limitation indicators on rate of land-cover change during each time
segment (YSE 4-14, 14-30, and 30-42) (Figure 22B). The piece-wise model was a mediocre fit
for the data (RMSEA = acceptable, TFI=poor, CFl=acceptable). Severity of disturbance initially
slowed land-cover change, but, by two to three decades post eruption, more severely disturbed
areas were developed cover faster. However, in the final time period, a negative effect of severe
disturbance on rate of land cover change was detected. Distance from water is never a large
predictor of land-cover change. Greater distance to water was initially promoted faster land-
cover change, presumably due to increased erosion near water. Distance to water had no
influence during the middle period, and by the final period proximity to water increased the rate
of land-cover change, presumably because soils had stabilized sufficiently.

Both propagule limitation variables behaved similarly. These variables have a very small
influence in the initial period, and increased distance from both seed sources slowed land-cover
development in the middle period. This influence reversed in the final period of the study as
areas further from initial seed sources developed land cover more quickly, presumably because
the actual seed sources have moved inward (Figure 22B).

Discussion
In this study we sought to determine how site condition, propagule limitation and priority effects
interact to determine land cover and rate of land-cover change, and if these processes influence
the ecosystem differently over the course of succession. We found that including priority effects

shifted our understanding of how site condition and propagule pressure influence land cover and
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that a model including all three drivers was the best fit for the data. Without including priority
effects site condition and propagule pressure only weakly explained land cover, and primarily in
the first decades after the eruption. However, once the stochasticity associated with priority
effects was included in the model, site condition and propagule pressure had a much weaker
influence in the early decades with the explained land cover mostly accounted for by priority
effects. In later decades, the independent influence of priority effects was swamped by the effects
of propagule pressure and site condition. The effects of individual drivers were not consistent
throughout the study period with all variables shifting in influence. Generally, there was an
initial period when harsh site conditions and seed limitation slowed successional rate, but these
conditions ameliorated over time. Together, these results highlight that no single factor
consistently drives post-disturbance dynamics; instead, the balance of priority effects, site
condition, and propagule

limitation shifts over time, helping to explain the complex and changing pathways through which
ecosystems recover after disturbance.

Priority effects play a dominant role in shaping land cover during the earliest stages of
succession, the first vegetation to arrive influenced vegetation at subsequent time points, as
evidenced at Mount St. Helens. Failure to include priority effects leads to an over estimation of
the role of site condition and propagule limitation in initial vegetation establishment. This
suggests that stochasticity associated with initial arrival of vegetation has an enduring legacy on
subsequent communities (Fukami 2015). Indeed, the existing vegetation on the debris avalanche
arrival is still intact after three decades. It is unknown how long this mosaic of community types
will persist on the landscape (Fukami and Nakajima 2011). Most studies of priority effects last

less than a decade, for instance when seeding grasses and legumes into a California grassland
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initial dominance of the seeded species was observed but community composition convergence
deposit is quite patchy and includes at least eight different different plant and ground surface
cover types (Teltscher and Fassnacht 2018) perhaps indicating that the legacy of initial
vegetation after only seven years (Collinge and Ray 2009). While we also found the influence of
priority effects to dimension with time, they were still detectable up to three decades so this
insight dramatically expands the time scales over which this mechanism may influence
ecosystem development (Weidlich et al. 2021).

Harsh site condition receded as a limiting factor with time but it did not disappear
completely as a driver of community change. Harsh site conditions like coarse soil texture,
compaction, and poor nutrient content have also been found to limit community establishment
after mining operations (Polster 2016). In previous work at Mount St. Helens Lawrence (2005)
found that site condition variables such as elevation and a proxy for disturbance severity
explained a larger fraction of the observed variance with time. However, because of the way
Lawrence (2005) did their analysis, the direction of the effect is obscured. We found harsh site
condition caused both an initial and lingering negative effect on the rate of land-cover change but
it was correlated with higher rates of land-cover change during the middle period. This interim
acceleration was likely due to the dramatic expansion of alder as a canopy tree between the years
14 and 20 after the eruption (Dale et al., 2005; Dale and Denton, 2018). (While this change was
observed in the plot data, that period is also the transition point between the two reference years
for the land-cover classification, so of the jump in cover type may also be partially an artifact of
the classification process). Woody vegetation can return more rapidly during primary succession
than after secondary succession (Coradini et al. 2022), potentially because a greater variety of

open niche space and tendencies towards conservative use of nutrients that allow woody plants to
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grow well in nutrient poor soils (Meiners et al. 2015) or, in the case of alder, the ability to
supplement nutrient supply via fungal mutualism (Shainsky and Radosevich 1992). It has also
been found that the addition of dead plant material and debris with no further treatment improves
site condition allowing for establishment of desired vegetation post mining operations, indicating
that perhaps the death of the first generation or generations of plants on the debris avalanche
deposit was sufficient to reduce the influence of harsh site condition on vegetation development
(Polster 2016).

While harsh site condition did not suppress vegetation change throughout the study
period, it did have a lingering negative influence on rates of change in the final decades of the
study. This lingering negative influence of disturbance severity on the rate of land-cover change
may last for centuries. A series of studies at the Mount Lassen debris avalanche in California
found that even 350 years after the disturbance there were still marked differences in canopy
closure based only on coarseness of the deposit (Crandell et al. 1974; Parker 1991, 1992, 1993,
Kroh et al. 2008b). VVégh and Tsuyuzaki (2022) also observed a potential lingering effect of
harsh site conditions on canopy closure several thousand years after the Mount Usu debris
avalanche in Japan. After a subsequent ashfall eruption, areas developing forest did so more
slowly and less completely when the ashfall overlaid the old debris avalanche deposit compared
to areas where the ashfall overlaid previous ashfall. Harris and VVan Couvering (1995) suggested
that it is possible to detect debris avalanches in the paleo-ecological record due to apparent
desert-like conditions in the sedimentary record that persist for centuries but are unobserved in
the surrounding deposits.

Site condition variables did not affect the system to the same magnitude or over the same

time periods. For instance, close proximity to water initially inhibited vegetation establishment,
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but eventually promoted vegetation. This may be because the same mechanisms are not captured
by this driver throughout succession. Perhaps it was initially conducive to vegetation
establishment to be far from water because after the eruption unconsolidated substrates and
poorly defined river channels were prone to flooding and erosion, which in turn could wash away
establishing vegetation. Indeed roughly 1/6th of the permanent plots were lost after a year of
heavy flooding16 years after the eruption (Dale and Adams 2003). However, distance from
stagnant water or ponds may promote growth, and may do so throughout the study period. Both
effects would have been captured by our distance from water variable, obscuring the overall
influence of water on the system. Most studies assessing the role of water availability do so at
large spatial scales using chronosequences (Trindade et al. 2020) or in relation to plant water
acquisition strategies (Bretfeld et al. 2018), so it is unknown how common these oppose
influences of distance to water source are in other systems.

Our model revealed many nuances associated with propagule limitation. Propagule
limitation on vegetation establishment was most evident in the middle decades of the study, but
no longer suppressed vegetation change in later decades. This reversal in sign within the model
suggests that vegetation is now spreading from within the deposit, and the previous geographic
boundaries of distance from seed sources no longer constrain vegetation establishment.
However, while only seen when priority effects were not included in the model it is possible that
an initial positive correlation between distance from seed source is a real effect. Dale (1989)
found higher concentrations of windblown seeds towards the middle of the deposit. These highly
vagile fluffy seeds may have been blowing in from far away with the prevailing winds that run
up the middle of the deposit (Burrows 1973). These complexities and shifting influences would

not be detectable considering just one time point which indicates the importance of continuing
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studies at decadal times scales as the full story is often not captured by studying only the initial
years after disturbance
Management implications

We propose a theoretical framework that may be useful for making management
decisions after severe disturbance. Based on our findings vegetation establishment has three
phases: initial, mosaic and fill in (Figure 7). In the initial period both harsh site conditions and
dispersal barrens limit the ability of plants to establish, but propagules that do arrive struggle to
establish making site condition the dominate driver of vegetation establishment in this period.
Plants may only grow where conditions are ameliorated in some way, like in depressions that
capture more moisture (Dale 1989), or where substrates are finer (Griggs 1920). However, with
time, site conditions improve, but propagules still arrive from outside of the disturbance as initial
vegetation is sparse and still immature. During the mosaic phase propagule pressure is the
dominant driver of plant community change. Following the mosaic phase in the fill in phase.
Propagule limitation no longer inhibits vegetation establishment during this phase as previously
established communities within the disturbance now serve as the primary source of new
propagules. However, some harsh site conditions may have enduring legacies, such as extremely
course soils that limit moisture holding capacity (Kroh et al. 2008b). These conditions may limit
the types of vegetation that can be established. The asynchrony in when harsh site conditions
ameliorate and when propagule limitation no longer slows land-cover changes suggests there is a
window of time when management interventions like seeding may be particularly effective right
at the beginning of the mosaic phase. Targeting this window would maximize return in
investment dollars spent to foster rates of land-cover change. Notably, this period is not directly

after the disturbance when restoration funds are usually available but occurred after the first
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decade in our system. After other disturbances the boundary between the initial and mosaic
period may occur sooner, such as 2-4 years after wildfire (Dawe et al. 2022). Ensuring that funds
are available for restoration effort at the beginning of mosaic periods may necessitate a re-
evaluation of funding structures.

These management implications apply to situations where there is little to no living or
dead biotic material subsequent to the disturbance. Large excavations for roads or buildings are
examples of conditions that have no or few biotic legacies. In addition, above-ground mining,
dam removals, and newly dried lake beds can result in large areas with few biotic legacies. The
lessons may also be useful to desert or barren areas experiencing wetter conditions as climate
changes.

Conclusions

In extreme environments like Mount St. Helens, early successional trajectories may be
governed less by deterministic drivers and more by chance events whose legacy can persist for
decades. Further, successional change is not explained by a single process. It is necessary to
consider both accidents of initial arrival and the conditions experienced on the ground when
trying to understand how land cover changes over time after a severe disturbance. Factors
explaining land-cover conversion do not necessarily stay directionally and spatially as
communities establish which means understanding succession means understanding this
temporal complexity. It may be possible to use knowledge of the shifting influences of
community change drivers to improve timing of management interventions, allowing improved

outcomes for funds spent.
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Figure 23. (A) Conceptual diagram of the phases of succession represented by our model in an
idealized disturbance system similar to the debris avalanche deposit at Mount St. Helens, darker
greens represent areas vegetation establishes first and lighter greens represent later establishing
vegetation. In the initial phase site conditions are harsh and propagule limitation is strong
because all seed must arrive from outside of the disturbed area. Any propagules that do arrive
struggle to establish so site condition dominates the land cover that is first to establish. During
the mosaic period site conditions have begun to ameliorate so no longer strongly influences land
cover, but most seed is still arriving from outside of the disturbed area, so propagule pressure
becomes the dominant control on land cover. During the fill in phase, propagules from
previously established vegetation are the primary source of seed, so distance from original seed
sources no longer matters, but long-lasting legacies of site condition may make themselves
apparently again. (B) An example of what a mosaic phase might look like. A mosaic area may
include bare ground and patchy vegetation representing different plant types, with no vegetation
type dominant. At Mount St. Helens this vegetation phase occurred around 14 years after the
eruption, but in a burned system like (C) it might occur at year 4.
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APPENDIX - CHAPTER 3
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Figure 24. Generic growth curve model for land cover at Mount St. Helens by modeling the
intercepts and slope of land-cover change by year. Setting the intercept to 1 indicates that all
plots start at the same point (barren), and allowing the slope to vary across time indicates that
land cover at each time point can influence the rate of land-cover change.

130
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Figure 25. Growth curve model for land cover at Mount St. Helens by modeling the intercepts
and slope of land-cover change by year. Setting the intercept to 1 indicates that all plots start at
the same point (barren), and allowing the slope to vary across time indicates that land cover at

each time point can influence the rate of land-cover change.
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CONCLUSION

To manage land in a changing world with increasing incidence of disturbance, it is very
important to understand how species communities assemble naturally so that cost effective and
efficient interventions can be planned. Here we found that volcanic systems make a good study
system in which to examine natural processes as all important drivers of community change can
be identified as influencing vegetation patterns in these systems: site condition, propagule
limitation, species performance and priority effects. Examining just one site condition variable,
disturbance severity, we showed that rates of change between land cover classes vary temporally,
and that the severity of disturbance determines what type of land cover change is more likely and
rate of conversion. Digging deeper into the complexity of drivers of community composition
through time we demonstrated that in extreme environments like Mount St. Helens, early
successional trajectories may be governed less by deterministic drivers and more by chance
events whose legacy can persist for decades. It is necessary to consider both accidents of initial
arrival and the conditions experienced on the ground when trying to understand how land cover
changes over time after a severe disturbance It may be possible to use knowledge of the shifting
influences of community change drivers to improve timing of management interventions,

allowing improved outcomes for funds spent.
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