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The effects of burial by tephra (volcanic aerial ejecta) on

forest understory plants were examined northeast of Mount St. Helens,

Washington, in the area where the 18 May 1980 eruption deposited

tephra but did not destroy canopy trees. At six sites along a tephra

depth gradient from 2-15 cm, understory plant cover and density were

recorded during 1980, 1981, and 1982, in plots on undisturbed tephra

and in others cleared of tephra during summer, 1980. Bryophytes

failed to grow through 4 cm of tephra; both cover and density of

herbaceous vascular plants were reduced over 70% by 7.5 cm of tephra,

and mostly eliminated with 15 cm of tephra. Microsites with thin

tephra,especially erosion channels and to a lesser extent large logs,

were vital to the survival of many individual plants. At sites with

15 cm of tephra, most herbaceous cover in 1982 was in erosion chan-

nels. Seedlings were common but most forest herbaceous species were

not represented among them; total seedling cover was very low.

Individuals of many herbaceous species occasionally grew through

tephra deposits exceeding 10 cm in depth. Examination of such plants

of 109 species indicated that, in some, pronounced modifications in



growth form occurred, including the development of long internodes on

normally short rhizomes and an upward reorientation of the direction

of growth. Most herbaceous species examined had produced perennating

buds and roots in the tephra. All of the 28 shrub species examined

produced adventitious roots in the tephra.

Subsurface parts on eight common species of forest herbs, Achlys

triphylla, Arnica Zatifolia, Clintonia unifZora, Erythronium montanum,

Rubus Zasiococcus, Smilacina stellata, Tiarella trifoZiata, and

VaZeriana sitchensis, were examined in detail during 1981 and 1982

on plants in tephra and in a tephra free area in the Oregon Cascade

Range. Species varied greatly in the rate of movement of roots and

stems into the tephra; except for Erythronium, which moved neither its

corm nor roots upward, species with large rhizome or stolon systems

had the lowest proportion of material in the tephra. For most spe-

cies, plants in tephra had greater underground biomass per unit leaf

area than plants in tephra free areas; this condition became less

pronounced by 1982.
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RESPONSES OF FOREST UNDERSTORY PLANTS TO BURIAL BY
VOLVANIC TEPHRA FROM MOUNT ST. HELENS, WASHINGTON

Chapter 1

INTRODUCTION

Mount St. Helens, in the Cascade Mountains of southwestern

Washington, erupted violently on 18 May 1980, destroying all trees

over an area of approximately 600 km
2

(Means, McKee, Moir and

Franklin 1982). Beyond this devastated area, trees survived but the

deposit of tephra (volcanic aerial ejecta) had a major impact on

smaller plants. Due to the direction of the winds during May 18, most

of the tephra fell northeast of Mount St. Helens. Along the major

axis of deposition, tephra was about 20 cm deep at the edge of the

devastated area, 17 km from the volcano, and decreased to less than

4 cm at the crest of the Cascade Mountains in the Goat Rocks, 65 km

northeast of Mount St. Helens.

Mount St. Helens is the most active volcano in the Cascade Range,

with major eruptions having occurred every few hundred years (Crandell,

Mullineaux and Rubin 1975, Lipman and Mullineaux 1981). Considerable

activity occurred during the first half of the 19th century, following

a very large eruption in 1480 AD (Yamaguchi 1983). Other volcanoes in

the Cascade Mountains have also been active in recent millennia. A

few very large eruptions have occurred, most notably that of

Mt. Mazama, Oregon, 6600 years ago. Thus, volcanic activity has

repeatedly disturbed vegetation in the Cascade Mountains; tephra is

the most widespread cause of this disturbance. Tephra deposition on

vegetation has also been significant in other parts of the world.

Information concerning the effects of volcanic disturbance to

vegetation is limited and usually of an observational nature. The

most relevant work is on Katmai in Alaska (Griggs 1918, 1919a, b,

1922), Paricutin in Mexico (Eggler 1948, 1959, 1963, 1967), Taal Vol-

cano in the Philippines (Brown, Merrill and Yates 1917), and Kilauea

Volcano in Hawaii (Smathers and Mueller-Dombois 1974). Most of these
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studies examined tephra deep enough to destroy almost all plants; only

Griggs (1918) emphasized shallow deposits which did not destroy trees.

These studies indicate that plants vary in their ability to survive

burial by tephra and that with deep deposits most survivors occur

where the tephra has been thinned by erosion.

Disturbance modifies vegetation structure and composition (White

1979). Forests of the Cascade Mountains are affected by several types

of disturbance, most notably fire. The response of plants to volcanic

burial may differ from their responses to other disturbances. Given

this possibility and the limited amount of information on plant

response to volcanic activity and burial in general, prediction of the

response of vegetation to the Mount St. Helens eruption was difficult.

Beyond the devastated area produced by Mount St. Helens, vegeta-

tion was affected only by airfall tephra. Although disturbance in the

airfall area is not nearly as impressive as that in the devastated

area, damage to small plants was pronounced. The vegetation change

following the deposit of tephra is a combination of secondary and

primary succession; the plants are only partially destroyed but a new

substrate is added.

The work reported in this thesis was performed in the airfall

area along the axis of the tephra deposit northeast of Mount St.

Helens. The airfall area encompasses a range of habitats in the

southern Washington Cascades. The deeper deposits occurred mostly at

higher elevation in the Abies amabilis vegetation zone of Franklin

and Dyrness (1973). Old-growth coniferous forests are common in the

airfall area, although clearcuts of the last 30 years cover much of

the landscape. Since old-growth forests are still common and pre-

vailed under natural conditions, this research was conducted pri-

marily in these types of communities.

The work reported here concerns how the morphological response of

herbaceous plants contributes to differential survival of burial. To

address this topic: 1) plant survival was examined in relation to

tephra depth, and 2) morphological responses of the plants were

examined both extensively and intensively. Chapter 2 considers

changes in vegetation at six sites along a tephra depth gradient
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ranging from 2-15 cm, describing both initial damage and subsequent

recovery during the first three summers following the eruption.

Morphological responses of buried plants are considered in Chapters 3

and 5. An extensive survey of morphology in the tephra of numerous

herbaceous and shrubby species from several habitats is presented in

Chapter 3. Chapters 4 and 5 present detailed analyses of growth form

for eight forest species; Chapter 4 examines normal growth form of

these plants in an area unaffected by tephra, and, using this as a

basis of comparison, Chapter 5 details how burial by tephra modified

the growth form, and describes the movement of plant parts into the

tephra. Chapter 6 summarizes my overall conclusions.
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Chapter 2

RECOVERY OF FOREST UNDERSTORIES BURIED
BY TEPHRA FROM MOUNT ST. HELENS

Joseph A. Antos

and

Donald B. Zobel

Department of Botany and Plant Pathology, Oregon State University,

Corvallis, Oregon 97331, USA

Abstract

To determine the effects of tephra (volcanic aerial ejecta) on

forest understory plants, six sites were chosen along a tephra depth

gradient (23 to 150 mm) northeast of Mount St. Helens. All sites were

in old forests beyond the range of blast damage from the volcanic

eruption. At each site, 150 one m
2 plots were permanently marked; 50

of these were cleaned of all tephra in 1980. Cover and density of

plant species were recorded during 1980, 1981, and 1982.

With 23 mm tephra, cover and density of vascular plants were

never reduced substantially; bryophyte cover was reduced but recov-

ered by 1982. Tephra 45 mm deep destroyed almost all bryophytes.

Although damaged by 45 mm tephra, most deciduous herbs recovered by

1982, but some evergreen species did not. Tephra 75 mm deep reduced

herb cover in 1982 to 32% and density to 26% of that in artificially

cleared plots. Tephra 150 mm deep eliminated almost all herbs except

in microsites where tephra was thin, but shrub abundance was greatly

reduced only where snow had been present during tephra deposition.

Although tree and herb seedlings were common, with densities up

to 41/m
2

, almost all cover was contributed by plants established

prior to the eruption; seedling canopy cover never exceeded 0.2%.

Seedlings of some species survived well and have the potential to

contribute significantly to vegetation recovery.

Refugia with thin tephra, resulting from posteruption erosion,

were vital to the survival of many species, especially bryophytes.



5

Colonization of unoccupied 150 mm tephra was occurring very slowly

through vegetative spread and possibly seedling establishment.

The tephra deposit was very different from other disturbances

common in Cascade Mountain forests; although the canopy remained, the

understory was greatly altered and a new substrate added. The influ-

ence of the canopy was complex. Evaluation of individual species'

characteristics and interactions is necessary to understand the

details of vegetation change.

Introduction

Disturbance to vegetation is of widespread and fundamental

ecological importance (White 1979). In many situations, understanding

the vegetation without knowing its environmental history is difficult

if not impossible. Factors such as fire, wind damage, and various

forms of human activity profoundly affect vegetation structure and

composition.

The Cascade Mountain Range of western North America, built of

volcanic rock, contains many dormant volcanic vents (Baldwin 1976).

The importance of volcanism in these mountains was dramatically demon-

strated in 1980 by Mount St. Helens after decades of quiescence. The

massive eruption of 18 May 1980 destroyed forests over almost 500 km
2

and deposited tephra (volcanic aerial ejecta) over a much larger area

(Lipman and Mullineaux 1981, Rosenfeld 1980). Mount St. Helens, the

most active Cascade volcano, has erupted repeatedly at intervals

averaging a few hundred years (Crandell et al. 1975, Crandell and

Mullineaux 1978, Heusser and Heusser 1980, Mullineaux et al. 1975).

Following a very large eruption in approximately 1500 A.D., a 19th

century eruption produced an amount of tephra similar to the recent

activity (Waitt and Dzurisin 1981).

Cascade volcanoes have produced many types and magnitudes of

disturbance, ranging from lava flows to mudflows to tephra deposits

(Baldwin 1976). About 6600 years ago a massive eruption of Mount

Mazama (much larger than the 1980 event) yielded tephra deposits
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700 mm deep over 400 km from the vent, and created Crater Lake

(Harward and Youngberg 1969).

Volcanoes affect vegetation in two ways. First, volcanic events

destroy vegetation, including forest blowdown and burial by tephra or

other ejecta. Overt disturbance may be accompanied by the second

mechanism, long-term site modification. Volcanic processes produce

new substrates and subsequently soil, leading to long-term edaphic

modification of the vegetation. Edaphically-controlled vegetation on

both pumice (Dyrness and Youngberg 1966, Horn 1968), and lava flows

(Franklin and Dyrness 1973, Roach 1952) is common in the Cascade

Mountains.

Data on succession following volcanic eruptions are sparse and

mostly of an observational nature. Elsewhere, we have summarized

reports of recovery from tephra deposits (Antos and Zobel 1984) and

will not dwell on past work here. Reports of succession from Mount

St. Helens have concentrated on areas where trees were destroyed or

absent (del Moral 1981, 1983, Means et al. 1982), although Mack (1981)

considered the effects of relatively thin tephra far from the volcano.

After many volcanic eruptions, including the 1980 event, an

extensive area is covered by tephra of insufficient depth to kill

canopy trees (Waitt and Dzurisin 1981). Although this area is not as

impressive as the devastated forest, it is often much larger and the

shallow tephra can have a profound influence on the forest understory.

In this paper we report detailed measurements of compositional change

in understory buried by shallow tephra during the first three years

after the 1980 Mount St. Helens eruption.

Our specific objectives are to:

1) Document compositional change of understory vegetation in

old-growth forests along a tephra depth gradient.

2) Compare this change to that in plots from which tephra was

removed.

3) Determine the relative importance of surviving plants versus

seedlings for vegetation recovery.

4) Examine the importance of characteristics of the tephra and

of erosion in modifying plant recovery.
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Because its effect was primarily caused by burial, the distur-

bance investigated here differs from the other major disturbances

(fire, windthrow) that affect these forests, and we expect plant

response to differ. In some ways the event resembles other deposi-

tional phenomena such as alluvial, sand dune, and dust deposits

(Antos and Zobel 1984). Our work is relevant not only to volcanic

events but also to other phenomena which bury plants.

Methods

Our study area was in the region of maximum tephra depth north-

east of Mount St. Helens. The terrain is mountainous with long ridges

around 1700 m elevation and deep, narrow valleys incised below 500 m

elevation. The climate is wet maritime with heavy winter precipita-

tion (Franklin and Dyrness 1973). Snowpacks accumulate at higher

elevations and can be 5 m deep at our highest elevation sites. The

landscape is forested with natural coniferous stands except for some

ridge crests and recently cut areas. Much of the area was covered

with old - growth forests before the inception of logging. The lower

elevation forests we studied are part of the Tsuga heterophylla zone;

most plots occur in the higher elevation Abies amabilis zone (Franklin

and Dyrness 1973). The vegetation of the general area has been

described by Franklin (1966) and Thornburgh (1969).

We chose six sites along the axis of maximum tephra deposition

northeast of Mount St. Helens (Fig. 1). The sites were selected to

represent a gradient from the deepest available tephra outside the

devastated area to an amount shallow enough to have only minor

effects. All sites were located in old forest on relatively level

terrain (Table 1). Throughout the paper we will refer to the study

sites by using a "S" for "site" followed by the tephra depth in mm;

an "H" will distinguish the site with a rich deciduous herb layer for

the two tephra depths with two sites each. The site with 23 mm

tephra, near the north fork, Cispus River, had a rich herb layer and

was considerably lower in elevation and younger than the other forests.

The two sites near Chambers Lake (S45 and S45H) had different



8

RANOL

MOUNT

RAINI ER

PACKWOOD
A

A
A A

A
A A GOAT
AA ROCKS----

4145455 H

6--
42-

,1
DS150

ck

0---N .S75isIDUS /
SI5OH /

HELENS

=10111M101I

MT

ADAMS

0 10 20

TEPHRA DEPTH ISOPACHS (cm)

30 Km

Fig. 1. Study site locations (4). Tephra depth isopachs are from

Waitt and Dzurisin (1981).



Table 1. Study site characteristics.

Site

Tephra
depth
(mm)

Elevation
(m)

Approximate
stand age

(yrs) Canopy dominants

Dates of
tephra removal

(1980)

S23 23 550 200 Tsuga heterophylla 2, 6 August

Pseudotsuga menziesii

S45 45 1245 500 Abies amabilis 7, 8 August

Tsuga heterophylla
Pseudotsuga menziesii

S45H 45 1290 500+ Abies amabilis 9, 10 August

Chamaeeyparis nootkatensis
Tsuga mertensiana

S75 75 880 450 Abies amabilis 23, 24 August

Abies proeera
Tsuga heterophylla
Pseudotsuga menziesii

S150 150 1160 500 Abies amabilis 17, 18 July

Tsuga heterophylla
Pseudotsuga menziesii

S150H 150 1240 500 Abies amabilis 11, 12 Sept.

Tsuga mertensiana
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vegetation. The overstory at S45 was Tsuga heterophyna, Pseudotsuga

menziesii, and Abies amabilis, with many smaller A. amabilis, a well

developed shrub layer, and an herb layer dominated by Xerophynum

tenax, a caespitose, evergreen monocot. At S45H the overstory was

dominated by Abies amabilis and Chamaecyparis nootkatensis, with well

developed herb and shrub layers. The Yellowjacket Creek site (S75)

supported well developed herb and shrub layers under an overstory of

very large trees (to 80 m tall). Near Elk Pass, sites S150 and S150H

represented about the maximum tephra depth available outside the

devastated area. S150 was very similar to S45 in composition except

for the lack of Xerophynum; in contrast, S150H had well developed

herb and shrub layers.

The deepest tephra (at 5150 and S150H) was composed predominantly

of gravel-sized pumice (to about 1 cm diameter) with a fine textured

crust and basal layer, each about 1 cm thick. At S75, pumice of

smaller diameter comprised a higher proportion of the deposit; the

crust and basal layers were thin. The deposit at S45 and S45H was

coarse sand with finer textured crust and basal layers. S23 had a

silty deposit.

At each site we established and permanently marked 150 one m
2

plots systematically along transects. We left 100 of these undis-

turbed (our "natural" plots). We removed all tephra from the remain-

ing 50 plots during summer 1980 (our "cleared" plots). We removed the

tephra with a variety of implements, including a vacuum cleaner, in an

attempt to minimize plant damage. Erosion refilled some cleared plots

during winter 1980-81, which we recleaned in spring 1981. There has

been little additional erosion.

During the summers of 1980, 1981 and 1982, we recorded stem

density and an ocular estimate of canopy cover (Daubenmire 1968) for

all vascular plant species in all plots. We recorded values sepa-

rately for plants established previous to the eruption and newly

established seedlings. Generally we had no difficulty distinguishing

survivors from seedlings. The only exception was that some early

established herbaceous seedlings reached adequate size to resemble

older plants by 1982. We mapped the locations of selected plants,
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including some herbaceous seedlings. This helped clarify plant status

and also allowed us to track the survival of a subsample of the plants.

We could not identify many small dicot seedlings to species. For

mosses we estimated cover by species, or collectively for those we

could not distinguish in the field. For leafy liverworts we estimated

only total cover. We determined "density" of shrubs as the number of

stems at the tephra surface. Most herbs have discrete shoots but a

few spread over the surface by stolons; for these we considered all

visibly connected stems as a single individual. In all cases we

strived for consistency. For small trees we estimated cover of

foliage that was below about 1.5 m in height. Data for Vaccinium

alaskense has been combined with the similar V. ovalifaium. Nomen-

clature of all vascular plants follows Hitchcock and Cronquist (1973)

while all moss nomenclature follows Lawton (1971).

For each plot at every reading we estimated the cover of litter,

wood and rock. We recorded microsite characteristics such as slope,

aspect and canopy type for each plot. To evaluate characteristics of

the tephra surface, we classified the tephra into types such as smooth

surface, cracked surface, eroded or depositional. In each natural

tephra plot at each reading we recorded the percent cover of the dif-

ferent tephra types. For nutrient analysis we collected tephra

samples by layer during 1980 at the 45 and 150 mm tephra locations;

during 1982 we collected samples of tephra and old soil at S150H. All

nutrient analyses were performed by the Oregon State University Soil

Testing Laboratory.

We tried to read the plots at about the same phenological stage

each year; the dates varied depending on snowmelt. In these forests

the growing season is rather short and all species are in full leaf

simultaneously, allowing us to estimate maximum cover accurately for

all species on the same date. We made our readings after growth was

mostly complete but before leaf senescence. We had to difficulties

with our estimates. At S75, snowshoe hares (Lepus americanus)

trimmed some herbs before we could sample them during every year of

the study. The stems or petioles usually remained so we could make

accurate counts and estimate the cover loss (usually less than 10% at
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the sampling time). We have used estimated cover values, including

the leaves consumed. Secondly, tephra removal during summer 1980

inevitably damaged some herbs; many were still buried at the time of

removal and buried shoots, undamaged by tephra removal, often died

after exposure. Consequently, the 1980 cleared plot readings were

poor estimates of herb abundance on the cleared plots and we will not

use them. The 1981 and 1982 cleared plot values are our best esti-

mates of plant abundance before the eruption. For presenting results

we will use the following terminology: "reduced" to mean a signifi-

cant difference between cleared and natural plots in 1981; "recovery"

to mean significant change from one year to the next; and "recovered"

to mean no significant difference from cleared plots by 1982.

In 1981, we mapped all seedlings on 10 natural tephra plots at

S45 and nine plots at S75, and monitored these at approximately

monthly intervals through the growing seasons of 1981 and 1982, to

determine rates of seedling recruitment and survival.

Because of the non-normal distribution patterns of the cover and

density data, non-parametric statistical tests were used to determine

significance of differences between years and between natural and

cleared plots (Sokal and Rohlf 1981). To test for the significance of

differences between cleared and natural tephra plots in a given year

we used the Mann-Whitney U-test. For the paired comparisons of plots

between years we used the Wilcoxon's signed ranks test. All statisti-

cal analyses were performed with SPSS statistical programs (Nie et al.

1975).

Results

Tephra Surface Types

The tephra deposit in the forest was far from uniform. Variation

in both total depth and relative thickness of its layers developed as

the material sifted through the tree crowns. On the ground, slumping

occurred from steep substrates such as windthrow mounds and logs. At

S150H and S45H, tephra fell on snow. Normally all of the sites except
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S23 would have been snow-covered in mid-May, but snowfall was well

below normal during the winter of 1979-80. Tephra that fall on snow

developed a rough, cracked surface as a result of non-uniform melting

of the underlying snowpack, while that on snow-free areas had a smooth

crust (Antos and Zobel 1982). The thicker tephra delayed snowmelt in

1980; patches of snow remained below the tephra at S150H in September

(Antos and Zobel 1982).

During 1980, smooth crusted (SC) tephra dominated except at S45H

and S150H (Table 2). The depth of SC tephra varied some due to non-

uniform deposition resulting from the tree crows, but significant

movement subsequent to emplacement had not occurred.

Table 2. Percent of plot area covered by different tephra surface

types. SC = smooth crust, CC = cracked crust mostly due to

snow cover at the time of deposition, TC = initially thin

crust that had broken (see text), TT = tephra that had been

thinned by erosion or slurring, DT = tephra deposited by

slumping or alluvial processes.

Site Year

Tephra type

SC CC TC TT DT

S23 1980 90 10

1981 89 11

1982 89 11

S45 1980 67 28 4

1981 83 1 16

1982 83 1 16

S45H 1980 5 93 2

1981 80 10 6 4

1982 80 10 6 4

S75 1980 74 19 7

1981 7 93

1982 7 93

S150 1980 83 11 6

1981 88 11 1

1982 87 12 1

S150H 1980 2 90 1 5 3

1981 79 11 10

1982 79 11 10
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During the winter of 1980-81, extensive erosion occurred and the

extent of the thin tephra increased from 2-4 times at four sites

(Table 2). Erosion at S23 was reduced by abundant herbs and mosses

that penetrated the thin deposit. At S75 both the crust and basal

layer were relatively thin, facilitating infiltration and decreasing

erosion; by summer 1981 the crust was almost completely mixed into the

underlying pumice. This mixing made the recognition of erosion diffi-

cult so that we had to recognize this broken, thin-crusted tephra as a

special category (TC; Table 2). TC tephra varied considerably in

depth, primarily due to slumping of the very loose pumice; erosion

channels were absent.

At S45, S45H, 5150 and S150H the crust remained intact. Rains

smoothed the crust at S45H and S150H, obliterating most surface cracks

(Table 2). Both the pumice layer and old soil were very permeable at

all sites, but the tephra crust had such low permeability to water

that puddles remained in low spots for up to two days following rains.

The fine-textured basal layer was about equally impermeable. Water

retained by either of these layers drained rapidly upon puncturing of

the layer. The low permeability of the crust resulted in extensive

sheet erosion. Where the crust was breached, gullies formed in the

pumice. Increase in thin tephra in 1981 was due both to gullies and

to further slumping off steep microtopography. At S150H, large chan-

nels through the stand deposited most of the 10% cover of deep tephra

(DT; Table 2).

Very little change occurred in the tephra deposit during the

winter of 1981-82, reflecting (I) some accumulation of live plant

matter in and on the tephra; (2) increasing litter on the tephra sur-

face; (3) the long-lasting snowpack; and (4) the fact that the

tephra on the most vulnerable microsites had already eroded.

Tephra Nutrients

Extractable K, Ca and Mg in the 150 mm tephra decreased from 1980

to 1982; P did not change (Table 3). Most loss was from the thin

crust and basal layers. Nitrate also did not change, but ammonium



Table 3. Tephra and soil analyses: each value represents a single analysis. 1980 samples

were taken from large undisturbed areas on road surface; 1982 values are from

bulked samples from 50 sites throughout the stand.

Site
Material P K

Ca
meq.

Mg
meq.

NO
3
-N NH

4
-N

Organic
matter

Date Layer. pH (ppm) (ppm) 100 g 100 g (ppm) (ppm)

S45-S45H Crust 6.2 4 86 2.8 0.52 5.3 1.4 0.10

Tephra Pumice 6.6 4 27 1.0 0.17 0.6 1.4 0.10

1980 Base 5.4 9 78 2.8 0.74 0.6 1.4 0.30

S150 Crust 6.8 6 117 3.2 0.63 0.4 1.9 0.40

Tephra Pumice 7.1 4 55 1.6 0.31 0.4 1.4 0.10

1980 Base 6.2 8 109 5.2 0.83 0.6 1.9 0.10

S150H Crust 4.8 8 74 1.2 0.39 0.6 3.4 0.75

Tephra Pumice 5.9 5 47 1.4 0.34 0.4 1.9 0.35

1982 Base 4.6 7 70 1.4 0.46 0.4 3.4 0.90

S150H Duff 4.0 74 644 10.6 2.60 0.4 50.8 45.30

Old soil Mineral 4.1 8 59 0.8 0.20 0.4 8.6 7.10

1982 Soil
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concentration increased in the tephra. Organic matter increased in

the tephra while the pH dropped. Ammonium was higher in the old

mineral soil than in the tephra; nitrate and extractable K, Ca and Mg

had similar concentrations or were higher in the tephra (Table 3).

These comparisons indicate that the tephra should be satisfactory for

plant growth at least for these major plant nutrients, with the pos-

sible exception of nitrogen.

Litter Accumulation

Litter on the tephra surface diminishes erosion, modifies the

seedbed, and adds nutrients and organic matter to the tephra. Cover

of needles and leaves increased from 3-22% in 1980 to 38-77% in 1982

(Table 4), with most change from 1980 to 1981. Most litter was coni-

fer needles, even though shrubs were common at most sites.

Twigs with leaves, i.e., branchlets that fell intact with leaves

or dense growths of lichen, were large enough to crush or bury seed-

lings. Since its cover never exceeded 2% (Table 4), this type of

material was of minimal importance.

The cover of twigs and cones on the plots increased consistently

to between 4% and 7% by 1982 (Table 4). The high initial value at S23

was due in part to twigs that were not totally buried by the shallow

tephra. In general, twigs were much more abundant than cones. This

relatively coarse material was important in slowing erosion even

though its cover was low.

Types of Initial Damage

The tephra deposit buried some plants but not others, a distinc-

tion with obvious implications for subsequent survival (Antos and

Zobel 1984). Tree seedling cover was reduced at the deeper tephra

sites and at S45H (Table 5). Trees and shrubs taller than the tephra

was deep were buried only where they were under snow, as we have

explained elsewhere (Antos and Zobel 1982). Effects of snowpack

explain much of the reduction in tree cover at S150H and S45H,
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Table 4. Percent cover of different litter types in natural
tephra plots at each site.

Needles and Twigs with Twigs and

Site Year leaves leaves cones

S23 1980 11.8 0.7 4.2

1981 60.0 0.4 5.7

1982 76.8 1.2 6.9

S45 1980 3.8 0.5 1.7

1981 26.1 0.3 3.3

1982 43.4 1.6 5.0

S45H 1980 2.5 0.2 0.3

1981 31.3 0.5 2.7

1982 49.4 1.0 3.9

S75 1980 21.6 0.1 1.4

1981 39.0 0.9 7.2

1982 57.8 1.9 7.3

S150 1980 9.8 0.7 0.6

1981 45.6 0.5 2.2

1982 56.1 1.8 5.0

S150H 1980 2.5 0.4 0.2

1981 36.8 0.5 1.5

1982 38.4 0.6 3.0

whereas cover loss at 5150 was mostly due to burial of small tree

seedlings by the deep deposit.

Density of trees less than 1.5 m tall was reduced except at S23

and S75 (Table 6). Tephra at S23 was not deep enough to bury many

small trees, and S75 supported few trees shorter than the tephra

depth. At S45 the many trees less than 45 mm tall were buried; at

S45H and S150H the presence of snowpack further increased tree burial.

Where snow was present, most small trees were totally covered but

some arched over with only the top buried. Although all buried

foliage died by fall 1980 (Antos and Zobel 1982), exposed branches of

bent trees continued to grow. Very few bent trees pulled free of the

tephra, and we expect almost all to die eventually.



Table 5. Percent cover of major plant growth-forms by site, year and treatment (N = natural tephra

plots, C = cleared plots). The significance of differences between numbers are indicated by

* = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Site Year

Tree
seedlings Shrubs

Deciduous
herbs

Evergreen
herbs Bryophytes

N C N C N C N C N C

S23 1980 2.81 - 10.71 - 9.80 - 3.66 - 6.83
** *** ***

1981 3.21 1.87 11.68 8.78 16.69 12.20 4.48 7.69 35.26* 42.23
*** ** *** *** *** *** *** *** *** ***

1982 3.87 2.29 17.00 13.94 25.43 19.85 6.52 12.05 45.92 48.69

S45 1980 10.55 - 13.19 - 0.01 - 11.63 - 0.08
* *** *** ***

1981 12.05 7.25 16.90 21.50 0.18 0.01 13.46* 23.15 0.37***28.29
*** *** *** * *** ***

1982 11.44 7.15 21.40 24.65 0.35 0.04 16.11* 24.11 0.50***31.42

S45H 1980 4.31 - 5.76 - 9.83 - 0.99 - 0.03 -

*** *** *** ***

1981 4.35*** 7.97 12.75***37.19 20.76 17.33 1.80*** 3.11 0.22***19.81
* *** *** *** *** *** *** *** ***

1982 4.84*** 7.43 19.84***47.86 28.40 28.89 3.74** 5.32 0.53***22.45

S75 1980 5.03 21.98 - 6.90 - 0.42 - 0.54
* *** * ***

1981 5.51 6.57 40.04 39.86 7.44***31.00 0.71** 2.64 2.07***22.38
** * * * ***

1982 8.58 9.35 41.77 42.00 8.92***27.46 0.87* 3.49 2.60***21.05



Table 5. Continued.

Site Year

Tree Deciduous Evergreen

seedlings Shrubs herbs herbs Bryophytes

N C N C N C N C N C

S150 1980 4.24 - 14.92 - 0.03 - 0.03 - 0.06
*** ***

1981 3.96*** 6.09 22.33* 31.26 0.74*** 1.40 0.04*** 3.44 0.54*** 8.35
* * *** * *** * ***

1982 4.36** 6.16 23.06* 35.68 1.03*** 2.44 0.06*** 4.22 0.74*** 8.96

S150H 1980 1.82 0.01 - 0.12 - 0.00 - 0.05 -

* * ***

1981 2.00***12.16 0.22***13.37 1.39***16.23 0.17*** 6.09 0.47***27.89
* *** *** *** ***

1982 2.00***12.17 0.35***16.97 2.20***23.86 0.50*** 9.08 0.75***30.52



Table 6. Density (number/m2) of major plant growth-forms by site, year and treatment
(N = natural tephra plots, C = cleared plots). The significance of differ-
ences between numbers are indicated by * = p < 0.05, ** = p < 0.01,

*** = p < 0.001.

Site Year

Tree
seedlings Shrubs

Deciduous
herbs

Evergreen
herbs

N C N C N C N C

S23 1980 1.08 - 2.37 - 19.78 0.43
*** ***

1981 1.02 1.90 2.63 2.28 27.44 25.03 0.54 1.03
*** * ***

1982 1.04 1.80 3.34 2.58 30.11 26.77 0.63 1.07

S45 1980 1.27 - 3.10 - 0.02 - 4.62 -

** ***

1981 1.08*** 4.02 4.08 3.76 0.22 0.02 4.68 7.68
** *** *** ***

1982 0.82*** 3.76 5.09 4.40 0.25 0.28 5.68 8.56

S45H 1980 0.27 - 1.99 - 12.48 - 2.93 -

*** *** ***

1981 0.23*** 5.50 3.65*** 6.06 25.01 24.74 4.31*** 8.76
*** *** *** *** *** ***

1982 0.27*** 5.70 5.49** 7.54 35.53 39.48 6.64***11.32

S75 1980 0.88 - 2.84 - 13.13 - 0.93 -
***

1981 0.82 0.82 3.05 2.76 8.45***43.84 1.04** 4.70
* *** * *

1982 0.92 0.82 3.53 3.00 11.77***44.68 1.57* 6.62
N.)0



Table 6. Continued

Site Year

Tree Deciduous Evergreen

seedlings Shrubs herbs herbs

N C N C N C N C

S150 1980 0.41 - 3.57 0.15 - 0.11

1981 0.58*** 3.57 3.40 4.43 1.99*** 6.30 0.17*** 6.94
*** ***

1982 0.22*** 2.81 3.54* 5.04 2.27*** 7.28 0.17*** 7.13

S150H 1980 0.05 - 0.01 0.37 0.00

1981 0.05***10.08 0.09*** 3.73 3.73***68.59 0.39** 9.63
* *** *** **

1982 0.04***10.08 0.15*** 4.80 5.99***95.51 0.95** 19.24
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Shrubs were buried similarly to trees, with the snow mechanism

being very important. Shrub cover was reduced by the tephra at S45H,

S150 and S150H (Table 5).

Many deciduous leaves at S23 had expanded before 18 May and were

damaged by falling tephra; leaves at the other sites had expanded

little. Besides this initial deposit on leaves, secondary deposition

occurred from tephra retained in the canopy. Leaves were partially

coated with tephra all during summer 1980; this could have adversely

affected most species. Leaves of Vaccinium species dropped early;

they browned from the edges and eventually abscissed, leaving many

shrubs bare by mid-August, 1980. No pathogen was evident (Donald M.

Knutson, personal communication, 1980).

In some cases, plants died after 1980. Some highly suppressed

understory trees died, especially at S150, apparently unable to cope

with the altered environment.

Overall Compositional Changes

In all three years, virtually all the cover at every site was

from plants which survived the eruption; all cover and density values

in Tables 5 and 6 are for survivors. By 1982, seedlings were common

but their cover reached a maximum of only 0.2% and was generally below

0.1%. Seedling density will be considered later.

Tree cover, where reduced, has increased only slightly (Table 5).

Tree density remained constant or decreased slightly during the three

years (Table 6).

Except at S23, the shrub layer was dominated by deciduous

Ericaceae, which averaged about 1 m tall and reach 2 m. From 1980 to

1981, shrub cover increased at all sites except S23. Sprouting of

buried ericaceous shrubs was poor the first summer, but many new

shoots emerged from the tephra in 1981 and 1982. In 1980, sprouts

tended to occur only near the tephra surface and rarely exceeded

20 mm. By the second year, basal portions of buried shrubs produced

vigorous sprouts, especially at S45H. Only rarely have Vaccinium

shoots penetrated tephra 150 mm deep; at S150H few sprouts reached the
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surface from the shrub bases. In essence, the tephra on snow at S150H

was sufficient to destroy the shrub stratum. The few survivors are

near logs or in erosion channels. Shrub density responded similarly

to cover (Table 6), although differences between natural and cleared

plots were smaller; many sprouts were still small.

The tephra strongly affected herbs and bryophytes. Tephra depth

was the major factor controlling damage and recovery for both groups,

but bryophytes were more easily destroyed (Fig. 2).

The herbaceous species at our sites represent a wide range of

growth forms. Although the species vary in their leaf phenology, we

have arbitrarily defined evergreen and deciduous categories for

analysis: "deciduous" species have exclusively (or nearly so) current

year leaves; a few have an occasional year-old leaf. "Evergreen" spe-

cies have a significant proportion of second year or older leaves.

Herb cover at S23 and S45H was similar in natural tephra and

cleared plots in 1981 and 1982 (Fig. 2, Table 5). Cover on natural

tephra approximately doubled from 1980 to 1981, but since both cover

in tephra and cleared plots increased greatly from 1981 to 1982, this

increase is hard to interpret. In contrast, almost all herbs at S45

were evergreen (Tables 5 and 6). The difference in cover between

natural and cleared plots in both 1981 and 1982 resulted from burial of

long-lived leaves, which are replaced slowly. It will be a few more

years before cover at S45 reaches cleared plot levels. Evergreen

herbs were damaged less by tephra removal than deciduous herbs.

Most herbs at S75 are deciduous. Recovery is occurring slowly;

cover was one-quarter of the cleared plot value in 1981 and one-third

in 1982 (Fig. 2, Table 5). In contrast, density decreased in 1981,

then increased in 1982 (Table 6). Many herbaceous shoots were unable

to penetrate the 75 mm deposit even though the crust almost disap-

peared by 1981 (Table 2).

Tephra 150 mm deep has killed almost all pre-existing herbaceous

plants; they survived primarily where erosion thinned the deposit.

Evergreen herbs were almost completely eliminated at S150 but decidu-

ous herbs had 42 and 31% of cleared plot cover and density, respec-

tively, in 1982. However, most of this cover was in the three most
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Fig. 2. Herb and bryophyte cover changes at the six sites. (Note the

logarithmic scale). Closed symbols represent natural plots;
open symbols cleared plots.
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eroded natural plots; when these are deleted, cover was 1% of the

cleared plot value. The 5150 site was originally "herb-poor," with

some evergreen herbs in more open parts of the stand, and few decidu-

ous herbs except in low spots such as minor channels. Such micro-

sites eroded almost at once, and deciduous herbs were abundant there;

thus, the erosional release of deciduous herbs at this site was not a

random event.

S150H ha's more mesic vegetation than S150; deciduous herbs were

common almost throughout the stand. Almost all the herbs outside

cleared plots occurred in five heavily eroded plots. In non-eroded

areas, herb cover only reached 0.15% in 1981; it dropped to 0.08% in

1982.

Few, if any, mosses at our sites can grow through tephra greater

than 40 mm deep. Where the tephra depth exceeded 30 to 40 mm, moss

survival required eroded areas, especially on logs; there was little

relationship with further increase in depth. At S23, however, moss

cover increased over five-fold from 1980 to 1981 (Fig. 2, Table 5).

Bryophyte cover on the natural tephra in 1982 was 94% of that in

cleared plots; thus the bryophyte layer was virtually restored in the

third season. Tephra barely covered the large mosses abundant at S23,

and they grew through what covering there was.

In 75 mm tephra, moss cover exceeded that with 45 mm tephra

(Table 5), due to three factors. First, S75 is a stream bottom site

with abundant epiphytic mosses which fell to the tephra from shrub

stems. Species on the lower stems were often those common on the for-

est floor. Second, slumping of the loose tephra exposed larger areas

of moss and liverwort than at sites with a sturdy tephra crust or

smaller logs. Third, some mosses apparently established from spores;

an "algal" growth on the tephra surface could have been moss protonema.

Seedling Densities

Seedling density differed greatly among years and sites. In

1980, we recorded only a few Tsuga from current seed released that

fall. The 1980 Tsuga heterophylla seed crop was large, and tree
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seedling density exceeded 30/m
2 (mostly Tsuga) at some sites in 1981.

Many seedlings did not survive, and the 1981 seed crop was small so

tree seedling density declined at most sites by 1982 (Table 7).

Table 7. Density (number/m
2
) of seedlings by site, year

and treatment. Symbols are the same as in

Table 6.

Site Year
Tree Herb and shrub

S23 1981 1.34*** 3.36 0.14 0.14
** *** *** ***

1982 0.80 1.06 5.71 4.60

S45 1981 32.48 28.82 0.30 0.28
*** *** *** *

1982 2.37 2.18 1.34* 0.62

S45H 1981 10.76*** 6.86 0.07 0.18
*** ***

1982 10.85*** 6.58 8.62** 6.78

S75 1981 36.85*** 8.92 1.77*** 6.18
*** *** *** ***

1982 12.57*** 1.66 5.17*** 2.48

S150 1981 6.77*** 2.19 0.60*** 0.11
*** ***

1982 6.39*** 2.36 34.63* 24.62

S150H 1981 0.62 0.51 0.12 0.08
* *** ***

1982 0.99* 0.49 2.82* 2.88

Except at S23, tree seedling density was higher on the tephra

than in cleared plots (Table 7). The tephra lacks moss and duff

layers and wet mineral soil, as the tephra is in early summer, offers

an optimum seedbed for many conifers (Fowells 1965, Minore 1979). We

are not sure why the density was higher in the cleared plots at S23.

Herb and shrub seedlings were virtually absent from our sites in

1980, but densities were much greater by 1982 (Table 7). The tephra

deposit buried all old seed. Seed production was low at all sites in
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1980 (judging from the low abundance and rare flowering of most

species), but it should have increased in 1981. Litter accumulation

on the tephra may have improved establishment for some species by

1982.

We identified seedlings of four shrub and 17 herbaceous species

on tephra. Of these, only Tiarella trifoZiata seedlings were abundant.

Under typical forest conditions, many common forest herbs bloom

sparsely, produce little seed, and rarely establish from seed. After

the eruption, the normally low seed input was even lower. Besides

Tiarena, most seedlings other than trees were very small, and we were

unable to identify them positively. These were most abundant at S150,

with no seedlings attributable to the few forest herbs present in the

stand. Most of these "unknown" seedlings resembled known Salix seed-

lings. Salix, abundant near the stand, produces numerous very small,

wind-dispersed seeds that are released early in the summer and germi-

nate immediately (Schopmeyer 1974).

Herb and shrub seedling density tends to be similar in natural

tephra and cleared plots (Table 7). There were significant differ-

ences in both directions but these are hard to evaluate without con-

sidering species responses.

Species Responses

Many species showed the same relationships to tephra depth as

already described for the general growth form to which they belong

(Table 8). Only exceptions to the general patterns (Table 9) will be

discused in the text, following a more precise description of the

growth form of these major species.

Abies amabilis dominated the small tree layer at most sites; its

response is basically that of the total. Chamaecyparis nootkatensis

is a conifer which was originally well distributed at S45H, as indi-

cated by its 50% frequency in cleared plots. Its very small size and

flexible stems lead to its complete elimination in our natural tephra

plots (Table 9).
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Table 8. Cleared plot cover (%) in 1982 for species with adequate
abundance at a site to be analyzed individually.

S23 S45 S45H S75 5150 S150H

Trees
Abies amabilis 5.7 5.8 3.8 9.2

Chamaecyparis nootkatensis 0.2

Shrubs
Acer circinnatum 1.8

Berberis nervosa 8.5 _ -
Gaultheria shaZZon 1.5 _ -
Menziesia ferruginea 5.3 11.5 4.8

Oplopanax horridum - - 25.6 - -

Rhododendron albiflorum - - 6.1 - - -

Rubus spectabilis - - - 0.6 - -

Vaccinium membranaceum 15.6 16.7 7.3 8.7

Vaccinium ovalifolium 2.8 13.2 15.0 22.5 7.1

Herbs
Achlys triphyna 1.8 - - 2.6 - -

Arnica latifolia - - 12.2 - - -

Chimaphila umbehlata - 0.5 - - - -

CZintonia uniflora - - 1.1 1.3 - -

Erythronium montanum - - - - 2.3 17.3

Gaultheria humifusa - 1.8 - - - -

Gymnocarpium dryopteris 1.3 - - 6.5 - -

Linnaea borealis - 1.0 - - - -

Maianthemum dilatatum 0.5

Mitella breweri - - - - 2.3

Polystichum munitum 11.7 - - - - -

Pyrola secunda - - 0.5 - - -

Rubus Zasiococcus - 0.4 1.3 2.0 0.9 5.9

Rubus pedatus - - 3.0 1.4 3.3 -

Smilacina stellata - - - 6.1 - -

Streptopus roseus - - 3.5 0.4 - -

Tiarella trifoliata 9.3 - 2.0 9.5 - 1.9

Trautvetteria caroliniensis - - 5.0 0.7 - -

Valeriana sitchensis - - 3.6 - - -

Vancouveria hexandra 3.7 - - - - -

Xerophyllum tenax - 20.5 - - - -

Viola sempervirens 1.5

Mosses
Brachythecium sp. - - - 3.5

Dicranum fuscescens - 17.9 7.4 - 3.6 17.3

Eurhynchium oreganum 29.2 - - - - -

Hylocomium splendens 14.2 - - - -

Hypnum circinale 0.5 - - - - -

Rhytidiopsis robusta 12.8 11.2 19.7 5.1 5.7
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Table 9. Percent cover and density (number/m
2

) for species that react

differently from their growth form totals.

Cover Density

Site Species Year N C N C

S45H Chamaecyparis
nootkatensis

1980 0.00 - 0.00 -

1981 0.00*** 0.16 0.00*** 1.08
*

1982 0.00*** 0.19 0.00*** 1.34

S45H Menziesia 1980 1.13 - 0.17 -

ferruginea *** **

1981 2.27** 12.04 0.34 0.68
***

1982 3.42* 11.48 0.43 0.82

S45H Rhododendron 1980 1.13 - 0.15 -

albirlorum *

1981 1.39 6.12 0.23 0.62

* *

1982 1.45 6.12 0.31 0.70

S75 Rubus 1980 2.78 - 0.46 -

spectabilis ***

1981 4.65 1.56 0.45 0.20
*

1982 3.09 0.62 0.36 0.18

S45 Gaultheria
humifusa

1980 0.01 - 0.04 -

1981 0.01*** 1.58 0.04*** 2.36

1982 0.01*** 1.78 0.01*** 2.04

S45 Linnaea 1980 0.16 - 0.27 -

borealis *

1981 0.33* 0.65 0.29* 0.66
** * *

1982 0.64 0.98 0.34 1.06

S45 Rubus 1980 0.11 - 0.28

Zasiococcus *** ***

1981 0.39 0.18 0.62 0.60
** ** ***

1982 0.57 0.35 0.95 0.76
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Table 9. Continued.

Site Species Year
Cover Density

S45 Xerophyllum 1980 10.86 - 2.61 -

tenax ***

1981 12.30* 20.44 2.61 3.06
***

1982 14.43 20.51 2.68 3.14

S75 Clintonia 1980 0.16 0.35

uniflora *** ***

1981 0.49 0.89 0.67* 2.00
*

1982 0.60* 1.32 0.69*** 2.54

S75 Gymnocarpium 1980 1.69 - 3.70 -

dryopteris * ***

1981 0.82*** 6.30 1.10*** 9.20
*** ***

1982 1.41*** 6.48 2.75***10.44

S150 Erythronium
montanum

1980 0.00 0.00 -

1981 0.55*** 1.30 1.46*** 6.04
***

1982 0.79*** 2.30 1.72*** 7.04

S150H Erythronium
montanum

1980 0.06 - 0.30 -

1981 0.30***13.11 1.46***62.53
* *** ** ***

1982 0.22***17.30 1.23***80.90
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Vaccinium species dominated the shrub layer at most sites and

responded like the shrub totals; most other shrub species responsed

similarly. At S45H, Menziesia ferruginea and Rhododendron albiflorum

increased in natural but not cleared plots; they apparently were

responding differently than Vaccinium (Table 9). At S75, Rubus

spectabilis, a thorny, deciduous species that often occurs in dense

patches, initially increased, but then many Rubus plants died back in

1982 for unknown reasons (Table 9). This decrease was in contrast to

the response of other shrubs.

Of all the vascular plants at our sites, Gaultheria humifusa was

most easily damaged by tephra. It is a low, prostrate, evergreen sub-

shrub with relatively slow growth; 45 mm of tephra completely buried

most plants (Table 9). There has been no recovery; buried plants pro-

duced small erect shoots which almost never reached the surface.

Gaultheria humifusa appears to have about as much ability to survive

tephra burial as a large moss; it has been destroyed at S45 except for

a few individuals in shallow tephra on steep microsites. Recovery

involving seedling establishment followed by vegetative spread will be

very slow, since seed production is normally low in the forest. We

saw no seedlings.

Linnaea borealis, another prostrate evergreen subshrub, grows

rapidly across the forest floor, exceeding 0.5 m/yr. Its reduction in

the tephra is much less severe than GauZtheria humifusa (Table 9).

Some shoots of most plants protruded from 45 mm tephra and rapidly

grew across the tephra, accounting for the large increases in cover

while density changed little.

Rubus Zasiococcus, a semi-evergreen trailing subshrub, hugs the

ground more closely than Linnaea and was thus more easily buried, but

effectively grows through the tephra. It increased in cover and den-

sity both years (Table 9) due to both the emergence and spread of

shoots.

Xerophyllum tenax, the dominant herb at S45 (Table 9), has nar-

row, long-lived, evergreen leaves that arise from a short, thick

rhizome. This caespitose herb is large enough that only a small frac-

tion of the leaf surface was buried by 45 mm of tephra. S45 was about
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25% snow covered during the eruption and in those spots Xerophyllum

cover was greatly reduced (Antos and Zobel 1982).

With 75 mm of tephra, responses of deciduous herbs varied widely.

In 1981, cover of Gymnocarpium dryopteris dropped to less than half

the 1980 value; then it returned to near the 1980 value in 1982 (Table

9). In contrast, the cleared plot values changed little between 1981

and 1982, and were approximately four times greater than both tephra

plot cover and density in 1982. The tephra was deep enough at S75 that

Gymnocarpium leaves had difficulty reaching the surface from the under-

ground rhizomes. The leaves that emerged in 1980 may not have repaid

their construction costs and thus represented a net energy (or nutri-

ent) drain on the rhizomes. Delayed leaf emergence and severe grazing

by snowshoe hares combined to yield a short photosynthetically active

period for many leaves. A further energy drain would have been leaves

that failed to emerge from the tephra. By 1982, the rhizomes had

grown up into the tephra where leaves could emerge with much less dif-

ficulty. Gymnocarpium should slowly increase if the rhizomes can

maintain growth in the tephra and grazing is not too severe, but it

may take many years before cleared plot values are attained.

Clintonia uniflora, similar in growth form to Gymnocarpium,

increased in cover and density in 1981 (Table 9). Clintonia was eaten

little by the hares. After this initial rapid recovery, probably

resulting from upward rhizome growth, change was slow.

Erythronium montanum was the most abundant deciduous herb at the

deep tephra sites. This small lily produces one or two leaves from a

corm-like structure and appears incapable of vegetative expansion. At

S150H density increased in cleared plots in 1982, apparently when some

individuals appeared which had failed to produce leaves in 1981. The

1980 growing season was mostly lost to these plants since we cleared

the plots at this site last (September), when snow remained under the

tephra in some plots. Only the largest, most vigorous members of the

population penetrated the entire 150 mm deposit. Density and cover

decreased in the natural plots from 1981 to 1982 (Table 9). Because

perennating structures have not moved upward, Erythronium must grow

through the deposit each year. In deep deposits leaf production may
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not yield enough net energy to sustain the plants; this may account

for the decreases. Erythronium may survive only in thinned deposits.

Since the species lacks vegetative spread, recolonization of the site

will have to come from seed.

Species Diversity

Few species have been eliminated completely from most stands.

Erosion was very important in this respect; it cleared low, wet,

floristically diverse spots which contained many less common species.

Logs and slopes of mounds were important refugia, especially for

bryophytes that occur preferentially on wood. Only at SI5OH was there

much reduction in total number of species: there were 26 herbaceous

and five shrub species in cleared plots compared to 19 herbs and two

shrubs in natural tephra plots in 1982. Even so, it is remarkable how

many species were able, at least occasionally, to penetrate 150 mm

of tephra. Although their density is low, their potential importance

as a source of revegetation is great.

A second measure of diversity is number of species per m
2
plot

(species density). Shrub species density varied little among years or

between cleared and natural plots at four sites. At S45H there was an

increase with time as buried shrubs sprouted. In 1982, at S45H, there

were only 0.1 shrub species per natural plot versus 1.4 per cleared

plot.

Herbaceous species density was about the same in natural tephra

and cleared plots at the 23 and 45 mm sites, but it increased with

time (Table 10). With 75 mm tephra, diversity per plot was reduced

about 25%, much less than the approximately 75% reduction in plant

density; although many individuals died, a source for revegetation was

nearby in most areas.

With 150 mm tephra, many species have been eliminated over large

patches; herbaceous species density was reduced to about 25% of the

cleared plot value (Table 10). In both stands areas up to 20 m across

were devoid of herbaceous plants. A long time for reoccupation will
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be required for species that spread by vegetative expansion or have

poor seed dispersal.

Table 10. Average number of species per m
2
plot.

ral tephra plots. C = cleared plots.
N = natu-

Herbs

Site Plot type 1980 1981 1982

S23 N 3.05 3.75 4.27

C - 3.46 4.08

S45 N 1.21 1.33 1.59

C - 1.72 1.88

S45H N 2.75 3.28 3.95

C - 3.58 4.16

S75 N 2.37 3.02 3.17

C - 4.11 4.44

S150 0.09 0.18 0.23

C - 0.97 0.97

S150H N 0.30 0.57 0.76

C - 2.89 3.14

Flowering

Where a species has been eliminated from large patches,

re-establishment can come rapidly from seedlings or, for some species,

slowly through vegetative spread. Many common herbs at our sites

bloom sparingly and produce few seeds. Where herb density was not

reduced (S23, S45, S45H), flowering seemed to be about normal judging

from the cleared plots and our experience with such stands. With

deeper tephra, the proportion of plants blooming appeared normal, but

unit area seed production must have been extremely low due to low

plant density.

We had an adequate sample to make quantitative comparisons of

flowering only for Tiarella trifoZiata. The density of blooming

plants was greatly reduced at S75 and S150H, although the percent of
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plants blooming was about the same in cleared and tephra areas (Table

11). If seed input is proportional to number of plants blooming on

the two types of plots, the sites that require vegetation were the

ones with the least seed. Tiarella rhizomes elongate very slowly; its

limited vegetative spread appears to be compensated for by abundant

seed production.

Table 11. Density (number/m
2
) of blooming plants and per-

cent of plants blooming for Tiarella trifoZiata
in 1982.

Site

Natural tephra plots Cleared plots

Density
% of Plants
blooming Density

% of Plants
blooming

S23 2.38 16 1.22 9

S45H 0.74 34 0.90 38

S75 0.39 11 1.64 9

S150H 0.04 36 0.76 40

Erythronium montanum, incapable of vegetative expansion, also had

a fairly high flowering density (1.5 plants/m
2
) in cleared plots at

S150H. The proportion of plants blooming was low (2%), however, simi-

lar to that of many long-rhizomatus species. Another important differ-

ence is that Erythronium produces many fewer seeds per plant than

Tiarella.

Herbaceous Seedlings

Tiarella trifoliata produced the vast majority of herb seedlings

which we could attribute to forest species. Tiarella seedling density

at S23 and S45H was very low in 1981, but greater than 1.5/m
2

in 1982

(Table 12). At S75 in 1981, seedling density was 6.2/m
2
in cleared

plots, but much lower (1.7/m
2
) in natural tephra plots. Most germina-

tion was early, but some continued throughout the summer (Fig. 3).

Frequency exceeded 50% at S75 indicating that the seedlings were well

distributed and potentially could rapidly re-establish the Tiarella's

original abundance. There were only 0.3 Tiarella seedlings per m
2

in
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tephra plots at S150H, but since there were only slightly more in

cleared plots, where more seed is produced per unit area, either dis-

persal was very good or establishment was much better on the tephra.

Besides providing a satisfactory seedbed, tephra seems to supply

further growth requirements for Tiarella to survive (Fig. 3). In

addition, of the 154 Tiarella seedlings mapped on other natural tephra

plots during 1981, 31% survived until 1982. Observations indicate

that Tiarella survival on cleared plots was lower.

Table 12. Tiarella trifoliata seedling frequency (% of plots
occupied) and density (number/m2) in 1981 and 1982.
N = natural tephra plots; C = cleared plots.

Site Year

Frequency Density

S23 1981 0 2 0.00 0.02

1982 52 46 3.32 1.86

S45 1981 1 0 0.01 0.00

1982 2 2 0.02 0.02

S45H 1981 4 4 0.06 0.08

1982 22 22 1.69 2.00

S75 1981 69 86 1.69 6.18

1982 72 54 2.65 1.76

S150 1981 2 2 0.02 0.04

1982 2 2 0.02 0.04

S15OH 1981 2 2 0.02 0.02

1982 12 12 0.31 0.37

Tree Seedlings

Although Abies amabilis originally dominated the small tree

population, except at S23, most seedlings establishing on tephra were

Tsuga heterophylla (except at S45H). Tsuga heterophylla and Abies

amabilis produced large seed crops in 1980 and first year seedling

densities were high in 1981 (Table 13). In contrast, the 1981 seed

crops were poor and there were relatively few first year seedlings in
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1982, except at S150 and S150H. Tsuga seedling density was higher in

natural tephra than cleared plots except at S23, while Abies density

showed no consistent difference (Table 13). Tephra under a canopy was

apparently as good a seedbed for Tsuga heterophylla and Abies amabilis

as the old forest floor.

Table 13. Frequency (% of plots occupied), density (number/m2), and %

first year survival for Tsuga heterophyUa (including a few

T. mertensiana) and Abies amabilis seedlings for the 1981

and 1982 cohorts. N = natural tephra plots; C = cleared

plots.

Site

Plot
type Year

Tsuga Abies

Freq. Den. Survival Freq. Den. Survival

S23 N 1981 46 1.07 24 - - -

N 1982 23 0.42 - - -

C 1981 72 2.98 13 - - -

C 1982 38 0.58 - -

S45 N 1981 96 32.29 4 9 0.09 33

N 1982 50 0.93 - 1 0.01 -

C 1981 100 28.46 4 16 0.22 27

C 1982 46 0.82 - 2 0.02

S45H N 1981 92 5.30 20 97 5.00 44

N 1982 28 0.33 8 0.08 -

C 1981 78 2.32 16 90 3.42 50

C 1982 10 0.10 6 0.06 -

S75 N 1981 96 36.10 28 34 0.47 26

N 1982 74 2.09 - 1 0.01 -

C 1981 92 8.16 4 36 0.74 24

C 1982 44 0.96 - 4 0.04 -

S150 N 1981 94 6.67 52 3 0.04 25

N 1982 93 3.42 - 2 0.02 -

C 1981 54 2.09 4 4 0.04 0

C 1982 72 2.64 - 0 0.00 -

S150H N 1981 33 0.45 64 17 0.17 59

N 1982 36 0.57 - 1 0.01 -

C 1981 31 0.47 51 4 0.04 100

C 1982 16 0.20 - 0 0.00 -
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First year survival of Tsuga seedlings was better on tephra than

in cleared plots (Table 13), but Abies shows no consistent pattern.

At S45H, where Abies was common, survival was over twice that of

Tsuga, but at other sites the relative survival of the species varied

(Table 13). In the 10 mapped seedling plots at S45H, Tsuga hetero-

phylla survival was very low (Fig. 4). Most seedlings germinated by

27 June, but a dry period in August destroyed almost all of them.

Since the 1982 cohort was small, the total Tsuga seedling population

was low during 1982. Roots of Tsuga seedlings rarely penetrated more

than 50 mm into the tephra the first year, and not much more the

second year. Consequently, they were very susceptible to drought. At

S75, where the tephra did not dry as severely as at S45, Tsuga sur-

vival on mapped plots was much higher (Fig. 5).

Discussion

The Nature of the Disturbance

The characteristics of burial in general differ from those of

other common disturbances; likewise, some aspects of burial by tephra

contrast with other agents which bury plants (Antos and Zobel 1984).

Our results illustrate several differences from more commonly studied

disturbances which combined render tephra deposition unique. Distur-

bances vary in magnitude and the degree to which their nature is

influenced by vegetation. They range from very frequent and mild (to

be considered a part of the normal environment) to catastrophic. The

overall effects of this tephra deposit vary along such a gradient of

magnitude. Tephra 23 mm deep was catastrophic for no part of the com-

munity; 150 mm deposited on snowpack destroyed virtually all under-

story plants up to saplings 1 m or more tall, except where it eroded.

The production of tephra is a process completely exogenous to the

plant community; however, effects of canopy on tephra accumulation, of

logs and woody stems as refugia, of litter accumulation and shading on

surface properties, and of plant adaptations to grow through and



40

500

400
cc)

w 300

u_0
ct
w
co

200

100

0 A
unuuu
Pro/APAS iii

27 27 30 5 12

JUNE JULY AUGUST AUGUST SEPT.

1981 1982

Fig. 4. Total number of Tsuga heterophylla seedlings by cohort on
ten plots, each 1 m2, at the S45 site. See explanation

for Fig. 3.



41

cn

w 400
cr)

u_

300
cc

z 200

800

700

600

500

100

0
29 14 26
JUNE JULY AUGUST

198I

9 4 16

JULY AUGUST SEPT

1982

Fig. 5. Total number of Tsuga heterophylla seedlings by cohort on
nine plots, each 1 m2, at the S75 site. See explanation

for Fig. 3.



42

survive in tephra, all add a large endogenous component to determining

its effects.

Several aspects of this disturbance differ from other types

common in Cascade Mountain forests, fire probably being the most

important (Hemstrom and Franklin 1982). In the driest forests on the

western side of the Cascades, fire return intervals were about 100

years and generally part of the canopy survived (Means 1981); on most

sites fires were less frequent and the canopy was often totally

destroyed (Franklin and Dyrness 1973). Mild fires that killed few

canopy trees also occurred on most sites, but their importance is

unclear. Hemstron and Franklin (1982) documented a history of large,

intense but infrequent fires at Mount Rainier, 30 to 45 km to the

north. The estimated average fire return interval of 434 years at

Mount Rainier (Hemstrom and Franklin 1982) is probably appropriate for

out sites. Although tephra deposition has been much less frequent than

that in most of the Cascade Mountains, in the vicinity of Mount

St. Helens it may have been about that common.

There are both differences and similarities between fire and

tephra fall. Fire consumes fine organic matter and in these forests

often kills the canopy trees. In contrast, tephra buried the duff

layer, covered herbs and some shrubs, and left the tree layer intact,

resulting in minimal modification of the microclimate of our sites.

Consequently, invasion by pioneer plants was not expected, and it did

not occur. Fire destroys entire shoots of shrubs; tephra did only on

snowy sites. After fire, sprouts need only be initiated; after tephra

fall sprout initiation must be coupled with an ability to grow through

the deposit. Fires release nutrients held in the duff but probably

volatilize much of the nitrogen (Grier 1975); tephra appears to

release nutrients without loss by reducing evaporation, thus increas-

ing decomposition rates of the litter, and adds nutrients leached from

the tephra itself (Table 3). Fires often consume the duff layer leav-

ing a mineral soil seedbed. Tephra constitutes a mineral seedbed of a

different nature. The edge of the devastated area, where dead trees

remained standing (scorch zone), is probably more like the intense
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fire disturbance than any other created by the volcano; even here

there is no fire analog for the actual tephra deposit.

Windthrow, insects and pathogens also kill trees in Cascade

Mountain forests. Such disturbances are of variable size, but rarely

have the extent of large fires. Although they remove trees and thus

change the forest microclimate, as does fire, they do not kill above-

ground shrub stems or destroy the litter layer. The events, other

than tephra fall, which leave the canopy intact and bury the forest

floor are alluvial deposition (including some mudflows) or local

slumping on steep slopes. Neither of these processes are apt to occur

at our sites.

Mount St. Helens created a wide range of disturbances (del Moral

1981, Lipman and Mullineaux 1981). Mudflows generally destroyed the

forest, but in some places they left thin deposits and a fairly intact

canopy. These sites have major similarities with tephra fall areas,

but are of relatively limited extent. The devastated area is covered

with tephra of varying depth but the tree layer is gone; shrubs and

small trees were also destroyed except where they were protected by

snow (Means et al. 1982). Thus shrubs survived in the devastated area

when buried by snow, while snow in tephra fall areas outside the

devastated area contributed to their demise (Antos and Zobel 1981).

This complete reversal of the role of snow is characteristic of the

great difference between the two areas and types of disturbance.

The spatial pattern and frequency of disturbance can affect

species diversity (Abugov 1982, Connell 1978, Denslow 1980, Levin and

Paine 1974, Miller 1982). It is often stated that intermediate levels

of disturbance maximize diversity (Horn 1975, Connell 1978, Huston

1979, Loucks 1970), the concept being that a mosaic of disturbed and

undisturbed patches allows species adapted to both kinds of environ-

ments to coexist. Not all disturbances create a mosaic pattern, and

intermediate intensity does not necessarily produce areas partly dis-

turbed and partly undisturbed in a spatial sense. The tephra fall at

our sites was of intermediate intensity, on a gradient from unaffected

forest to the devastated area, but the disturbance was relatively uni-

form locally. No resources were released that could allow invasion of
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species not already present at the site. Yet, damage to many species

was severe and the substrate was adversely modified. Thus, diversity

decreased, especially at the plot level of resolution.

Considering the array of disturbances affecting Cascade Mountain

forests and how vastly their effects differ, response patterns should

be just as variable. One should not expect to predict response to one

type of disturbance directly from knowledge of another type. Moreover,

response to any given disturbance will depend on the condition of both

the environment and the biota at the time of the disturbance and sub-

sequently. With time the factors which initiated a change often

become obscured, resulting in what at least appears to be a large

stochastic component. In order to understand complex vegetation

changes, understanding at the population level is apt to be necessary

(Harper 1977, 1982). Accurate prediction and understanding of com-

positional changes will be accelerated by a detailed knowledge of

individual species characteristics.

Plant Recovery

Tephra 23 mm deep resulted in minor and very temporary changes,

even in the moss layer. Perhaps we should not even consider that

tephra deposit a disturbance.

Abundance of most herbs dropped with 45 mm of tephra but was

recovering rapidly, with one exception. Gaultheria humifusa, repre-

senting the most susceptible growth form, was almost completely elimi-

nated. The recovery of this species may be very slow judging from the

species' low rates of vegetative spread and seed production. If other

species overlap its niche too thoroughly, the space it occupied may be

preempted.

Shrubs buried at S45H were resprouting and will eventually regain

much of their original cover. Buried trees had died, but replacements

were establishing.

At the 75 mm site, most herbaceous species decreased in abun-

dance but survivors were distributed such that short-distance vegeta-

tive spread or seed movement could restore the original population
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levels. Recovery was slow though, partly due to hare grazing. In

this sense the current high hare population could have an important

long-term effect, allowing less-preferred species to preempt resources.

150 mm tephra eliminated herb species over extensive patches. We

cannot predict whether vegetative spread or seedling establishment

will be more important. Most of these forest herbs spread rapidly by

rhizomes, but we do not know how important seedling establishment

normally is.

Since the 150 mm sites were most altered, and colonizing ability

is especially important due to the limited number of survivors, vege-

tation may not converge on the original composition. We anticipate

that it will be many years before herb cover approaches the original

values at these sites and that composition may be altered indefinitely.

Bryophytes were largely destroyed at all sites except S23, along

with much of their habitat. Some species which normally grow on logs

or duff can directly colonize the tephra surface but others may have

to wait for site modification. Logs provide refugia not only from

burial by tephra but also for survival until site amelioration occurs.

Some vascular plants may also require site alterations before they can

colonize the tephra.

The tephra had an immediate impact on small trees and the altered

soil may eventually influence large trees. Although the small trees

destroyed were mostly Abies amabilis, Tsuga heterophylla seedlings

were most abundant. This may be normal since the numbers in cleared

plots were also higher, but if survival is better on tephra this

could eventually influence canopy composition. Tsuga heterophylla is

very shade tolerant but normally regeneration in these high elevation

forests is hampered by thick duff layers or difficulties with the

snowpack (Franklin and Dyrness 1973, Thornburgh 1969).

Long-term survival and expansion of many species will depend on

their ability to grow roots and rhizomes into the tephra. Even large

trees may be at a disadvantage if they cannot use the tephra. At

least small trees of most conifer species have developed adventitious

roots in the tephra (Zobel and Antos 1982), as some larger ones did in

deposits from past eruptions (Lawrence 1954). Herbs vary greatly in
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the amount of roots produced in the tephra and degree of upward

movement of perennating structures (personal observation).

The tephra deposit not only damaged plants but modified the site,

at least temporarily; it is possible that this modification was posi-

tive for some species. The tephra formed a mulch over the old soil,

which stayed wet under the tephra; thus water relations may have

improved. More importantly, the mor humus layer present at our sites

appeared to be decomposing rapidly under the tephra, producing tempo-

rary nutrient enrichment, along with leaching of nutrients from the

tephra (Table 3). Species limited by soil nutrients or possibly water

could increase in abundance following tephra fall provided initial

damage and subsequent difficulties with the deposit itself did not

override the effect.

Post-Disturbance Vegetation Change

Years of controversy have surrounded the nature and mechanisms of

forest succession (McIntosh 1981), and opinion remains diverse

(Connell and Slatyer 1977, Drury and Nisbet 1973, Glasser 1982,

Glenn-Lewin 1980, Noble and Slatyer 1980, Peet and Christensen 1980,

Pickett 1976, Schowalter 1981). Since the tephra disturbance resem-

bles in some ways but differs in others from other disturbances in

Cascade Mountain forests, we will consider mechanisms of vegetation

change in light of this event.

Recovery of vegetation following tephra fall has characteristics

of both primary and secondary succession. Although larger plants were

not directly damaged and the microclimate is relatively unaltered, a

new primary substrate covers the ground surface.

One species can inhibit, facilitate, or have no effect on the

development of another (Connell and Slatyer 1977). The importance and

effects of the forest canopy on succession here can be judged by com-

paring our sites to nearby clearcuts. Although we did not sample

clearcuts, extensive observations on them allow such an evaluation.

Seedlings of both trees and herbs were much more abundant under the

canopy; thus canopy trees appear to facilitate the initial
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establishment of many species. However, some species of seedlings

were more abundant in the open; the canopy may inhibit their estab-

lishment. The density of seedlings is a result of both seed abundance

and initial survival; these two factors could have opposite effects.

Seedling establishment of open site species was both lower (Hieracium,

Lupinus) and higher (,alix) under the canopy; however, few survived

long. Forest plants may have penetrated the wet tephra under the for-

est canopy more easily than in the open, but light was certainly lim-

iting for some.

We agree with Christensen and Peet (1981) that species interac-

tions cannot be simply classified. One species may directly inhibit

another but indirectly facilitate its survival. An effect which

facilitates seedling establishment or emergence from the tephra can

inhibit growth later on. Forest herbs such as Rubus Zasiococcus and

Linnaea borealis occasionally occur in clearcuts. After growing to

the tephra surface in open sites, they expanded at rates much greater

than any observed in the forest and flowered abundantly. Nonetheless,

they are much more common in the forest.

On a longer time scale the canopy may promote growth relative to

the open due to nutrient enhancement of the tephra through litter

deposition and through fall. Indirectly the canopy will facilitate

the growth of forest herbs through inhibition of the invasion of

potentially fast-growing open site species.

As the tephra becomes occupied, species will interact more. We

cannot predict the outcome of such species interactions. Since the

canopy remained intact, the herb layer composition may return to pre-

eruption status in a few years. But the substrate has been altered,

so species performance and interactions may also be altered. The

original soil was derived from tephra, but it has developed toward

soil for many years. Moreover, the extent of species destruction has

varied, and variable rates of tephra colonization may allow some spe-

cies to preempt space, which may have permanent consequences.
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Refugia

We cannot overemphasize the importance of microsite refugia from

the tephra disturbance. Logs increased moss survival, accelerating

recovery. Logs have many important structural and functional roles in

old-growth North-western coniferous forests (Franklin et al. 1981,

Franklin and Hemstrom 1981); another role is refugia for plant survival

during tephra fall. As with some other functions, large logs were

most important.

Erosion also provides refugia for plant survival. Many herb

species survived with deep tephra only where erosion thinned the

deposit. We have observed that some plants can survive at least a

full year of burial and grow when exhumed; we are experimentally test-

ing the results of two years burial.

Our sites were all located on relatively level ground in generally

mountainous topography. Consequently, the erosion on them should be

minimal for the area. On some steep mountain slopes, herbs were com-

mon due to erosion of the deposit; on the other hand, the tephra was

porous enough that even on many steep slopes erosion was confined to a

few rills. Herb abundance often does not greatly increase until the

slope becomes so steep that the deposit slides off. Erosion also

deposits material so slopes sometimes appeared as a mosaic of thin

and deep tephra, while toe slopes sometimes become deeply buried.

Cleared Plots

Since we had no data from our sites before the eruption, we

cleared plots to get some indication of their pre-eruption plant com-

position. These plots have served well as an aid to interpreting

plant changes in the tephra, but they do not serve as a strict con-

trol. Damage by both tephra and tephra removal in 1980 probably sup-

pressed cover and density values for a year or more. Conversely,

large buried rhizome systems may concentrate their shoot production in

the cleared plots. Thus, plant abundance in cleared plots could now

be either higher or lower than if the 1980 eruption had never
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happened. We believe that herb abundance was depressed in the cleared

plots and may have been approaching pre-eruption levels by 1982. We

do not think it exceeds pre-eruption abundance for any site, but we

cannot rigorously prove this. We see little alternative to proceeding

as we did. Our results do emphasize the importance of carefully

evaluating what appears to be a control situation when examining the

effects of disturbance.

The Control of Plant Abundance

Our attempt to evaluate species changes in both cleared plots and

the tephra suffers from our ignorance concerning the control of abun-

dance of forest herbs, both in established stands and following dis-

turbance. Bierzychudek (1982), in reviewing the life histories of the

better-known deciduous forest herbs, points out the lack of informa-

tion on the control of abundance. To what extent is the abundance and

distribution of a given forest herb controlled by overstory trees;

soil heterogeneity; competition with shrubs or other herbs; abundance

of appropriate microsites; herbivory; seed production and dispersal;

pollinator availability; site history?

Investigations of forest succession after canopy closure usually

concentrate on trees. It is assumed that the herb layer composition

should stabilize relatively rapidly since the canopy provides a rela-

tively constant environment. The few long-term studies that have con-

sidered the herbaceous layer in relatively stable forests have shown

it to change significantly (Brewer 1980, Davison and Forman 1982). A

species, once eliminated from an area, may not return for a very long

time, if at all. Resource preemption may be very important, espe-

cially where niche segregation is minimal.
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Chapter 3

PLANT FORM, DEVELOPMENTAL PLASTICITY, AND SURVIVAL
FOLLOWING BURIAL BY VOLCANIC TEPHRA

Joseph A. Antos

and

Donald B. Zobel

Department of Botany and Plant Pathology, Oregon State University,

Corvallis, OR 97331, USA

Abstract

The morphological responses of 28 shrub and 109 herbaceous

species buried by 5-20 cm of Mount St. Helens tephra (volcanic aerial

ejecta) were examined after one year of burial. All shrub species

examined produced adventitious roots in the tephra but the extent of

roots varied greatly; three shrub species produced extensive rhizomes

in the tephra. Most herbaceous species moved perennating buds into

the tephra. Upward movement was accomplished in many ways, including

upward growth of normally long rhizomes, accelerated elongation of

normally short rhizomes, and perennating bud development on aerial

shoots that penetrated the tephra. Nineteen herbaceous species failed

to move their perennating buds into the tephra; many of these are

forest-dwelling members of the Liliaceae. Herbaceous plants repre-

senting a wide range of morphological types successfully penetrated

tephra deeper than 12 cm; other species representing the same morpho-

logical types failed to penetrate deep deposits. A range of plas-

ticity in several attributes of growth form appeared following burial.

Introduction

Recent developments in plant population ecology have emphasized

the importance of form and mode of construction of plants (Harper and

Bell 1979, White 1979). Specificially, Tomlinson (1982) has
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emphasized the adaptive significance of growth form, particularly the

probable importance for adaptation of plasticity of form. Burial is

one disturbance to which form and its plasticity seem obviously adap-

tive. Several processes bury plants, and a variety of plant responses

to burial have been described (Antos and Zobel 1984); these include

adventitious root formation, upward rhizome growth, and movement of

perennating buds, and demonstrate that variation exists among plants

in their ability to respond appropriately to burial. However, past

studies either included observations of survival only, occurred long

after burial (Griggs 1918, 1919a, b), or used small plots including

few species (Mueller 1941). In this paper we describe, for 137 spe-

cies from four contrasting habitats, changes in growth form which

occurred in the first two growing seasons following burial by 5-20 cm

of volcanic tephra. We provide a classification based on species'

original form and the nature of their response to burial; describe the

relationships among original growth form, response to tephra, taxo-

nomic affinity, and native habitat; and briefly discuss the relation-

ship of plant form and developmental plasticity to success, both in a

volcanic landscape and following other types of burial common in these

habitats.

The 18 May 1980 eruption of Mount St. Helens, Washington State,

USA, produced a wide array of volcanic features and types of distur-

bance to vegetation (Lipman and Mullineaux 1981). Sufficient tephra

(volcanic aerial ejecta) to affect plants was deposited over an exten-

sive area in the southern Washington Cascade Mountains. Most woody

species were large enough to avoid total burial except under special

circumstances (Antos and Zobel 1982); thus shrubs usually survived.

In contrast, the perennating buds of herbaceous plants were buried.

To survive, individual herb shoots either grew through the deposit

annually or moved the perennating structures upward into the tephra.

Long-term success, though, may depend on the ability of an individual

plant to use the tephra; adventitious root development may be very

important. We expected species to vary greatly in the way in which

they cope with burial.
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The literature on vegetation response to volcanic activity is

sparse in general, and no studies specifically address how plants

penetrate tephra deposits. A few workers mention the development of

adventitious roots in tephra (Brown et al. 1917, Griggs 1918, 1919a,

b, Eggler 1948, Smathers and Mueller-Dombois 1974).

Besides volcanism, phenomena such as dust storms, flooding and

sand dune movement also bury plants, but most research has dealt with

change in community composition induced by burial, not how buried

plants respond to the new surface soil. We have reviewed the litera-

ture on plant burial elsewhere (Antos and Zobel 1984). Plants buried

by dust developed rhizomes and new crowns in the deposit (Robertson

1939, Mueller 1941). Some sand dune species require sand accretion

to maintain vigor, and develop vigorous rhizomes and adventitious

roots in the new deposit (Godfrey and Godfrey 1976).

Methods

Our study area is at 46°20'N and 121 °50'W, 20-40 km northeast of

Mount St. Helens along the axis of major tephra deposition during the

eruption of 18 May 1980; it is outside the area devastated by the

lateral blast during the eruption. The climate is wet maritime with a

winter precipitation maximum. Most plants were dug between 1000 and

1400 m elevation, where a deep winter snowpack accumulates. Most

vegetation represents the Abies amabilis zone (Franklin and Dyrness

1973) and is composed of extensive old-growth conifer forests. Recent

clearcuts are interspersed among residual forest. Mesic to dry

meadows occur on higher ridges; some depressions have wet meadow or

bog vegetation. We examined plants in all these habitats. For analy-

sis we will classify each species by the location of its most common

occurrence (and excavation) into forest, clearcut, mesic (dry)

meadow, and wet meadow species.

We examined individuals in the deepest tephra in which we found

that species. Species vary in their ability to penetrate tephra, so

tephra depths of our samples varied; most plants were dug in tephra

from 5 to 20 cm deep. Generally we excavated from one to four
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individuals of each species; the number depended greatly on plant

abundance. Our samples included most of the common herbaceous and

shrubby species in the study area. Almost all plants were excavated

during summer 1981; the few exceptions were added during summer 1982.

We excavated plants down to the surface of the pre-eruption soil

and described the plant parts in the tephra. Specifically, we noted

the location of perennating buds, extent and source of root and rhi-

zome development, degree of new crown development, and which struc-

tures appeared to account for upward movement of perennating buds and

penetration of the deposit. In many cases, we also excavated parts

from the old soil for comparison with the structure in the tephra and

to determine the plant's normal subterranean growth form. For shrubs

we counted numbers of adventitious roots per unit length of stem in

the tephra and recorded the maximum length of adventitious roots.

All nomenclature follows Hitchcock and Cronquist (1973).

Results and Discussion

Shrubs

Rhizome and adventitious root development in tephra varied

greatly among the 28 species of shrubs examined (Table 14). All spe-

cies produced adventitious roots, but about half the species had only

a few small roots. On other species, though, roots were both abundant

and large; on some the adventitious roots constituted a major portion

of the total root system. Adventitious roots also occurred on seed-

lings of most coniferous tree species in the area (Zobel and Antos

1982).

Although a number of these species normally have rhizomes, only

three species had more than trivial rhizome development in the tephra

in 1981 (Table 14). All three had extensive new rhizome systems in

the tephra and appeared to be colonizing spots left open by the demise

of other plants.
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Table 14. Shrub species classified by their relative development of
rhizomes and roots in the tephra with the number of adventi-
tious roots per cm of stem in the tephra and the maximum
observed length of these roots. All data are from summer

1981 (13-15 months after the eruption). The number of
shrubs examined is indicated in parentheses after the spe-
cies' name. ND = no data obtained.

Number
roots/cm of stem

Maximum root
length (cm)

RHIZ (Rhizomes) Species with extensive rhizomes
developed in the tephra

Rubus parviflorus (5) <1

R. spectabilis (5) 2-3

Spiraea douglasii (4) 1-5

8

14

9

AR (Abundant Roots) Species with little or no
rhizome development in the tephra but well
developed adventitious root systems

Alnus sinuata (4) 0.5-5 25

ArctostaphyZos nevadensis (1) 5-10 20+

Lonicera involucrata (3) 4-10 33

Pachistima myrsinites (3) ND ND

Ribes bracteosum (3) 0.5-10+ 16

R. howellii (4) 1-10 16

R. Zacustre (4) 2-5 25

Salix barclayii (4) 3-6 36

S. sitchensis (5) 2-4 30

Spiraea densiflora (4) 1-10+ 17

FR (Few Roots) Species with limited rhizome and
adventitious root development in the tephra

Acer circinatum (2) ND ND

Amelanchier alnifolia (4) 0-0.5 2

Berberis nervosa (3) 0-0.1 3.5

Juniperus communis (3) ND ND

Menziesia ferruginea (5) 0.1-10 6

Phyllodoce empetriformis (3) ND ND

Rhododendron albiflorum (16) 0-0.1 2.5

Rubus ursinus (1) 0.1 1.5

Sambucus racemosa (2) 1-4 9

Sorbus sitchensis (5) 0.5 14

Vaccinium alaskaense (1) 1 3

V. membranaceum (9) 0-1 2

V. occidentale (4) <1-4 5

V. ovalifolium (7) 0.1-0.5 4

Viburnum edule (2) 0.1-2 14
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Herbaceous Morphological Types

Herbaceous plants vary greatly in their normal growth form and

also in their response to tephra burial. We recognized 11 morpho-

logical types based on their response to burial (Table 15); Table 16

lists the 109 species by morphological type.

Some species normally have their perennating buds above ground

and can best be considered trailing "herbs" or erect subshrubs (cate-

gories STOL and SS, Table 16). The long-stoloniferous trailing herbs

may not be buried by shallow tephra since stolons are often supported

by vegetation. Where a plant was buried, erect shoots were produced.

Erect subshrubs also grew straight up through the tephra if the

deposit was deep enough to bury them. Both of these groups acted more

like shrubs than herbs; their shoots are perennial so once they

reached the tephra surface their perennating buds remained out of the

tephra.

Strictly herbaceous plants, those which normally die back to the

ground surface or below annually, can be divided into two groups:

species which had little or no upward movement of perennating buds,

and species which had moved their perennating buds upward into the

tephra (Table 15). We can further divide the first group into those

which consistently died back to the original perennating structures

(DB) and those which showed slight upward movement of perennating buds

(MDB) .

Many species normally spread by long rhizomes; all these had

moved their perennating buds into the tephra. Long-rhizomatous spe-

cies can be separated into monopodial (LR in Fig. 6), and sympodial

(LRS in Fig. 6) species. Almost all upward movement of plants in the

first group (LR species) was from rhizomes which angled upward in the

tephra; normal aerial shoots contributed little or nothing (Fig. 7).

In the other long-rhizomatous plants (LRS species), upward movement

was due, in large part, to upturned (vertical) rhizome tips that

became aerial shoots (Fig. 6, 8); in some cases, an equal contribution

came from rhizomes which angled upward before they turned vertically

to form aerial shoots (Fig. 7). Many graminoids (CU) also had long
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Table 15. Key to morphological types of herbs with respect to the
penetration of tephra. The key is based on both normal
morphology (regular type) and responses observable only
following burial (italicized).

A. Perennating buds aboveground; often partially woody

B. Long-stoloniferous STOL (stoloniferous)

B. Non-stoloniferous SS (subshrubs)

A. Perennating buds at surface or below; all herbaceous

C. Buds seldom produced in tephra

D. Plant dies back to buried soil surface
DB (dies back)

D. Slight upward movement of perennating
bud MDB (mostly dies back)

C. Buds commonly produced in the tephra

E. Long-rhizomatous plants

F. Upward movement due to rhizomes
only LR (long rhizomes)

F. Upward movement due to rhizomes and

normal aerial shoots

G. Upward movement due to culms
(Graminoids) CU (culms)

G. Upward movement not due to
culms LRS (long rhizomes and

shoots)

E. Plants with crown, caudex or short rhizomes

H. New crown, short rhizome, etc. formed

in tephra

I. Crown from culm (Graminoids) CU (culms)

I. Crown not from culm

J. Many roots in tephra CR (crown and roots)

J. Few or no roots in tephra C (crown)

H. No evident crown, etc. in tephra

K. Many roots in tephra NCR (no crown but roots)

K. Few or no roots in tephra NC (no crown)
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Table 16. Herbaceous species by morphological type as defined in

Table 15. The first number after the species name indi-
cates the number of plants sampled. The letter indicates

habitat: F = forest, M = mesic to dry meadow, W = wet

meadow, C = clearcut. The final number is the maximum

depth of tephra from which we excavated the species.

STOL Creeping stoloniferous plants

Linnaea borealis 3 F 8
Rubus Zasiococcus 5 F 18

SS Subshrubs

Antennaria racemosa 2 M 5
Chimaphila umbellata 4 F 14
Haplopappus greenei 1 M 5

Rubus pedatus 3 F 12

Luetkea pectinata 3 F 8
Phlox diffusa 2 M 5
Sedum divergens 1 M 4

DB Plants that die back to the buried soil surface

Athyrium felix-femina 3 F 15
CoraZZorhiza mertensiana 1 F 11

Disporum smithii 1 F 8
Erythronium montanum 3 F 18
Habenaria saccata 1 F 7
Ligusticum grayi 2 M 10
Lupinus latifolius 4 M 18

MDB Plants that die back almost

Castilleja miniata 3 C 5
Epilobium angustifolium 4 C 14
Heracleum Zanatum 3 M 15

Orobanche fasciculata 1 M 6
Osmorhiza purpurea 3 F 12
Polystichum munitum 2 F 9
Smilacina racemosa 4 F 8
Trillium ovatum 3 F 16
Veratrum viride 2 W 17
Xerophyllum tenax 5 F 12

to the buried soil

Lomatium martindalei 1 m 7
Pteridium aquilinum 3 C 12

LR Long rhizomes account for upward movement

Achlys triphylla 4 F 11
Asarum caudatum 3 F 7
CZintonia unifZora 5 F 15
Cornus canadensis 4 F 9
Gymnocarpium dryopteris 3 F 18
Maianthemum dilatatum 3 F 10

Petasites frigidus 3 W 32
Pyrola asarifolia 2 F 4
Pyrola secunda 7 F 5
Smilacina stellata 3 F 8
Streptopus roseus 4 F 13
Trautvetteria caroliniensis 4 F 11

LRS Long rhizomes and aerial shoots contribute to upward movement

Achillea millefolium 2 C 12
AnaphaZis margaritacea 3 C 13
Anemone deltoidea 3 F 8
Arenaria macrophylla 1 M 8
Arnica latifolia 2 F 18
Artemisia Zudoviciana 1 M 15
Epilobium glandulosum 2 M 10
Equisetum arvense 3 W 23

Galium triflorum 1 F 10
Mimulus Zewisii 1 W 15
Mitella breweri 3 F 7
Polemonium pulcherrimum 3 M 12
Rumex acetosella 2 C 10
Stachys cooleyae 3 W 19
Viola palustris 2 W 6
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Table 16. Continued.

CU Culms account for upward movement (all graminoids)

Agrostis exerata 3 C 14
Carex eurycarpa 1 W 13
Carex mertensii 2 C 15
Carex multicosta 4 C 15
Carex rostrata 3 W 14
DactyZis gZomerata 4 C 15
Deschampsia atropurpurea 3 M 10
Deschampsia cespitosa 3 W 13
Elymus glaucus 3 M 13

CR Crown and many roots in tephra

Caltha biflora 4 W 16
Dodecatheon jeffreyi 3 W 16
Fragaria vesca 7 M 12
Hieracium albiflorum 2 C 9
Hydrophyliwn fendleri 1 M 17
Mitella pentandra 3 F 15
Montia cordifolia 4 F 15

Eriophorum gracile 4 W 12
Festuca rubra 4 M 15
Juncus ensifolius 1 W 5
Juncus parryi 1 M 7
Koeleria cristata 1 M 4
Luzula parviflorus 4 C 11
Poa pratensis 3 C 13
Scirpus microcarpus 3 W 16
Sitanion hystrix 1 M 8

Penstemon ovatus 1 M 6
Polygonum bistortoides 1 W 11
PotentilZa drummondii 1 M 6
Senecio triangularis 5 W 15
Taraxacum officinale 1 C 9
Tiarena trifoliata 3 F 17
VaZeriana sitchensis 2 F 16

C Crown but few or no roots in the tephra

Agoseris grandifZora 2 M 9
Aquilegia formosa 2 M 16
Mertensia paniculata 1 M 12

NCR No crown but many roots in the

Aster ledophyllus 1 M 18
Circium vulgare 3 C 13
Heuchera micrantha 1 M 16

Potentilla flabellifolia 1 W 7
SiZene oregana 1 M 7

tephra

Leptarrhena pyrolifolia 1 W 3
Oxalis trilliifolia 3 F 16
Saxifraga punctata 1 W 8

NC No crown and few or no roots in the tephra

Actaea rubra 1 F 20
AdenocauZon bicolor 3 F 14
Erigeron peregrinus 1 M 6
Eriogonum compositum 1 M 12
Goodyera oblongifolia 3 F 6
Listera caurina 3 F 6

Lomatium triternatum 1 M 17
Nothochelone nemorosa 1 M 10
Trifolium longipes 1 M 8
Viola gZabella 1 F 6
Viola orbiculata 1 F 13
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Fig. 6. Two methods of upward movement in long-rhizomatous plants.
LRS: both rhizome and normal aerial shoot contribute to
upward movement (sympodial development). LR: only the

rhizome contributes to upward movement (mostly monopodial

plants).
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rhizomes. In these plants, however, a culm punctured the entire

deposit and formed a new crown near the surface (Fig. 9). Graminoid

rhizomes contributed to spread in the tephra but little to the origi-

nal upward movement of perennating buds (Fig. 7).

Most species with perennating buds affixed to a normally rather

stationary structure, such as a corm, crown, caudex or short rhizome,

moved their buds into the tephra. Some of these species had developed

a new perennating structure in the tephra similar to the one in the

old soil; others had buds in the tephra without the normal perennating

structure (Table 15). All intermediate combinations of characteris-

tics occurred (Fig. 10). These species varied greatly in their extent

of root development in the tephra (Fig. 10; Tables 15, 16).

Variable perannating structures developed in the tephra. All

graminoids developed a new crown from a culm that penetrated the

deposit. New shoots and abundant roots emanated from most of these

crowns. On short-rhizomatous species, the rhizome turned abruptly

upward and elongated rapidly (Fig. 11). In some plants such as

Tiarella trifoliata and Valeriana sitchensis, the internodes (usually

less than 0.5 cm long) reached 4+ cm in length on the upturned seg-

ment; on reaching the surface the rhizome resumed horizontal orienta-

tion and internodes became very short again. Non-rhizomatous species

often developed a new perennating structure on a normal aerial shoot

that penetrated the tephra (Hieracium albifiorum, Penstemon ovatus).

Other plants produced an erect stem rather unlike a typical aerial

stem (often thicker) which yielded a new perennating structure near

the surface (CaZtha biflora, Taraxacum officinale) (Fig. 12). Plants

with buds in the tephra, but without a new typical perennating struc-

ture, had these buds on either an upturned rhizome (TrifoZium

Zongipes, Viola orbiculata), a thick stem dissimilar to both normal

aerial shoots and perennating structures (Eriogonum compositum), or on

a normal appearing aerial stem that failed to die back to the old soil

(Actaea rubra, Erigeron peregrinus).



62

Fig. 8. A long-rhizomatous species in which both rhizomes and normal
aerial shoots contribute to upward movement (LRS species).
Arrows indicate the bottom and top of the tephra layer. The

lines form a 5 cm grid.
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Fig. 9. New crown development on a culm that penetrated the tephra

(CU species). Symbols as in Fig. 8.
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Taxonomic Affinities

Rosaceae and Ericaceae were the only plant families represented

by several shrub species (Table 17). All three species with extensive

rhizome development are Rosaceae. The Ericaceae had limited adventi-

tious root development except for Arctostaphylos nevadensis (Tables 14

and 17).

During summer 1980 (2-3 months after tephra deposition), none of

the Ericaceae examined had adventitious roots while many other shrubs

had already developed them (Antos and Zobel 1984). In 1981, the

amount of adventitious roots on most Ericaceae was still trivial in

comparison to the old root system. We examined four ericaceous spe-

cies (Menziesia ferruginea, Rhododendron aniflorum, Vaccinium mem-

branaceum and V. ovalifolium) in a clearcut, in addition to the forest.

For all four species, adventitious root development was better in the

clearcut. Rhododendron anifiorum had the poorest adventitious root

development of all shrub species analyzed; of the many individuals

examined, only two in the clearcut had developed adventitious roots.

Herbaceous plant families varied greatly in their response to

tephra (Table 17). Most Liliaceae died back totally, showing no

upward movement of perennating buds. Almost half the species with

this kind of response (DB) belong to this family. This was true not

only of species with bulbs or corms, but also short-rhizomatous ones.

Although short dicot rhizomes elongated rapidly when buried, short

rhizomes of monocots and ferns failed to elongate substantially. Four

Liliaceae normally have long rhizomes; these grew at an angle up into

the tephra.

Most Umbelliferae died back to near the old soil (DB, MDB, Table

17). These species have fleshy tap roots.

The Saxifragaceae have a caudex-type structure or rhizome. All

species moved their perennating buds far up into the tephra, but only

some had redeveloped the normal perennating structure (Table 17). All

Saxifragaceae developed roots in the tephra.

Herbaceous Rosaceae and Compositae both have highly diverse

morphological responses (Table 17). The Rosaceae formed a new crown



Table 17. Taxonomic and habitat relationships of morphological types as defined in Tables 14

and 15.

Number of species

Shrubs Herbaceous plants and subshrubs

RHIZ AR FR STOL SS DB MDB LR LRS CU CR C NCR NC

Total number of species
per type 3 10 15 3 6 14 5 12 15 18 14 5 6 11

Taxonomic affinity
Liliaceae - - - - - 6 - 4 -

Saxifragaceae - - - - - - - - 1 2 3

Ericaceae - 1 7 - 1 - - 2 - - - - - -

Umbelliferae - - - - - 2 3 - - - - 1

Compositae - - - - 2 - - 1 4 3 1 2 2

Rosaceae 3 1 3 2 1 - - - - 2 1 -

Habitat of most common occurrence
Forest 2 3 12 3 1 10 - 11 4 4 1 6

Wet meadow (bog) 1 5 1 1 1 - 1 4 6 4 1 2 -

Dry to mesic meadow - 2 2 4 3 2 - 4 6 4 4 2 5

Clearcut - - - - 3 - 3 6 2 - 1

Tephra depth
Less than 8 cm 4 2 2 3 2 3 2 2 1 4

8-11 cm 1 1 5 - 5 5 3 3 1 1 2

12-15 cm 1 1 3 3 2 5 11 4 1 1 3

Greater than 15 cm 1 - 4 - 2 3 1 5 1 3 2
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in the tephra, or had buds above the surface (SS or STOL); none

examined have long rhizomes. The Compositae are represented in most

morphological categories (Table 17).

Habitat Affinities

Many of our morphological types show some relation to habitat

(Table 17). Species that totally died back (DB) and species that

moved upward only by long rhizomes (LR) occurred primarily in the for-

est; they comprised over half of all herbs sampled there. In contrast,

species that moved up by a combination of long rhizomes and aerial

shoots (LRS) were well distributed among the four habitats. The

plants which died back most of the way to the original position of

their perennating buds (MDB) are open site species. Graminoids (CU)

are also open site species; none occurred predominantly in the forest.

Non-graminoid species which moved perennating buds into the tephra but

did not have long rhizomes (CR, C, NCR, NC) were well distributed, as

a group, among habitats. Of seven wet meadow species in these four

types, six produced abundant roots in the tephra; in contrast, only

six of the 15 dry to mesic meadow species did so (Table 17). In gen-

eral, wet meadow species had more and larger roots in the tephra than

did species of other habitats. Shrubs also had better developed roots

in the wet meadow (Table 17). This was probably due, in large part,

to differences in species characteristics; some of this difference

could also reflect better conditions for root growth in wetter tephra.

Survival and Growth Form

Herbaceous species representing all of our morphological cate-

gories penetrated relatively deep (12+ cm) tephra and an occasional

representative of most groups succeeded in tephra greater than 15 cm

deep (Table 17); clearly, there are multiple solutions to the problem

of tephra burial. Species which we excavated only in rather shallow

tephra are also represented in most categories (Table 17); this could

be either because a species cannot penetrate deeper deposits or we
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simply failed to find it in the deeper tephra. The latter is espe-

cially likely for uncommon species. In 15 cm deep tephra only a very

low percentage of individuals of all species survive; thus, uncommon

species become difficult to find. Some species may have been absent

from the areas that received deep tephra. Nonetheless, we feel that

some species representing most of the morphological types failed to

grow through deep deposits. For instance, Juncus ensifolius was abun-

dant in wet meadows where erosion had removed most of the tephra, but

we never found the species in tephra deeper than 5 cm. At the edge of

some erosion channels there was a steep gradient in tephra depth.

Juncus ensifolius was common up to a 3 or 4 cm depth, then abruptly

vanished; in adjacent deeper deposits, excavation revealed numerous

dying shoots that had failed to reach the surface.

Plant height was as important for survival as any other specific

plant characteristic. This is especially clear with graminoids; large

species penetrated 15 cm deposits while some small species were never

observed in more than 5 cm of tephra (e.g., Juncus ensifolius).

Culms that failed to reach the tephra surface were common and repre-

sented many species. Often only one or two culms reached the surface

from a large clump which had initiated many; however, crowns formed on

most culms that reached the surface.

Emergence from tephra, and movement of perennating buds into it,

require a morphological transformation for most plants. Some species

required and demonstrated much greater morphological plasticity than

others. The plasticity of a species is important for surviving

tephra, as in other situations (Tomlinson 1982).

Species varied greatly in the amount of change from normal growth

form necessary to grow through the tephra. Since most herbs are nor-

mally taller than the tephra was deep, normal aerial shoots should

have reached the surface without major morphological changes. Most

shoots failed to do so, indicating that normal aerial shoots are not

especially well adapted to growing through soil-like material. This

could be due to physical inability to puncture the deposit, or adverse

conditions for growth in the altered environment (lower oxygen levels,

for instance). Some species normally have leaves only near the soil
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surface; for these, a morphological transormation was required to move

leaves above the tephra.

Where long rhizomes are the main growth axis (LR species), the

only change required to move perennating buds into the tephra is an

upward curving of the rhizome. Rhizomes often maintain fairly con-

stant depth (Clapham 1945); thus, upward rhizome growth may be an

expression of the normal depth control mechanism. Long rhizomes may

normally be advantageous in colonizing new areas and moving a plant to

better microsites (Bell 1974, Bell and Tomlinson 1980); with burial

they offer the advantage that substantial elongation and new perennat-

ing bud formation are automatic, only the orientation of growth must

be altered. In species where the rhizomes turn up to form aerial

shoots (LRS species), even orientation does not have to be altered.

After an upturned rhizome tip punctures the deposit, the new rhizomes

tend to be formed near the normal depth below the surface; thus, the

plant has simply adjusted its position relative to the new surface.

Survival for such species requires only that they initially pene-

trate the deposit.

Plants with short rhizomes did not move perennating buds upward

by the formation of new crowns on aerial-type stems; instead the rhi-

zomes turned up and elongated. This ability both to change growth

orientation and to elongate internodes represents an important form of

morphological plasticity in these dicot species. Not all short-

rhizomatous species showed the same degree of plasticity; monocots and

ferns had little or none.

Plants with perennating buds in rather fixed positions required

great plasticity of growth form. Many species formed new crowns on

normal aerial stems (e.g., graminoids). Others produced stems in the

tephra quite different from normal, especially those species with

short aerial stems.

Some species that totally died back to the old soil were able to

penetrate deep tephra. We suspect, though, that these plants will be

at a long-term disadvantage. Each year they must penetrate the entire

deposit, producing a repeated energy drain and perhaps delaying

emergence. It is not clear how long plants can sustain this; in the
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end, we suspect that most successful herbs are likely to move their

perennating buds into the tephra.

In general, plasticity of growth form appears advantageous when

plants are buried. There are specific cases, though, where plants

with limited plasticity do well. For instance, Lupinus latifolius had

not moved perennating buds upward from the woody caudex, yet the

annual stems are robust and easily penetrate the deposit. Moreover,

seed production is substantial, and abundant Lupinus seedlings have

established in the tephra. Even if an energy drain eventually

destroys the old plants, seedlings should reestablish the populations.

Our observations indicate that this species may be the most successful

in mesic meadows. In contrast, Xerophyllum tenax, although abundant

in the Cascade Mountains, was conspicuously sparse in the Mount St.

Helens area (Antos and Zobel 1982); this may be due to its lack of

plasticity following previous eruptions.

Observations following other volcanic eruptions have been too gen-

eral or concerned with other topics to draw conclusions about growth

form modification. Griggs (1918) did note that emergence of some spe-

cies (e.g., Rubus pedatus) was delayed for three years. This indicates

that another important form of plasticity is the ability to tolerate

burial fora year or more. We are currently evaluating this possibility.

Mueller (1941) noted considerable variability in the response of

prairie plants to dust deposits, including some morphological changes

we have described. Some differences may be related to growth form,

but she evaluated too few species to draw general conclusions.

Many morphological changes we observed may be of benefit under

normal conditions. Plants can be buried by logs, litter, alluvium or

animal excavations. Leaf litter can have profound effects on forest

understory plants, at least in part due to physical factors (Sydes and

Grime 1981a, b). The transformation from short to long rhizome inter-

nodes, reorientation of rhizomes, production of unusual vertical shoots

and production of crowns and roots near the surface may all be advan-

tageous following a number of common minor disturbances in both forest

and meadow habitats.
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Chapter 4

ECOLOGICAL IMPLICATIONS OF BELOW GROUND MORPHOLOGY
OF NINE CONIFEROUS FOREST HERBS

Joseph A. Antos

and

Donald B. Zobel

Department of Botany and Plant Pathology, Oregon State University,

Corvallis, Oregon 97331

Abstract

Five to ten individuals of nine herbaceous plant species were

totally excavated in old-growth forests in the central Oregon Cascade

Mountains. Underground parts were mapped, measured, oven dried, and

weighed. Additional information was derived from sites in the south-

ern Washington Cascades. Achlys triphylla, Clintonia uniflora, and

Smilacina stellata maintained extensive rhizome systems with both

short and long shoots in a manner analogous to that of some woody

plants. This growth form allows these species considerable flexi-

bility in exploiting the variable forest environment, giving them

potential both for escaping unfavorable spots and keeping shoots and

roots in suitable microhabitats. The three species differed in rate

of extention growth and rooting depth. Rubus Zasiococcus and Linnaea

borealis have extensive stolon systems, with greater potential rates

of spread than the three rhizomatous species. Although they can

rapidly expand under favorable conditions, they may eventually be

partly displaced by taller herbs. Rubus has larger and deeper roots

than Linnaea. Arnica Zatifolia spreads by long rhizomes but these

persist only a few years; thus, extensive interconnected stem systems

do not develop. Tiarella trifoliata, Valeriana sitchensis, and

Erythronium montanum all have minimal vegetative spread; they differ

considerably in root characteristics. Plants representing these three

vegetatively less "mobile" species were still attached to the original
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seedling structure, indicating that seedling establishment is rela-

tively frequent. On the six species with extensive vegetative spread,

we never found a seedling source; genets are older than 5-36 years,

and new genet establishment appears to be an uncommon event. The

growth form differences among the species help to explain their

ability to coexist in the spatially and temporally heterogeneous for-

est floor environment.

Introduction

The ecological implications of plant characteristics are poorly

understood for most species of forest herbs (Bierzychudek 1982), as

are mechanisms that allow coexistence of many understory species.

There are many possible types of niche segregation among forest herbs;

the characteristics of underground organs may allow species to exploit

resources differently. The nature of underground structures controls

a species' vegetative expansion and reproduction, as well as its nutri-

ent and water uptake. Excavations of root systems in a variety of

habitats, especially grasslands, have shown great variability among

species, especially in vertical root distribution (Holch et al. 1941,

Weaver 1919). Much of this variation can be explained in relation to

environment and the partitioning of resources among species (Weaver

1958a, b).

The horizontal development of underground structures is important

in relation to vegetative spread, and appropriate rhizome geometry can

lead to efficient colonization of an area (Watt 1940, Bell 1974, Bell

and Tomlinson 1980). Many plant populations can be considered as a

group of modules which result in large part from vegetative spread by

rhizomes or stolons (Harper and Bell 1979). Vegetative reproduction

is especially important in forest herbs (Salisbury 1942, Whitford

1949, Abrahamson 1980, Winn and Pitelka 1981).

Although many forest herbs spread extensively and reproduce, in

large part vegetatively, others are very fixed in position and repro-

duce strictly by seed (Bierzychudek 1982). Species that spread vege-

tatively vary greatly in extent, method, and pattern of expansion.
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Moreover, the life span of rhizomes varies considerably, leading to

morphologies ranging from single isolated shoots to large intercon-

nected shoot systems. In this paper we examined underground charac-

teristics of nine herbs of contrasting growth form growing in conif-

erous forests. Our specific objectives are: (1) to document the

underground morphology of the species, and (2) evaluate the possible

significance of the various morphologies in relation to a species'

growth and survival in the forest.

Methods

The nine species we examined are common in coniferous forests of

the Cascade Mountains. They were originally chosen to examine growth

form changes resulting from burial by volcanic aerial ejecta from the

1980 Mount St. Helens eruption. Most of the data for this paper come

from plants used as controls for that study, while a few data come

from areas affected by volcanic activity.

The principal study site was located in the central Oregon Cas-

cade Mountains at 1400 m elevation in the H.J. Andrews Experimental

Ecological Reserve (EER). The site was on an approximately 10° north-

west slope in old-growth forest dominated by Abies amabilis,

A. procera, Pseudotsuga menziesii, and Tsuga heterophylla. The site

had a well developed herb layer with almost 100% cover over much of

the area; many species were present, approximately ten of which were

common. Small trees of Abies amabilis were numerous but the shrub

layer was poorly developed. The vegetation represents the Abies

amabilis zone, where temperatures are cool and deep winter snowpacks

accumulate (Franklin and Dyrness 1973, Zobel et al. 1976). The cli-

mate is wet maritime with precipitation concentrated in winter. Most

plants were examined at this site but a few individuals were excavated

in similar forests a few kilometers away. One species (Erythronium

montanum) does not occur on the Andrews EER; we examined it at Monu-

ment Peak, 45 km farther north. The forest at Monument Peak was

younger but in other ways similar to that at the Andrews EER.
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The second major study location was northeast of Mount St. Helens

in an area of Washington State affected by the 1980 eruption. We

originally examined plants at this location to determine how they

responded to tephra deposits from the volcano. We will use data only

from parts of these plants that formed prior to the eruption, and

which should not have changed as a result of burial. Data from this

area are used only to augment observations from the primary study

sites. The St. Helens plants were also excavated in old-growth for-

ests of the Abies amabilis zone. The tree canopy in the study area

was not seriously damaged by the volcanic eruption but about 15 cm of

volcanic aerial ejecta was deposited on the forest floor.

The nine species selected for study (Achlys triphylla, Clintonia

uniflora, Smilacina stellata, Arnica Zatifolia, Rubus Zasiococcus,

Linnaea borealis, Tiarella trifoliata, Valeriana sitchensis, and

Erythronium montanum) were chosen because of their differences in

growth form and their common occurrence in the area affected by Mount

St. Helens. The effects of volcanic burial on these species will be

presented in a separate paper.

At the Andrews and Monument Peak sites we totally excavated ten

individuals for five species and between five and nine individuals for

the other four species. About half of the plants were excavated in

September 1981 and the other half in September 1982. Individuals were

chosen by selecting a shoot that was in good condition (i.e., rela-

tively free of animal or other damage). Starting at this shoot we

carefully excavated all connected plant parts. For some plants this

represented only a short rhizome with one or two shoots, while for

others the shoot was one of many attached to an extensive rhizome or

stolon system. We mapped the rhizome (stolon) system of all plants.

On the maps we noted the positions of shoots and major roots, yearly

growth increments, and any other characteristics of interest. We will

use the term "segment" to refer to an annual growth increment. We

recorded root length, depth, and extent of branching; rhizome depth,

diameter, and length; shoot height, number of leaves, and leaf area;

and total area covered by the entire plant. For all plants we esti-

mated leaf area in the field; for about half these we also obtained
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area of dried leaves using a leaf area meter. The values were similar

and we have chosen to use the field estimates. All measurements were

made in the field; plants were then washed, separated into major

parts, and frozen within a few hours of excavation. Plants were

eventually oven dried at 70 C to constant weight (about 24 hours in

most cases) and weighed.

At the St. Helens sites we used very similar methods. Instead of

freezing the plants, we oven dried them immediately. The plants were

excavated during the summers of 1981 and 1982.

We successfully excavated all rhizome and stolon tissue on plants

used in the analysis. We attempted to excavate entire root systems

but this proved impractical. Much of the root mass was lost for two

species with very brittle roots.

From the field measurements and maps we summarized many plant

characteristics. Since the species differ greatly in growth form,

many characteristics are not strictly comparable among species. We

first describe overall plant size and proportions, then the individual

species and some differences and similarities among species, and

finally we discuss how species characteristics may relate to resource

exploitation in the forest.

All nomenclature follows Hitchcock and Cronquist (1973).

Results

Plant Form and Size

The nine species vary greatly in growth form and size (Table 18).

AchZys triphylla, Clintonia uniflora, and Smilacina stellata have long

rhizomes which often persist for many years, and ephemeral aerial

shoots. The long stems of Rubus Zasiococcus and Linnaea borealis

result from rapidly growing stolons which persist for many years.

Rhizomes of Arnica Zatifblia also elongate fairly rapidly but are

shorter because they die sooner. Tiarella trifoliata and Valeriana

sitchensis have short rhizomes and very limited vegetative spread.



Table 18. Mean and range (in parentheses) of individual plant values for characteristics that are comparable among the eight

species examined in the H.J. Andrews Experimental Ecological Reserve, Oregon. n indicates number of individuals

excavated.

n:

Species

Achlys Clintonia Smilacina Arnica Rubus Linnaea Tiarella Valeriana

triphylla uniflora stellata latifolia lasiococcus borealis trifoliata sitchensis

9 10 7 9 10 5 10 10

Rhizome or stolon
length (cm)

355 246 806 75 164 584 12 22

(39-637) (46-813) (321-2621) (14-177) (44-521) (238-967) (2-39) (3-51)

Number of shoots 5.4 4.9 21 1.8 7.4 41 1.2 2.4

(1-11) (1-16) (7-63) (1-4) (2-25) (19-64) (1-2) (1-4)

Number of leaves 5.4 10.0 201 7.9 19.8 325 7.1 10.6

(1-11) (2-31) (47-432) (4-14) (4-63) (150-550) (4-12) (5-17)

Number of roots 247 34 1350 14 16 29 14 46

(44-440) (7-90) (422-4000) (5-27) (6-31) (7-62) (5-25) (18-116)

Maximum root 21 35 25+ 22 45 28+ 36 25+

length (cm) (15-34) (22+-71) (15+-34) (8+-38) (28-65) (20+-39+) (16+-59) (20+-30+)

Maximum root 19 29 23+ 18 31 25+ 21 22+

depth (cm) (10-30) (20+-65) (15+-30) (7+-37) (15-47) (20-30+) (10-35) (18+-30+)

Number of roots per cm 0.84 0.17 1.68 0.21 0.14 0.05 1.76 3.23

of rhizome or stolon (0.56-1.13) (0.11-0.25) (1.12-2.44) (0.12-0.36) (0.04-0.26) (0.03-0.06) (0.71-3.57) (0.36-9.20)

Minimum rhizome (stolon) 1.2 0.9 2.1 1.0 0.9 0.6 1.3 2.1

diameter (mm)

Maximum rhizome (stolon)
diameter (mm)

Rhizome or stolon

2.7 1.4 3.9 2.1 1.6 1.5 3.2 4.5

4.88 1.10 12.37 0.50 0.87 2.04 0.31 0.75

dry weight (g) (0.70-10.00) (0.14-3.87) (4.23-38.69) (0.09-1.14) (0.22-3.36) (0.78-3.61) (0.03-1.12) (0.09-1.95)



Table 18. Continued.

Species

Achlys
triphylla

n: 9

Clintonia
uniflora

10

Smilacina
stellata

7

Arnica
latifolia

9

Rubus
lasiococcus

10

Linnaea
borealis

5

Tiarella
trifoliata

10

Valeriana
sitchensis

10

Root dry weight (g) 1.15 0.94 2.66 0.15 0.69 0.41 0.27 0.80

(0.28-2.20) (0.11-2.75) (0.81-6.72) (0.01-0.60) (0.11-3.00) (0.25-0.64) (0.07-0.74) (0.28-1.58)

Leaf dry weight (g) 1.28 0.61 2.30 0.23 0.68 1.26 0.18 0.69

(0.27-2.49) (0.10-2.14) (0.40-7.30) (0.08-0.38) (0.15-2.32) (0.54-2.34) (0.08-0.33) (0.27-2.32)

Leaf area (cm
2
) 493 239 1045 101 190 353 66 224

(95-950) (60-875) (246-3300) (30-160) (70-470) (65-750) (35-140) (110-600)

Rhizome or stolon dry 1.40 0.41 1.58 0.69 0.53 0.35 2.25 3.56

weight per unit length (1.15-1.80) (0.30-0.51) (1.19-2.48) (0.34-1.06) (0.34-0.79) (0.30-0.44) (1.25-3.50) (1.55-6.00)

(Om)

Maximum leaf
height (cm)

26 5 18 12 6 7 8 14

(18-32) (3-7) (15-23) (9-19) (5-8) (6-8) (4-11) (10-24)
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Erythronium montanum has a short corm-like structure which is fixed in

position.

The three species which maintain extensive rhizome systems

(Achlys triphylla, Clintonia uniflora, and Smilacina stellata) all

have dimorphic annual segments. Short rhizome segments form short

shoots which produce leaves in approximately the same position annu-

ally. Long shoots expand the plant into new areas. Short shoots can

(1) occur as side branches of long segments, (2) occasionally be

terminal to a long segment, and (3) produce a long segment. For all

three of these species, we never found indications of a seedling loca-

tion on a plant, indicating considerable genet age.

Plant size, as indicated by rhizome length, number of shoots,

number of leaves, number of roots, and weight of the different parts,

varied greatly both among and within species (Table 18). For most

species, size varied among individuals by over an order of magnitude.

In many species, plant size was skewed, with the mean greater than the

median, often due to one to three exceptionally large plants (Fig.13).

This was especially clear with CZintonia and Smilacina.

Relative dry weight of the three major parts of the plants varied

considerably (Fig. 14). Clintonia, Rubus, and two short-rhizomatous

species had the largest relative root weight; Erythronium had minimal

roots. The long-rhizomatous species generally had the lowest percent

dry weight in leaves.

Leaf height varied considerably among species, with Achlys and

Smilacina having the tallest leaves and Clintonia the shortest (Table

18).

Species Characteristics

Achlys triphylla - Large leaves arise directly from subterranean

rhizomes; stems emerge above ground only when a rhizome tip turns

upward to yield an inflorescence. First year rhizome segments are

uniformly white, while older segments are longitudinally striped and

brownish. Long segments were the longest among our three rhizomatous

species that maintain an extensive rhizome system (Table 19).
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Fig. 13. Total rhizome (stolon) lengths of individuals by species at

the H.J. Andrews EER, Oregon.
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Table 19. Characteristics of long-rhizomatous species at the H.J. Andrews EER, Oregon, and Mount
St. Helens site, Washington (means and ranges, in parentheses, for the number of
plants indicated by n). ND = no data.

Achlys triphylla Clintonia uniflora Smilacina stellata

Andrews St. Helens Andrews St. Helens Andrews St. Helens

n: 9 8-10 10 8-11 7 17

Percent of rhizome seg-
ments which are short

Average long seg-
ment length (cm)

ND

17.1

(13.0-26.5)

ND

16.7

(8.0-28.8)

57

(38-79)

14.0

(11.4-16.5)

53
(11-79)

8.0
(4.4-11.5)

59

(49-63)

15.2

(13.5-18.2)

54
(33-73)

10.8

(7.0-16.5)

Maximum long seg- 35 40 21 14 25 19

ment length (cm) (17-47) (18-65) (16-29) (7-21) (22-34) (11-28)

Minimum rhizome 1.4 ND 1.4 ND 0.9 ND

depth (cm) (0-3) (-02) (0-2)

Maximum rhizome 11.4 ND 6.9 ND 8.9 ND

depth (cm) (5-20) (2-12) (6-12)

Number of new long 1.8 ND 0.9 ND 7.7 ND

rhizome segments
per plant per year

(0-5) (0-4) (3-21)

Number of years 14+ 13+ 12 17 14 13

represented by
rhizome segments

(7-36) (6-20) (5-22) (10-24) (12-18) (8-22)
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Internodes are often about 1 cm long and are easily deliniated on

younger rhizome segments by the small scales at the nodes. Annual

increments are indicated by a group of short internodes. On older

rhizomes, annual increments can be hard to distinguish because few

scales are present. Our conservative estimate indicates plants at the

Andrews EER averaged 14 years of live rhizome. One had 36 annual rhi-

zome segments (Table 19), the oldest datable live tissue we found.

The genet age cannot be determined since dead rhizome segments vanish

in a year or two.

The rhizome system can be complex (Fig. 15). Leaves do not

necessarily form at the end of a rhizome (long or short) every year.

On one plant all leaves were on short shoots on older rhizome, while a

vigorously growing rhizome had none. The rhizomes are tough, flexible,

and difficult to break. They generally occurred 1-12 cm deep but can

reach 20 cm. Often rhizomes varied considerably in depth in a short

distance for no obvious reason. An average plant annually produced

just under two new, long rhizome segments and five leaves (Tables 18,

19).

Achlys roots are distributed all along the rhizome, both at the

nodes and on the internodes. They are often absent on the new white

segments, but appear to reach full size in the second year. Although

initial root growth is rapid, there appears to be little, if any, sub-

sequent growth even though the roots persist for years. The roots are

thin, well branched, and radiate in all directions from the rhizome.

Maximum root length on a plant averaged 21 cm, but most roots were

much shorter (Table 18), and rarely exceeded 20 cm in depth. Some

older rhizome segments bear few roots, so there is a tendency for

roots to be concentrated on the new parts of the rhizome system.

Overall, the rhizomes averaged a little less than one root per cm, with

about 250 roots per plant (Table 18).

Clintonia uniflora - This rhizomatous member of the Liliaceae

produces an above ground stem only during flowering. The new rhizome

segments are often about 2 mm in diameter, but soon slough part of the

cortex to become thin, tough strands approximately 1 mm in diameter.

Annual segments have no scales or other markings and may represent a
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RHIZOME SEGMENT

1----30 cm--1

DEAD
SOURCE

Fig. 15. Diagram of a slightly larger than average Achlys triphylla

at the H.J. Andrews EER. Number of roots per segment is

indicated by the numerals.



84

single internode. Rhizome segments on the Andrews EER plants were

longer than those at St. Helens (Table 19). The segments were much

shorter and weight per unit of rhizome length less than for Achlys

(Tables 18, 19).

The plants are composed of a mixture of short and long shoots

(Fig. 16). The Andrews EER plants averaged 40 total segments of which

24 were short. Living rhizomes averaged 12 years old at the Andrews

EER and 17 at St. Helens (Table 19). The plants averaged fewer than

one new long rhizome segment (Table 19). Under adverse conditions the

rhizomes apparently fail to elongate and the plants persist with

leaves confined to short shoots.

The end of each segment is distinctly swollen in CZintonia. One

to three leaves are almost always produced at the end of new segments,

in contrast to the frequent lack of leaf formation in Achlys. Nor-

mally two roots are produced at the end of each new segment; no roots

are produced within an annual segment. Roots averaged 15 cm long and

had few branches. The roots were longer and went deeper than for the

other long-rhizomatous plants (Table 18). The roots seem to grow

mostly during the first two seasons.

Smilacina stellata - Smilacina plants were considerably larger

than either Achlys or Clintonia (Table 18). One plant from the

Andrews EER had 26 m total rhizome length (Figs. 13, 17). The rhi-

zomes were robust, from 2 to 4 mm in diameter, and heavier per unit

length than those of Achlys (Table 18). In contrast to Achlys and

Clintonia, Smilacina produces vegetative aerial stems. These determi-

nate, annual shoots normally have seven to nine leaves and occasion -.

ally produce flowers at the tip. The shoots leave a large distinctive

scar on the rhizome. Aerial shoots are produced on both long and

short rhizomes most years, but occasionally they are not, especially

on the new long rhizome segments. Branching is common and occurs in

the same way as in Achlys and Clintonia in relation to short shoots

(Figs. 13, 18). Long shoot segment length was intermediate between

Achlys and Clintonia, the plant age was similar (Tables 18, 19). Just

over half of the rhizome segments were short (Table 19).
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Fig. 16. Diagram of a large Clintonia unifiora (510 cm total rhizome
length) at the H.J. Andrews EER. Dashed lines indicate roots
with the length (cm) indicated at the end of each.
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Fig. 17. Diagram of a very large Smilacina stellata with 26 m of
rhizome, 58 shoots, 432 leaves, and 21 new long rhizome
segments. The plant was apparently in a favorable micro-
site where extensive branching was possible. The plant

represents 17 years of growth. The numbers of annual seg-
ments in short rhizome sections are indicated by the
numerals.
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Fig. 18. Diagram of a rather small Smilacina stellata with 3.7 m of
rhizome, 11 shoots, 5 new long rhizome segments, and 12
years of rhizome segments. The number of roots per segment

is indicated. Dashed lines represent sinker roots with
lengths (cm) indicated at the ends.
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The roots of Smilacina are dimorphic. A large vertical root

occurs at the junction between some segments; numerous small roots

occur all along the rhizome. The small roots averaged 1.7/cm of rhi-

zome, were rarely more than a few cm long, and emanated in all direc-

tions from the rhizome. The "sinkers" represented less than 4% of

the roots, but can reach 34 cm in length and may survive many years.

Roots appear to develop fully in the first year or two and then gradu-

ally die so that old rhizome segments bear few-or none (Table 20).

The small roots exceeded 2/cm of rhizome during the first three years,

but by the seventh dropped below 1/cm (Table 20).

Table 20. Mean number of short and long rhizome segments, total
length of long rhizome segments, and number of short and
long roots per plant, by year of origin, for three
Smilacina stellata individuals with 12, 12, and 16 years

of surviving segments.

Age of
segment
(yrs)

Number
of short
segments

Number
of long
segments

Total long
segment
length
(cm)

Number
of short
roots

Number
of long
roots

1 8.3 4.0 63 147 4.3

2 7.0 4.0 57 150 5.7

3 6.3 3.0 43 91 3.3

4 5.7 2.3 37 60 3.0

5 4.7 1.7 24 30 1.3

6 4.0 1.7 26 37 0.3

7 3.0 1.3 19 9 0.7

8 2.7 1.3 11 3 1.0

9 2.0 1.3 18 8 0.3

10 1.3 2.0 24 1 0.7

11 0.3 2.0 18 3 1.3

12 0.3 1.3 13 1 0.7

13 0.6 0.3 1 0 0.0

14 0.0 0.3 5 0 0.0

15 0.0 0.3 1 0 0.0

16 0.0 0.3 8 0 0.0

Arnica latifolia - Arnica latifblia produces long rhizomes but

they are very different from those of the preceding three species.

Instead of producing determinate, ephemeral aerial shoots, Arnica
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forms aerial shoots from upturned rhizome tips, which may persist for

a number of years (i.e., sympodial growth). New rhizomes arise from

the base of the vertical part of old rhizomes. Rhizomes can branch

underground without aerial shoot formation, but most branching occurs

when more than one new rhizome arises from the base of an aerial shoot.

Age of aerial shoots can be determined with fair reliability, but age

of rhizomes is difficult to determine. It appears that most plants

included fewer than ten years of live rhizomes.

Arnica plants had much smaller rhizome systems than AchZys,

Clintonia, or Smilacina (Table 18), largely due to shorter rhizome

life. The other three species have tough, flexible rhizomes, but

Arnica rhizomes are very weak and brittle. Arnica rhizomes do not

produce short shoots; the persistent aerial shoots are the closest

analog. About 12% of the stem was above ground, but this percentage

was highly variable among individual plants (Table 21). The average

number of rapidly growing rhizome tips was higher than that on either

Achlys or Clintonia (Tables 19, 21), despite the much smaller average

plant size. Non-vigorous rhizome parts apparently do not survive on

Arnica; either the rhizomes are growing rapidly or have died.

Arnica root development is more variable than in.AchZys,

Clintonia, or Smilacina. Roots varied greatly in size, number, and

position (Table 18). As with the rhizomes, the roots are brittle and

do not give the impression of durability.

Rubus Zasiococcus - In contrast to the preceding species, Rubus

Zasiococcus spreads vegetatively by stolons which grow on the soil

surface. The stolons grow very rapidly (Table 21), more so than rhi-

zomes of Achlys, Clintonia, or Smilacina (Table 19). The annual

increments can be discerned for the first year or two, after which the

pattern is obscured in part by minor amounts of secondary growth. The

stolons generally were 1 to 1.5 mm diameter (Table 18); some old

stolons can reach 2 mm. Stolons grow on the surface but eventually

become covered by a few cm of litter (Table 21); 35% of the stolon

length was above the litter. We suspect the deeply buried stolon

parts are ten or more years old. The frequent short stolons normally
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die, but occasionally they grow out to form new long, rapidly growing

stolons.

Table 21. Mean and range (in parentheses) for characteristics of
three species with stolons, or long rhizomes that emerge

above ground. Data are from the H.J. Andrews EER, Oregon.

ND = not determined.

Species

Arnica Rubus Linnaea

Zatifolia lasiococcus borealis

Percent of stem length above
litter

12

(1-31)

35

(9-67)

51

(36-59)

Maximum rhizome (stolon) 8 3.1 2.7

depth (cm) (2-15) (2-6) (1.5-4.0)

Number of rapidly growing 2.3 2.6 2.2

rhizome or stolon tips (1-5) (1-6) (1-4)

Maximum current year extension ND 40 38

growth (cm)

Average root length (cm)

(25-65) (26-58)

9 13 11

(5-17) (9-19) (8-14)

The roots on Rubus lasiococcus vary greatly in size (Fig. 19).

There are often many small roots and a few much larger ones. The

large roots tend to occur on the older parts of the plant. Maximum

root length of Andrews EER plants averaged 45 cm and maximum depth

averaged 31 cm. On one of the St. Helens plants a root reached 85 cm

in length and 50 cm in depth. The roots appear to grow in length and

diameter as long as they live and can reach 2 mm in diameter, the same

size as the largest stolon. Many plants had one to three very large

roots on thick stolon segments. From these old stolons new stolons

grow out rapidly, but many of these die, apparently when conditions

become unfavorable. Eventually large roots are produced on a new

stolon, presumably in a favorable microsite, and the connection to the

original large roots is lost.
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Fig. 19. Diagram of a Rubus lasiococcus of approximately average size
(171 cm of stolon). A circle at the end of a dotted line
represents a leaf. Dashed lines represent roots and the
number at the end indicates the root length (cm).
DE = Dead End (stolon that has died back).



92

Linnaea borealis - The stolon system on Linnaea had over three

times the total length of Rubus (Table 18). Some of this length was

attributable to the frequent, short side branches which comprise 40%

of the total stolon length. Main branches with rapidly growing tips

were less frequent than for Rubus (Table 21); as with Rubus, they

form when a short branch starts to grow rapidly. Stolon age is diffi-

cult to determine after the first two or three years. Over 50% of

stolon length was above the litter and stolons were not buried quite

as deeply by litter as were Rubus stolons (Table 21), indicating that

Linnaea stolons may not survive as long. The stolons were 0.6-1.5 mm

diameter and weighed the least per unit length of any species exam-

ined (Table 18). The older stolons are larger; apparently they

increase in diameter, to some extent, by secondary growth. Linnaea

belongs to the Caprifoliaceae, cbmposed almost exclusively of shrubs.

Stolon growth rate was about the same as for Rubus (Table 21).

Linnaea roots are scattered all along the stolons. Large roots

occur especially on the older stolons. Sometimes there is a large

root at the oldest end of the plant, but not as frequently as with

Rubus. The roots extend both down and laterally from the stolons.

The number of roots per unit length of stolon or rhizome was the low-

est of any of the species examined (Table 18).

Tiarella trifoliata var. unifoliata - In contrast to the species

previously discussed, Tiarella does not spread appreciably by vegeta-

tive means. Its rhizomes averaged only 12 cm long, although they can

reach 39 cm (Table 18). The rhizomes occasionally branch, but most

plants had only one shoot. Most rhizome internodes are very short,

but occasionally long internodes occur. Burial by litter may induce

long internodes; we observed one plant with a series of long inter-

nodes under a piece of fallen bark. Rhizome diameter is highly vari-

able; generally long internode sections are the thinnest. The range

of average rhizome diameter at the Andrews EER was 1.3-3.2 mm; we

found segments as thin as 1 mm and as thick as 5 mm. The new rhizome

tip remains at the soil surface. The older parts of the rhizome were

buried by litter to an average depth of 3.4 cm (the maximum depth

observed was 8 cm), slightly deeper than for Rubus or Linnaea (Table
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21), suggesting that the live parts of Tiarella reach greater age.

Annual increments are not distinguishable on the rhizome, so plants

cannot be aged. Seventy percent of the plants began with what

appeared to be the original seedling source of the plant; the oldest

part of others was dead.

Roots occur all along Tiarella rhizomes but most roots, espe-

cially the larger ones, are concentrated on older parts of the rhi-

zomes. Often two very large roots occur at the oldest end of a

rhizome, apparently the location of the original seedling. The roots

are tough and very finely branched. Maximum root length on the

Andrews EER plants averaged 36 cm and reached 59 cm (Table 18). One

of the St. Helens' plants had a root 65 cm long. Maximum root depth,

though, averaged only 21 cm. The largest roots exceeded 1 mm in

diameter.

VaZeriana sitchensis - The rhizomes of Valeriana are short, but

longer and more branched than for Tiarella (Table 18). Growth is

sympodial with rhizome branching occurring when a rhizome tip turns

up to form an inflorescence; new rhizomes then form from lateral buds

on the upturned rhizome. On Tiarella, inflorescences come from

lateral rhizome buds and growth appears to be monopodial. Rhizomes

of an average Valeriana plant ranged from about 2 to 4.5 mm in diame-

ter (Table 18) and can reach 6 mm. The rhizome meristem occurs at the

soil surface; average depth of the old end was only 1 cm. Rhizomes

cannot be accurately aged, but the depth of burial indicates that they

do not live nearly as long as Tiarella rhizomes. The oldest end of

40% of the plants was a thin section of rhizome which appeared to be

the original seedling source of the plant; the other plants terminated

in rotted off rhizome.

Root abundance of Valeriana was extremely variable, both in number

per plant and number per unit length of rhizome (Table 18). The roots

radiate from the rhizome in all directions; most angle downward. Few

roots remain in the duff layer. The roots are large, often 1 mm in

diameter, and branch sparingly except near the end. Since the roots

are very brittle and difficult to excavate, data on lengths and depths

are minimum estimates.
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Erythronium montanum - We did not detect any means of vegetative

spread in this species, which is consistent with observations by

Applegate (1935), but contrasts with some stoloniferous Erythronium

species (Holland 1974, Morley 1982). Flowering plants were larger in

most respects than vegetative plants (Table 22). The plants usually

have one leaf if vegetative, and two leaves when flowering. The

leaves come from a vertical to coiled corm approximately 6-9 cm below

the surface. The corms averaged about 7 cm in length and were made up

of two parts: (1) a current segment largely composed of a fleshy

bulb-like scale, and (2) a chain of old, roughly isodiametric seg-

ments. The latter part usually comprised slightly over half the total

length. The corm segments represent annual growth increments, so it

is possible to obtain the age reached by living material and a mini-

mum estimate of plant age. At the oldest end of the corm about 10% of

the plants had a small linear segment which we believe indicates the

seedling. The Monument Peak plants had an average of 13 live segments

and an average minimum age of 15 years, including attached dead seg-

ments. Counting both live and attached dead corm segments, the St.

Helens' plants had an average minimum age of 17 years, with one plant

reaching 39 years; the number of live corm segments reached 25.

Erythronium roots are very brittle and hard to excavate so our

values for these are minimum estimates. It is obvious, though, that

Erythronium has less root development than the other species examined

(Tables 18, 22; Fig. 14).

Discussion

The forest is a highly heterogeneous environment in both space

and time. Many experiments have shown that herbs in forest under-

stories are inhibited by more than just dim light (Tourney 1929,

Tourney and Kienholz 1931, Anderson et al. 1969). Herbs can be limited

by moisture deficiency resulting from both competition with tree roots

and canopy interception (Anderson et al. 1969). The soil varies due

to both initial substrate differences and variation in both type and

quantity of litter input. Logs can offer major obstacles to spread of
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Table 22. Mean and range (in parentheses) for characteristics of five
vegetative and five fruiting Erythroniwn montanum plants
excavated at Monument Peak, Oregon, in August.

Vegetative
plants

Fruiting
plants

Corm length (cm) 6.2 7.5

(4.5-7.5) (6-10)

Number of roots 17 18

(10-30) (12-32)

Maximum root length (cm) 9+ 6+

(9+-10+) (4+-10+)

Maximum root depth (cm) 11+ 12+

(5+-15+) 9+-15+)

Number of live corm segments 11 13

(7-17) (7-18)

Corm dry weight (g) 0.226 0.335

(0.124-0.390) (0.224-0.443)

Root dry weight (g) 0.004 0.004

(0.001-0.007) (0.002-0.007)

Leaf dry weight (g) 0.062 0.118
(0.041-0.098) (0.052-0.262)

Capsule and peduncle dry weight (g) 0.093
(0.032-0.220)

Leaf area (cm
2
) 31 58

(24-45) (30-100)

herbs, but once largely decomposed, they can be ideal locations for

rhizome growth and provide pathways for unidirectional spread. Given

the variable nature of the tree canopy, especially in old-growth for-

ests like those we sampled, the multiple ways in which the canopy

affects herbs, and the variability of the substrate, the forest floor

environment clearly is heterogeneous for more than one resource. The

existence of herbaceous species of very different growth forms may, in
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part, relate to this heterogeneity; some growth forms may be more

successful than others in a given microsite.

How does a species spread to new favorable microsites? Erythron-

ium montanum, Tiarella trifoliata, and Valeriana sitchensis must move

by seed if the distance is more than a few cm. In order to spread

successfully, these plants must flower adequately, flowers must be

pollinated or the plant agamospermous, enough energy must be available

for adequate flower and seed development, seeds must be dispersed to

favorable microsites, and finally plants must establish from seed in

the often adverse conditions of the forest floor. There can be prob-

lems at all these stages, especially considering the generally

depleted resources available to forest herbs. Species that spread

solely by seed should be most common in open forests where resources

for seed production should be more abundant. The alternative, vegeta-

tive spread is apparently the major method of reaching new favorable

sites for six of our nine species. Seed must be important in crossing

large adverse areas, but at a scale of a few meters seedlings may have

little importance.

Of species that do spread vegetatively, some stay more connected

than others (Cook 1979, Newell 1982). We can consider many herbaceous

plants with connections as composed of units containing an aerial

shoot, an associated rhizome or stolon segment, and its roots.

Although connections cost energy to maintain, they provide a number of

potential benefits. The pooling of resources, especially under

adverse conditions, could be highly beneficial; excess resources

derived from a number of connected units may be required to support a

single new rhizome or a single inflorescence. Unfavorable areas could

be crossed by using resources derived from a large shoot system.

Resources exported from a large shoot system could be concentrated on

rapid expansion into a newly encountered favorable microsite. Since

rapid, unpredictable changes in available resources may occur, a large

connected system would be more apt to (1) have shoots present in an

originally adverse area since connections may have maintained them

there, and (2) be able to colonize effectively the newly formed favor-

able spot using resources derived from many shoots and roots.
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Microsites with favorable soil conditions may be spatially separated

from those with abundant light; thus a connected system would allow

combined use of these resources. Since damage to individual shoots

such as grazing or pathogen attach may vary erratically, connections

may allow temporarily damaged units to survive without greatly

increasing the risk of mortality in undamaged units. A unit causing a

continuous drain on the system could be shed before greatly increasing

mortality risk of other units. In general, connectedness may be an

advantageous way of maintaining units which are marginally profitable

at present, as a bet that future environmental improvement will occur,

and as a way to integrate spatially separated resources.

All our species with pronounced vegetative spread maintained

extensive connections except for Arnica latifblia, which also had the

weakest roots and rhizomes. Minimal energy may be invested in these

structures initially or allocated to maintaining them. This could

free energy for rapid growth under favorable conditions or mainte-

nance in adverse situations. Short-lived, low cost connections may be

advantageous where microsites are temporally stable or resources are

not spatially separated.

Differences in rhizome characteristics and relationships to leaf

area may be important in allowing species to use resources differently

and may facilitate coexistence. Species with limited vegetative

spread had the largest amount of leaf area per cm of rhizome or stolon.

The other species had similar amounts of leaf area per unit of stem

except for the low ratio of Linnaea. Achlys, Smilacina and Arnica had

low leaf area per g of rhizome. Rhizome or stolon weight per unit

length was lowest in Linnaea and Clintonia.

Our method of selecting sample plants resulted in a bias for

larger plants in species with multiple aerial shoots. Because we

selected an individual shoot, a plant's prospects for selection were a

direct function of the number of shoots it had. Consequently, we were

apt to miss young plants with only a few shoots. Nonetheless, of 129

plants excavated of the six species with extensive vegetative spread,

none could be traced to a seedling source. Even with the size bias,

we feel that this indicates seedling establishment is uncommon and
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genets may attain great age. The 47 plants of Clintonia uniflora and

Smilacina stellata (species we could accurately age) represented a

grand total of 623 years of growth, yet during none of these years did

a plant begin as a seedling. We suspect that some genets reach sev-

eral hundred years in age. Seedlings occur but they may be both

uncommon and restricted to specific microsites. Mortality is probably

high among young genets. A successful genet, after many years, may

comprise many separate plants scattered over many square meters of

forest floor, growing in microsites representing a wide range of

favorability. Thus, the genet has very high prospects of survival

even if individual plants do not. If a plant has a probability x of

dying in a given year and n represents the number of plants com-

posing the genet, then the probability of a genet dying is xn if

plant mortality is independent (i.e., the cause of mortality is spa-

tially limited so that only one plant is lost). Even if x is large,

n does not have to be very large for the chances of genet death to

become nil. For instance, if x is 0.2 and n = 10, the probability

of genet death is only 1 x 10
-7

. In essence, the risks have been

spread out. Even though some mortality factors operate on a large

spatial scale, many others are very localized so the risk of genet

death is greatly decreased in large genets. This assumes that the

genet is not under some overall selective disadvantage in the stand.

The five species which maintain extensive rhizome or stolon

systems overlap considerably in distribution at the Andrews EER

(Zobel et al. 1976). Their distributions are all centered at the cold

end of the temperature gradient except for Linnaea, which is centered

toward the hot end but occurs all across the gradient. Clintonia,

Smilacina and Rubus have the same distribution pattern; AchZys is

similar but more widespread. Arnica and Tiarella have similar distri-

bution patterns. Even though these species greatly overlap in habi-

tats occupied, they have morphological differences that may be impor-

tant in microsite segregation.
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Variation Within Morphological Groups

The two stoloniferous species (Rubus lasiococcus and Linnaea

borealis) spread more rapidly than the three species with large rhi-

zome systems, perhaps due to greater ease of spread over the surface

than through the soil. Also, stoloniferous species can use elevated

substrates unavailable to rhizomes (rocks, recent logs, tree bases)

and are not stopped by underground obstructions. Both stoloniferous

species (especially Linnaea) have numerous short leafy shoots which

can grow out to form new long shoots. The branching is thus highly

flexible and greatly dependent on local environmental conditions.

Linnaea moves rapidly across the forest floor with little commitment

to deep roots; it probably persists on surface soil moisture to a

large degree. We suspect that it quickly colonizes favorable micro-

sites, but its leaves can be easily overtopped by many taller herba-

ceous species. This opportunistic growth pattern may account for its

widespread but somewhat sporadic distributional pattern.

Rubus lasiococcus also has leaves near the soil surface, but the

plants tend to die back much more often than Linnaea and usually have

large deep roots. This species can survive under very dense canopies.

Under adverse conditions the stolons often die back but the plants

persist. With their rather deep roots, the plants are probably less

dependent on growing season precipitation than is Linnaea. The long

stolons can separate leaves and roots by 2 m, or more, and can cross

unfavorable spots. Since the roots continue to enlarge, they can

effectively exploit highly favorable soil conditions; this contrasts

with the three long-rhizomatous species which have most root growth in

the first one or two seasons.

All three species with extensive rhizome systems have a dimorphic

pattern of extension growth which is analogous to the long and short

shoots of some woody plants. New long segments move the plant into

new areas, while short segments allow leaves to be produced in the

same spot annually. Leaves can remain in particularly favorable

microsites while rhizomes cross at least a meter of unfavorable habi-

tat. In good locations the rhizomes branch and more fully occupy the
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area, while in poor spots branching is limited. If the local

environment improves, the rhizome short shoots can produce long seg-

ments and thus aerial shoots can proliferate in the favorable area.

This growth form provides much flexibility in dealing with the vari-

able and changing environment of the forest floor, at the cost of

maintaining the rhizome system connections.

Leaf height, important in the adaptation of forest herbs

(Givnish 1982), distinguishes Clintonia uniflora from Smilacina

stellata and Achlys triphylla. Achlys and Smilacina have leaves well

above the ground surface and often form dense patches. In contrast,

Clintonia's shorter leaves rarely form a continuous layer. Clintonia

occurs both under dense tree canopies with few other herbs and in

spots with high herb cover, where it is often scattered under other

herbs. Clintonia, extremely tolerant of shade and with fairly deep

roots, can persist under dense canopies where light and summer surface

moisture are reduced. Under very adverse conditions, long rhizome

segments are not produced; the plants simply persist until conditions

improve. Clintonia appears to be a pronounced case of a stress

tolerator in the sense of Grime (1977).

Achlys and Smilacina both have extensive root development in the

surface soil and in general are very similar. Although AchZys is more

widespread in forests at the Andrews EER (Zobel et al 1976), it is

restricted to forests of the Pacific Northwest, while Smilacina

stellata occurs in a wide range of habitats over much of North

America. Its dimorphic root system may give Smilacina a considerable

degree of flexibility. For example, its long roots reach 1 m deep in

a gravel slide community (Weaver 1919).

All three species with limited vegetative spread bloom frequently

and produce good seed crops. Seedlings of Erythronium montanum and

Tiarella trifoliata are frequent in the forest, in contrast to the

paucity of seedlings for all the other species studied. The three

species lacking much vegetative spread were the only ones for which we

found original seedling sources on the plants. Thus, they are prob-

ably shorter lived, on the average, than the species with extensive

vegetative spread.
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Erythronium and Valeriana occur in both meadows and forest but

Tiarella is common in very dense forests and its distribution is simi-

lar to that of our species with extensive vegetative spread. Tiarella

has leaves at a lower height than does Smilacina and it has much shal-

lower roots than Clintonia and Rubus. These differences may allow

coexistence. For Tiarella, reproduction by seed is apparently as

efficient as vegetative spread is for the other species, illustrating

that different forms of reproduction can both succeed in a specific

environment.

Summary

Variability in morphological traits among species should result

in differential abilities to exploit resources in the forest. Of nine

widespread, successful species we investigated, three spread readily

by seed and have relatively short genet life spans and six spread

vegetatively and their genets become very old. Species within each

group varied in rooting depth, leaf height, rate of expansion, bio-

mass distribution among parts, and other characteristics. We can not

prove such differences in growth form determine species distribution

and coexistence, but they should be important contributing factors.

Certainly, important physiological differences exist and differences

in requirements for seedling establishment may also allow coexistence

(Grubb 1977). Nonetheless, it seems likely that species of different

growth form vary in their ability to exploit different parts of the

spatially and temporally heterogeneous environment of the forest floor

and that this variation is important in allowing coexistence, deter-

mining abundance, and controlling patterns of spatial distribution.
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Chapter 5

UPWARD MOVEMENT OF BELOW GROUND PLANT PARTS INTO
TEPHRA DEPOSITS FROM MOUNT ST. HELENS

Joseph A. Antos

and

Donald B. Zobel

Department of Botany and Plant Pathology, Oregon State University,

Corvallis, Oregon 97331, USA

Abstract

The burial of plants is a seldom studied but potentially

important process in some ecosystems. In our study area the old-

growth forest canopy was not seriously damaged but herbaceous plants

were buried by 7-15 cm of tephra (volcanic aerial ejecta) from the

1980 eruption of Mount St. Helens, destroying all but a few indi-

viduals. About 10 surviving individuals were totally excavated for

each of 8 herbaceous species of contrasting growth form during both

1981 and 1982. The survivors had expanded into and through the tephra

deposit in a variety of ways and at varying rates. On three species

with extensive long rhizome systems (Achlys triphylla, Clintonia uni-

flora, and Smilacina stellata), rhizomes of normal structure grew

upward at an angle, so that in 1981, 7% of rhizome and 3% of root dry

weight were in the tephra; these values increased rapidly to 23% and

19% in 1982. Burial reduced the number of shoots produced by each

plant and the leaf area per unit plant weight relative to unburied

plants, especially in 1981. Stolons of Rubus Zasiococcus grew

straight up and then spread across the tephra surface, although

almost no roots were produced in the tephra. Arnica Zatifolia, with

fairly rapid rhizome turnover, quickly moved rhizomes and roots into

the tephra; 50% of underground dry weight was in the tephra by 1982.

Two short-rhizomatous species drastically altered their growth form;

the rhizome elongated rapidly straight up to the tephra surface, where
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its normal slow, horizontal growth resumed. Both species allocated

much more material to rhizome growth than normal, although VaZeriana

sitchensis produced more rhizome and especially root dry weight in the

tephra than Tiarella trifoliata. Erythronium montanum, with no form

of vegetation expansion, failed to move its corm upward and produced

no roots in the tephra. Plants representing these common growth

forms used a variety of mechanisms to adjust successfully to burial.

Introduction

How well plants survive and function after being buried is, in

part, determined by their growth form. Woody plants may continue to

grow from their elevated, exposed buds, but species with perennating

buds at or below the soil surface face greater difficulties. Burial

must induce some modification in growth if the perennating buds are to

regain their normal position relative to the new surface. Herbaceous

plants move their perennating buds upward in a variety of ways (Antos

and Zobel 1984). Survival can occur without adjustment of bud depth,

but if deposits are deep, recurring annual shoot penetration may not

be feasible. In addition to the structural problems imposed by burial,

physiological difficulties may also arise. Temperature, moisture

levels, and gas exchange under the new deposit of substrate may be

altered; to survive, plant parts must function under the new condi-

tions at least until they can move upward. If the new substrate dif-

fers much from the original soil, plants may die even if plant struc-

tures move upward.

Although plants are seldom buried in most habitats, sand dune

movement, alluvial deposition, dust storms, and volcanic activity all

may bury plants over extensive areas (Antos and Zobel 1984). The

deposits produced by these processes vary greatly in depth and in

similarity to the original substrate. Often the deposits are shallow

enough that plants can survive if they make appropriate adjustments.

Very little information exists regarding plant responses to

burial. Most studies concern changes in vegetation composition and

prospects of plant survival; very little work addresses how individual
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plants adjust. Burial is sufficiently chronic in sand dunes that some

species have become highly adapted to the situation. A few dune grass

species loss vigor if not buried annually; they produce new rhizomes

and adventitious roots from the buried culms (Martin 1959, Marshall

1965, Hope-Simpson and Jefferies 1966, Godfrey and Godfrey 1976).

During the 1930's drought on the American Great Plains, dust deposits

only a few cm thick destroyed most buried vegetation (Weaver and

Albertson 1936); most surviving individuals had moved their perennat-

ing buds upward (Robertson 1939, Mueller 1941). Several studies have

described changes in vegetation composition induced by volcanic burial

(Brown et al. 1917, Griggs 1918, 1919a, b, Eggler 1948, 1963,

Smathers and Mueller-Dombois 1974); they provided little detail about

how plants survive, except to indicate that woody species tend to

produce adventitious roots in the deposit and herbaceous species also

tend to move root systems upward. Elsewhere (Antos and Zobel 1984) we

have reviewed the literature on plant burial in detail and outlined

ways in which a plant could potentially respond.

The 18 May 1980 eruption of Mount St. Helens covered a large area

in the southern Washington Cascade Mountains with tephra greater than

4 cm deep (Lipman and Mullineaux 1981). The deposit, ranging from

silt to coarse pumice, reached 15-20 cm in depth outside of the zone of

canopy tree destruction.

The affected area is mountainous and mostly forested with old-

growth coniferous stands in the Abies amabilis vegetation zone

(Franklin and Dyrness 1973). Other common trees include Tsuga

heterophylla, Pseudotsuga menziesii and Abies procera. The climate is

wet maritime with a pronounced winter precipitation maximum and deep

winter snowpacks at the elevations of our study sites.

In the summer of 1980, cover and density of herbaceous species

were greatly reduced where the deposit exceeded 8-10 cm in depth,

although some individuals of species representing a wide range of

growth forms had survived (Antos and Zobel, unpublished data). By

brief examination of about 100 herbaceous species, we found great vari-

ability in the way and extent to which buried herbaceous plants had

grown into the tephra. In the present study we examine in detail the
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quantitative aspects of movement of individual plants into the tephra

for eight common forest species of contrasting growth form. Our

specific objectives are to: (1) determine the extent of movement of

the different plant parts into the tephra by the second and third sea-

son after the eruption, (2) quantitatively describe the form of indi-

vidual shoots penetrating the tephra, (3) compare these plants to the

same species from sites without tephra, and (4) determine how a

species' reaction to burial is related to its normal growth form.

Methods

The eight species we studied represent a variety of growth forms.

AchZys triphylla (Berberidaceae) has long rhizomes which grow a few cm

below the soil surface. Large deciduous leaves arise from these rhi-

zomes; stem tissue emerges aboveground only as the flowering stalk.

CZintonia uniflora (Liliaceae) has much smaller leaves arising from

its rhizome. Smilacina stellata (Liliaceae) also has long rhizomes

but the deciduous leaves are clumped on determinate aerial stems.

Rubus Zasiococcus (Rosaceae), with stolons which grow on the forest

floor, has small, partly evergreen leaves. All species described so

far maintain extensive rhizome or stolon systems connecting several

aerial shoots. Arnica Zatifolia (Compositae) has extensive but short-

lived rhizomes, and thus smaller connected rhizome systems. Its rhi-

zome meristems grow up through the soil surface to form aerial shoots

which produce deciduous leaves for a number of years. Tiarella tri-

foliata var. unifoZiata (Saxifragaceae) has short rhizomes near or at

the soil surface. Valerians sitchensis (Valerianaceae), with com-

pound, deciduous leaves, also has superficial short rhizomes.

Erythronium montanum (Liliaceae) has a short, segmented corm. The

normal morphology of these species will be described in detail else-

where.

Species except Smilacina stellata were examined in old-growth

forest at about 1200 m elevation 22 km northeast of Mount St. Helens.

The area was covered by 12-15 cm of tephra consisting of: (1) a silty

basal layer approximately 1 cm thick, (2) a 10-13 cm thick layer of
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sand to gravel sized pumice, with fragments exceeding 1 cm in

diameter, (3) a silty crust about 1 cm thick which hardened when dry.

The basal layer and crust impeded both drainage and penetration of

shoots. Although the forest originally had a luxuriant, diverse herb

layer, most herbs did not emerge after burial. The tree canopy was

not seriously damaged in the study area.

Smilacina stellata did not occur at the main study site; we

examined plants in old-growth forest with 7.5 cm of tephra at 880 m

elevation.

Plants which emerged through the tephra were sparse, so we

excavated any plant we could find provided it (1) was in good condi-

tion, i.e. leaves were intact, and (2) had grown through tephra of

normal depth. Many plants had to be rejected because the shoots

emerged either around buried debris that aided penetration of the

tephra or through a deposit thinned by slumping. We totally excavated

about ten (5-15) individuals of each species during August and Septem-

ber in both 1981 and 1982. We tried to excavate members of a species

in the same locality both years and excluded flowering plants, except

for Erythronium, in order to maximize comparability of the data.

Once a shoot was chosen we carefully excavated the entire plant

attached to it. We obtained the complete rhizome or stolon system on

all plants used in our "whole plant" analyses. We also dug as many of

the roots as possible; the vast majority of root weight was recovered

in all species except Erythronium, which had exceedingly thin, brittle

roots. Valeriana also had brittle roots which resulted in larger

losses than for other species. Shoot systems excavated occasionally

included a shoot which did not strictly meet our selection criteria.

We retained such plants unless the attached shoot was badly damaged

or growing through very thin tephra. The amount of time required to

excavate plants varied from a few minutes to a few hours; the number

of individuals sampled varied due to both plant availability and time

available for excavation.

During excavation we mapped the plants and recorded detailed

information on the size of the rhizomes, stolons or corms; aerial

shoots; and tephra characteristics associated with each shoot.



107

Particular attention was paid to the locations where plant parts

entered the tephra. All stem and root measurements were made during

excavation. The plants were separated into leaves, stem (rhizome,

stolon, or corm), roots and other parts where appropriate, and parts

were segregated according to their location in the air, tephra, or

pre-1980 soil. All plants were thoroughly washed within a few hours

and promptly dried at 70 C for about 24 hr. They were re-dried for an

additional 24 hr or more immediately before weighing. We estimated

leaf area of all plants in the field and also measured leaf area of

pressed leaves from the 1982 specimens using a Li-Cor leaf area meter.

The estimated values were similar to measured leaf areas (for the

eight species, mean r
2

= 0.95, range in r
2
= 0.85-0.99), so that,

for consistency, we will use the field estimates only.

To determine the normal growth form of the eight species, we

examined plants outside the area affected by tephra; these we refer to

as "control plants." Erythronium montanum was excavated at Monument

Peak and the other species at the H.J. Andrews Experimental Ecological

Reserve, both in the central Cascade Mountains of Oregon. The loca-

tions were in the same elevation zone and had forests of similar com-

position to those affected by tephra. Between seven and ten indi-

viduals of each species were examined. Excavation and description

were the same as for the plants near Mount St. Helens. A detailed

examination of the growth form of control plants will be presented in

another paper; here only selected data are presented for comparison.

We evaluated the data both for whole plants and for sites where

individual shoots appeared. Since plants varied in size, most com-

parisons for whole plants will use the percentage of total weight con-

tributed by their various parts and the percentages of weight dis-

tributed among the old soil, tephra, and air.

The size data for many species were not normally distributed;

often there were one or two exceptionally large plants. Consequently,

we used the non-parametric Mann-Whitney U test (Sokal and Rohlf 1981)

for all comparisons between groups (1981-1982 and 1982-control) within

a species which used weight, size, or number of parts. When analyzing

percentage weight data, we used a two-tailed t-test for comparisons
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among species. The arcsin transformation was applied to all percent-

age data before analysis (Sokal and Rohlf 1981). All analyses were

performed using SPSS programs (Nie et al. 1975).

Plant nomenclature follows Hitchcock and Cronquist (1973).

Results

Variation in Weight

Plants varied considerably in weight, among species, between 1981

and 1982, and between buried and control plants of a species (Table

23). Achlys triphylla and Smilacina stellata had the heaviest rhi-

zome system; the three groups of Achlys plants were of similar weight

but the Smilacina control plants were much heavier than the tephra

plants. The high value for the Smilacina control is due to two very

large plants (56 and 26 g).

Table 23. Mean total dry. weight (g) of tephra and control

plants. The sample size is indicated in paren-
theses after each value. A * between the 1981
and 1982, or between 1982 and control plants of

each species, indicates that the values are sig-

nificantly different (p < 0.05).

Tephra
1981

Tephra
1982 Control

Achlys triphylla 7.6 (7) 7.7 (7) 7.3 (9)

CZintonia uniflora 1.9 (5) 1.5 (8) 2.7 (10)

Smilacina stellata 4.3 (9) 3:3 (8) * 18.3 (7)

Rubus Zasiococcus 6.2 (6) 2.2 (8) 2.2 (10)

Arnica ZatifoZia 0.8 (13) 1.2 (8) 0.9 (9)

Tiarella trifoliata 1.5 (15) * 1.0 (8) 0.8 (10)

Valeriana sitchensis 2.5 (10) * 1.1 (8) * 2.2 (10)

Erythronium montanum 0.7 (14) 0.8 (10) * 0.4 (10)

Individual plants within samples also varied greatly in weight

(Fig. 20). A ten-fold difference in plant size occurred within a

group for some species. This was largely due to differences in the

extent of the interconnected rhizome or stolon system for the five
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Fig. 20. Percent of total plant weight in the tephra versus total
plant weight for individual plants sampled in 1981 (a) and

1982 (b). 1 = Achlys triphylla, 2 = Clintonia uniflora,
3 = Smilacina stellata, 4 = Rubus Zasiococcus, 5 = Arnica

Zatifolia, 6 = Tiarella trifoliata, 7 = VaZeriana sitchensis.
Data for Erythronium montanum are not shown since the spe-
cies had very little material in the tephra.



110

species with considerable vegetative expansion, and to differences in

rhizome length and diameter for the short-rhizomatous species.

Distribution of Weight Relative to the Tephra

Individual plants varied greatly in the proportion of plant dry

weight below, in and above the tephra, as indicated by the ranges in

Table 24. For the control plants, the percentage of total dry weight

aboveground varied greatly within all species and reached an eight-

fold difference in Tiarella (Table 24). The percentage of material in

the tephra also varied greatly within any group. Different individuals

of the same species colonized the tephra at very different rates.

Larger individual plants had a smaller percent of their dry

weight in the tephra in 1981; this was especially so when considering

all plants collectively, but was also true for most species (Fig. 20).

In 1982 the relationship was less clear both in general and for most

individual species (Fig. 20).

Even though there was great individual variation, species differ-

ences are apparent in the percentage of total dry weight in the tephra

(Table 24, Fig. 21). Achlys triphylla, Clintonia uniflora and

Smilacina stellata, with long rhizomes and extensive interconnected

rhizome systems, had 5-9% of their total dry weight in the tephra in

1981; this increased drastically to 18-23% by 1982. Concomitantly

there was a decrease in the percentage of dry weight below the tephra.

Rubus had only 9% of its total dry weight in the tephra by 1982, but

when above tephra dry weight is added in, overall upward movement was

comparable to the long-rhizomatous species. Arnica had more than one-

third of its total dry weight in the tephra by 1982, probably because

of rapid death of the older rhizomes in the old soil. However,

Arnica's actual weight in the tephra was less than for the other long-

rhizomatous species (0.42 versus 9.71 g). Of the two short-

rhizomatous species, Tiarella had a much lower dry weight percentage

in the tephra than VaZeriana (Table 24), due to less root growth and

thinner rhizomes in the tephra. Tiarella's dry weight percentage in

the tephra significantly increased from 1981 to 1982. Erythronium



Table 24. Mean percentage of total plant dry weight above the tephra, in the tephra, and below the

tephra for the tephra plants by year of excavation, and for the control plants. The range

of individual plant percentages is indicated in parentheses below the mean. Species which

have the same letter within a row are not significantly different (p < 0.05). The signifi-

cance of differences between 1981-1982 and 1982-control are indicated by * (p < 0.05) or

** (p < 0.01) between the values for a species. The sample sizes are indicated in Table 1.

Achlys
triphylla

Clintonia
uniflora

Smilacina
stellata

Rubus Arnica
lasiococcus Zatifblia

Tiarella
trifoliata

Valeriana
sitchensis

Erythronium
montanum

Above Tephra
1981 10 d 13 cd 13 cd 20 be 24 ab 27 ab 24 ab 29 a

(4-19) (8-19) (4-19) (6-39) (11-47) (17-40) (19-33) (12-44)

1982 15 d 18 bed 16 cd 35 a 27 ab 25 abed 24 abed 26 abc

(4-32) (6-25) (10-24) (9-62) (17-44) (10-40) (14-35) (15-40)

Control 18 b 25 ab 16 b 32 a 36 a 32 a 30 a 29 a

(13-23) (13-37) (8-22) (17-43) (14-66) (7-58) (17-40) (15-50)

In Tephra
1981 9 cd 8 cd 5 d 5 d 29 b 12 c 40 a 5 d

(1-21) (4-15) (3-9) (1-8) (19-56) (6-19) (30-57) (3-7)

** ** ** **

1982 19 c 23 c 18 c 9 d 39 b 19 c 50 a 5 d

(13-31) (7-34) (8-31) (2-19) (23-66) (11-26) (26-62) (2-11)

Below Tephra
1981 81 a 79 a 82 a 75 ab 47 d 62 c 36 e 67 be

(61-96) (72-88) (74-92) (55-90) (18-67) (49-77) (22-46) (49-83)

* * **

1982 66 a 60 a 67 a 56 a 35 b 57 a 27 b 69 a

(43-83) (48-87) (46-81) (25-89) (14-61) (35-75) (12-61) (55-81)

* * ** ** **

Control 82 a 75 ab 84 a 68 b 64 b 68 b 70 b 71 b

(78-87) (63-87) (78-92) (57-83) (35-87) (42-93) (60-83) (50-86) -,II
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Fig. 21. Percent of total plant dry weight contributed by roots;
rhizomes, stolons, or corms; and leaves, for plants in the

tephra during 1981 and 1982, and for control plants. The

percentages in old soil, tephra, and air are indicated.

Determinate aerial stems which support the leaves of

Smilacina stellata are not included with the leaf dry
weight; they represented 4-5% of total plant dry weight.

The values for Erythroniwn montanum are for vegetative

plants only.
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produced only a little stem or petiole tissue in the tephra annually.

In 1982 most species had a lower percentage of dry weight in soil

below the tephra than in soil at control sites, primarily due to

upward movement into the tephra (Table 24).

Distribution of Weight Among Plant Parts

The distribution of dry weight among leaves, stems, and roots

varied between years and among species (Fig. 21). The species with

large interconnected rhizome or stolon systems (Achlys, CZintonia,

Smilacina and Rubus) all had lower percentages of leaf dry weight and

greater rhizome or stolon dry weight in 1981 than the controls, due

to their few shoots in the tephra. By 1982 the percentages for tephra

plants were all closer to the control values; values for Smilacina

were almost identical. The percentage of leaves on the other four

species was similar to the controls except for Valeriana which had a

lower percentage both in 1981 and 1982 (Fig. 21).

For both Tiarella and Valeriana the percentage of dry weight

contributed by rhizomes in 1982 was well above control levels, while

the percentage attributable to roots was much below control values;

the proportions of rhizomes and roots were closer to the controls in

1981 (Fig. 21). For both species actual dry weight of rhizomes

decreased (14 and 47%) while root weight dropped greatly (51 and 68%)

from 1981 to 1982. The changes in proportions were apparently due to

a die-off of roots, because the 1981 and 1982 plants came from the

same population and thus should have been similar. Erythronium plants

had only a few small roots (Fig. 21). Even with our problems with

extracting its delicate roots, it is obvious that Erythronium has less

root development than the other species. The percentage of roots on

the species with long rhizomes or stolons was roughly equivalent to

control values in both years. AchZys, Smilacina, and Arnica had a

lower percentage of roots than the other species except Erythronium.

Arnica had few roots while Achlys and Smilacina had numerous fine

roots and thick rhizomes so that percent root weight was relatively

low.
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Changes in Lengths and Numbers of Parts

Rhizome length varied similarly to weight but root number showed

a different pattern from root weight (Table 25). AchZys and Smilacina

had by far the largest number of roots, with small roots all along the

rhizomes. The number of roots on plants in the tephra was well above

control plant values for Arnica and Tiarella due, in part, to the

growth of small roots on stems in the tephra.

For species with large rhizome or stolon systems the number of

shoots and leaves was lower on plants in the tephra than on control

plants (Table 25). The values increased from 1981 to 1982 as more

shoots and leaves emerged from the tephra. For some species average

leaf area per shoot was larger for plants in the tephra than for con-

trol plants (Table 25). This could be due to concentration of

resources resulting in better growth of remaining shoots, or the pos-

sibility that potentially larger shoots more effectively penetrated

the tephra. For Tiarella and Valeriana this ratio returned to control

levels in 1982; in contrast, Smilacina still had exceptionally large

shoots in 1982.

Rate of Movement into Tephra

Species can be grouped by the pattern of movement of their roots

and rhizomes, stolons, or corms into the tephra. Achlys, CZintonia,

and Smilacina responded similarly; the percent root and rhizome in the

tephra, small in 1981, had increased greatly by 1982 (Table 26, Fig.

21). This rapid increase was due to expansion and proliferation of

rhizomes in the tephra, growth of more rhizomes into the tephra, and

apparently greater than normal mortality of old rhizomes. The rhi-

zome percentages by dry weight and length were similar (Table 26);

rhizomes in the tephra were not, in general, notably different from

rhizomes in the old soil. The percentage of roots in the tephra was

similar to the percentage of rhizome for Smilacina but lower for

Achlys and Clintonia. Smilacina produces roots on its current-year
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Table 25. Mean rhizome (stolon or corm) length, number of roots,
number of shoots, number of leaves, leaf area, and leaf
area per shoot for plants excavated in tephra in 1981 and

1982, and for control plants. ND = not determined. Sig-

nificant differences between values within a column are
indicated by * (p < 0.05) or ** (p < 0.01).

Rhizome
length
(cm)

Number
of

roots

Number
of

shoots

Number
of

leaves

Leaf
area
(dm2)

Leaf area
(dm2)

per shoot

Achlys triphylla
1981 552 ND 1.6 2.3 1.7 1.1

1982 491 ND 2.3 2.9 3.1 1.4

Control 355 247 5.4 5.4 4.9 1.0

Clintonia uniflora
1981 218 35 1.2 2.2 0.8 0.7

1982 158 32 1.8 3.0 1.0 0.6

* **

Control 246 34 4.9 10.0 2.4 0.5

Smilacina stellata
1981 195 ND 1.4 11.0 1.6 1.3

1982 163 200 1.5 14.0 2.0 1.1

* ** * **

Control 806 ND 21.0 ND 10.5 0.4

Rebus lasiococcus
1981 508 29 3.2 13.8 1.6 0.5

1982 169 19 4.1 11.3 1.3 0.3

Control 164 16 7.4 19.8 1.9 0.3

Arnica latifohia
1981 60 20 1.2 6.0 0.5 0.5

1982 93 30 1.8 ND 0.8 0.5

*

Control 75 14 1.8 7.9 1.0 0.7

Tiare1la trifoliata
1981 34 34 1.1 9.1 1.3 1.3

**

1982 46 30 1.5 ND 0.9 0.6

** **

Control 12 14 1.2 7.1 0.7 0.6

Valerian sitchensis
1981 30 38 1.0 6.6 1.8 1.8

** * * **

1982 28 20 2.1 11.9 1.0 0.7

*
**

Control 22 46 2.4 10.6 2.2 1.0

Erythronium montanum
1981 ND 24 1.0 1.9 0.4 0.4

1982 ND 22 1.0 1.5 0.5 0.5

Control 7 17 1.0 1.5 0.4 0.4
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Table 26. Percent of total rhizome (stolon or corm) dry weight,

rhizome length, root dry weight, and root number in the

tephra in 1981 and 1982. Rhizomes and stolons in the air

above or at the surface of the tephra are included in the

percentages. ND = not determined. The significance of

differences between 1981 and 1982 are indicated by

* (p < 0.05) or ** (p < 0.01) between the values.

Rhizome, stolon or corm Roots

Species Year Dry weight Length Dry weight Number

Achlys 1981 7.5 8.0 2.7 ND

triphylla ** * *

1982 20.0 21.8 13.3 ND

Clintonia 1981 9.5 8.7 3.0 8.6

unifiora ** ** ** **

1982 30.6 32.9 19.9 28.8

Smilacina 1981 3.8 4.3 3.6 ND

stellata ** ** **

1982 19.7 15.5 24.6 35.0

Rebus 1981 13.1 17.9 1.1 33.4

Zasiococcus 1982 27.9 40.8 3.7 53.1

Arnica 1981 36.9 43.3 36.9 45.5

Zatifolia 1982 50.2 58.1 52.0 62.5

Tiarella 1981 25.2 50.0 1.6 26.6

trifoZiata
** *

1982 29.6 60.9 12.4 44.9

Valeriana 1981 60.5 61.3 36.8 54.5

sitchensis *

1982 69.4 74.9 39.0 47.3

Erythroniuin 1981 0.0 0.0 0.0 0.0

montanum 1982 0.0 0.0 0.0 0.0
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rhizome but the other two species often do not; this probably

accounts for the difference.

Rubus Zasiococcus had a percentage of stolon dry weight in and

above the tephra similar to the rhizome dry weight percentage for

Achlys, Clintonia and Smilacina except that the increase between years

was not as pronounced (Table 26). Percentage of root weight in the

tephra was lower for Rubus than any other species except Erythronium;

in contrast, the percentage of roots by number in the tephra was over

an order of magnitude higher and comparable to many of the other spe-

cies (Table 26). Rubus roots grow indefinitely and can reach very

large size. Although Rubus stolons were spreading rapidly over the

surface of the tephra and producing numerous small, new roots, most of

the root mass was still concentrated in a few large roots in the old

soil.

Arnica Zatifolia, with its relatively rapid turnover of long

rhizomes, quickly colonized the tephra; over half of both root and

rhizome dry weight was in the tephra in 1982 (Table 26). Arnica had

a higher percentage of roots in the tephra by both dry weight and

number than any other species in 1982.

The percentage of rhizome weight in the tephra changed propor-

tionally less for Valeriana sitchensis than for other species between

1981 and 1982 (Table 26). Most of the rhizome in the tephra was pro-

duced during initial growth through the tephra; little rhizome growth

occurred the second year. Valeriana rhizomes in the tephra were of

similar weight per unit length as those in old soil, but Tiarella

rhizomes in the tephra were thinner and weighed less per unit length.

Valeriana had well developed roots in the tephra but Tiarella did not,

especially during 1981. Tiarella roots grow for many years, can

attain large size and the large ones occur on the oldest parts of the

plant (somewhat analogous to Rubus Zasiococcus). Consequently, root

movement into the tephra was slow. In contrast, Valeriana roots are

of similar size all along the rhizomes.

The corm of Erythronium montanum showed little or no sign of

upward movement and produced no roots in the tephra (Table 26).
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Weight per Unit Leaf Area

Some plants in the tephra were supporting greater biomass per

unit of their leaf area than the control plants (Table 27). In 1981,

Achlys, Clintonia, and Rubus had about 3-6 times as much rhizome or

stolon per unit leaf area as the control plants. By 1982 the ratio

was much closer to the control value. Roots showed a similar pattern

although the differences were not as great. For Arnica and Tiarella

there was no consistent pattern of change from 1981 to 1982. Valeriana

had more rhizome per unit leaf area on tephra plants, perhaps due to

reduced leaf size or greater than normal rhizome growth. Erythronium

had about twice as much corm per unit leaf area in the tephra as the

controls.

Individual Shoot Characteristics

In addition to responses of whole plants, we also examined the

characteristics of individual aerial shoots which penetrated the

tephra. Most species grew through the tephra by producing a shoot

only 1-2 cm longer than the tephra was deep, indicating a fairly

direct and vertical course to the surface (Table 28). Arnica was the

notable exception; the rhizomes often followed tortuous routes and

sometimes coiled under an obstacle. Arnica rhizomes were very weak,

had little ability to push directly through the tephra crust, and had

to reach the surface before shoots could be produced. In contrast,

the long-rhizomatous Achlys, Clintonia, and Smilacina produced leaves

or determinate aerial shoots from rhizomes well below the tephra sur-

face, as they do normally. Typically, their rhizomes angled up into

the tephra and from this the petiole or aerial shoot grew nearly

vertically. In 1982 the annual shoots or leaves penetrated much less

tephra than in 1981, because rhizomes were closer to the surface;

between 2-5 cm for the three species in 1982 versus 6-7.5 cm in 1981.

Rubus stolons and Tiarella and Valeriana rhizomes grew vertially and

their length in excess of tephra depth was caused by growth around

obstacles. Erythronium shoots grew directly through the deposit even

though they were very fragile.
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Table 27. Weight of plant parts per unit of leaf area (g/dm2).

Significant differences between values within a column
are indicated by * (p < 0.05) or ** (p < 0.01).

Roots

Rhizome, stolon
or corm Leaves

AchZys 1981 0.58 3.81 0.42

triphylla 1982 0.40 2.47 0.35

* **

Control 0.26 0.98 0.27

CZintonia 1981 0.71 1.30 0.34

uniflora *

1982 0.64 0.86 0.28
*

Control 0.38 0.42 0.24

Smilacina 1981 0.37 2.08 0.21

stellata 1982 0.23 1.29 0.21

Control 0.34 1.56 0.22

Rebus 1981 1.64 2.47 0.47

Zasiococcus *
**

1982 0.57 0.90 0.30

Control 0.31 0.39 0.32

Arnica 1981 0.18 1.06 0.31

ZatifoZia 1982 0.27 0.93 0.34
**

Control 0.16 0.57 0.24

Tiarella 1981 0.35 0.53 0.29

trifoZiata 1982 0.24 0.68 0.27

Control 0.43 0.50 0.28

Valeriana 1981 0.52 0.65 0.35

sitchensis ** **

1982 0.25 0.62 0.24
*

Control 0.38 0.34 0.30

Erythronium 1981 0.01 1.21 0.29

montanum **

1982 0.03 1.14 0.28
** * **

Control 0.01 0.68 0.19



Table 28. Characteristics of plant parts in the tephra associated with the emergence of a
shoot above the tephra. n = number of shoots examined. Stem length = the short-

est length of plant stem (and sometimes petiole) between entrance into and exit
from the tephra. Number new rhizomes = number of new rapidly growing rhizome or

stolen tips. Rhizome length = the total length of rhizome or stolon in the

tephra. Significant differences between 1981 and 1982 are indicated by
* = p < 0.05 and ** = p < 0.01.

Species Year n

Tephra
depth
(cm)

Stem
length

(cm)

Number
new

rhizomes

Rhizome
length
(cm)

Number
of

roots

Maximum
Root

length
(cm)

Achlys triphylla 1981 19 10.7 12.9 1.3 13.7 11.6 6.2

1982 14 12.3 14.2 1.1 19.2 20.5 6.2

CZintonia uniflora 1981 15 11.1 12.2 1.6 11.0 1.7 8.0
** **

1982 11 12.7 14.2 2.1 22.9 4.5 8.5

Smilacina stellata 1981 19 7.6 7.9 0.8 3.3 10.9 2.9
** ** **

1982 11 7.6 8.5 1.3 12.3 41.4 7.1

Rubus lasiococcus 1981 16 13.5 15.1 2.3 17.3 6.6 5.6
**

1982 8 14.3 16.5 4.1 17.8 10.3 8.5

Arnica latifoZia 1981 13 14.3 21.1 0.5 23.2 8.5 13.0
**

1982 11 14.7 21.6 1.3 32.7 13.2 16.0

Tiarella trifoliata 1981 16 12.1 13.3 0.1 13.6 7.4 4.8

* * ** ** **

1982 8 14.5 17.5 0.8 23.8 13.3 7.1

Valeriana sitchensis 1981 10 14.4 16.4 0.1 16.6 20.7 20.3
**

1982 9 14.8 17.7 0.0 17.7 8.6 18.0

Erythronium montanum 1981 15 13.0 14.0 0.0 0.0 0.0 0.0

1982 10 13.7 15.0 0.0 0.0 0.0 0.0
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The rhizome length in the tephra which developed following each

successful penetration into the tephra increased most between years

for Clintonia and Smilacina (Table 28). The rhizomes of these species

moved upward into the tephra and sometimes proliferated. The rhizomes

resulting fron one entry into the tephra sometimes supported more than

one shoot, especially in 1982. Arnica rhizome length increased

between years due to the formation of new rhizomes off the one that

originally reached the surface. Rebus stolons did not increase in

length in the tephra; once they reached the surface all further

growth occurred on the surface. Tiarella rhizome length increased

substantially between years due to subsurface branching, although

Valeriana rhizome length did not change much.

Number of roots in the tephra per shoot increased from 1981 to

1982 for most species. The decrease observed for Valeriana reflects

overall smaller plant size in the 1982 sample. Maximum root length in

the tephra increased or stayed about the same for all species.

Discussion

Initial Survival

To survive burial, herbaceous plants must produce shoots which

reach the surface of the deposit which buried them. The nature of the

deposit drastically modifies the effects of depth on the potential for

shoot emergence. We often saw shoots trapped below the thin, fine

textured basal or crustal layers of the tephra deposit; in contrast,

the loose, coarse pumice appeared to offer little physical impediment

to penetration. Had the whole deposit been like the crust, there

probably would have been few if any surviving plants at our sites.

For example, a few cm of dust was sufficient to destroy many species

on the Great Plains; a large grass was able to grow through 15-20 cm

of loose soil in gopher mounds (Weaver and Fitzpatrick 1934) but

shoots failed to emerge through dust deposits 2.5-7 cm deep (Weaver

and Albertson 1936, Robertson 1940). This could be due to greater

mechanical difficulties in penetrating a hardened, fine-textured
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layer or problems, such as reduced 0
2'

leading to impaired physiologi-

cal performance.

Movement of Perennating Buds

Seven of our eight species moved their perennating buds into the

tephra, reaching approximately their normal depth below the surface

by the third season following the eruption. The species varied as to

the depth from which leaves could be produced: Achlys triphylla,

Clintonia uniflora, and Smilacina stellata produced leaves from rhi-

zomes which were still abnormally deep; in contrast, Rubus Zasiococ-

cus, Arnica latifolia, Tiarella trifoliata, and Valeriana sitchensis

did not produce leaves until their perennating buds were near the

tephra surface. For both groups, further survival will be determined

by factors other than their ability to get leaves to the surface. In

contrast there is no evidence for upward movement of perennating buds

of Erythronium montanum; shoots of this species must penetrate the

tephra annually. Even though Erythronium intially survived burial

about as well as other species (Antos and Zobel, unpublished data),

we suspect that plants may eventually die due to this resource drain.

In this respect the species may be at a disadvantage relative to the

other plants investigated. A total lack of upward movement of peren-

nating buds was relatively uncommon among species near Mount St.

Helens.

Species and Growth Form Differences

The species which maintain extensive rhizome systems, AchZys

triphylla, Clintonia uniflora, and Smilacina stellata, responded

similarly. Rhizomes angled upward into the tephra while producing

aerial shoots, sometimes from as deep as the tephra base. Usually

only one, sometimes two, shoots emerged on plants that normally would

have had several; most shoots on a plant were unsuccessful at reaching

the surface. Thus, each unit of leaf area was attached to a larger

than normal mass of respiring underground tissue. Much of this
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imbalance had been corrected by 1982 due to rhizome mortality,

proliferation of shoots in a location, and the emergence of shoots in

new locations. Even if no more shoots emerge from the buried rhizome

systems, these plants can spread through the tephra from at least one

location and thus form a new rhizome system; they should survive.

Rubus Zasiococcus responded very much like the previous three

species, except that leaves were not produced until the stolons

reached the surface. The stolons spread rapidly across the tephra

surface and the plants appeared vigorous.

Arnica latifolia rapidly colonized the tephra with rhizomes and

roots, but its rhizomes had more trouble penetrating the deposit than

those of other species. Rhizome tips turned upward and emerged to

yield aerial shoots (sympodial growth), and leaves were not produced

from subsurface rhizomes, unlike the other long-rhizomatous species.

Arnica had moved a higher percentage of its rhizomes into the tephra

than those species, primarily because of its more rapid rhizome

turnover.

The two short-rhizomatous species, Tiarella trifoliata and

Valeriana sitchensis, responded similarly in a qualitative sense. The

rhizome tip turned upward and elongated rapidly until reaching the

surface where elongation slowed drastically, a pattern characteristic

of most short-rhizomatous species in the area (Antos and Zobel, unpub-

lished data). This morphological transformation allowed the plants to

survive; with somewhat deeper tephra the large resource investment in

rhizome, many times more than normal, could prove unfeasible. In

contrast, normal elongation of long-rhizomatous species is enough to

move their perennating buds well up into the tephra; only the orienta-

tion of the meristem need be modified.

Long-Term Survival

Except for Erythronium, individuals representing all of the

species have in large part re-established their normal growth form

relative to the new surface; even so, their long-term survival in the

tephra is not yet assured. As of 1982, all species retained
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considerable root tissue in the old soil. For Arnica and VaZeriana,

almost all roots will originate in the tephra within a few years,

although some of these will reach into the old soil. The transition

into the tephra will be slower for species that maintain extensive

rhizome or stolon systems. Achlys, with numerous short roots, may

lose almost all connection to the old soil; Smilacina and Clintonia

have longer roots. Rubus and Tiarella often have large roots on the

oldest part of the plant. They may be able to rely on these roots for

many years, but eventually survival will probably depend on their

ability to re-establish large roots in or through the tephra. It

appears that most nutrient concentrations in tephra under a forest

canopy are similar to those in the buried soil (Antos and Zobel,

unpublished data); thus, the tephra may be a relatively good growth

medium for plants.

Conclusion

Species representing a range of growth forms grew through tephra

deposits 10-15 cm deep; variation in the rates of upward movement of

plant parts and the qualitative characteristics of this movement were

in part explicable in terms of normal growth form of the plants.

Within species, considerable variability in rates of upward movement

of plant parts occurred; explanation of this remaining variability

will have to await a better understanding of the physiological per-

formance of buried plants and of the effects of microscale differences

in tephra upon the plant's responses.
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Chapter 6

OVERALL CONCLUSIONS

The composition of forest understories was profoundly altered by

the 18 May 1980 tephra from Mount St. Helens. Bryophytes were almost

eliminated where tephra reached 4.5 cm in depth, while herbaceous

vascular plants were greatly reduced with 7.5 cm of tephra and almost

eliminated with 15 cm of tephra. Cover of shrubs and small trees was

reduced only slightly, even with 15 cm of tephra, except where snow

had been present during the eruption.

Erosion provided many refugia for plant survival; with 15 cm of

tephra, almost all herbs and bryophytes occurred in erosion, channels,

or in thin tephra on and underneath large logs. Some herbs and mosses

survived when uncovered by erosion after burial of at least two years.

Even with 15 cm of tephra, a few individuals of many herbaceous

species survived by growing through the entire deposit. This was true

both in the forest and several other habitats. Major modifications in

growth form occurred with some species. Rhizomes on many short-

rhizomatous species turned upward and elongated rapidly. New crowns

developed on grass culms that penetrated the tephra. These modifica-

tions in growth form were in large part responsible for the survival

of many species.

There was only a weak relationship between normal growth form of

herbaceous species and survival following burial. In general, larger

plants survived better, but many species of contrasting growth form

appeared to survive about equally well. This was largely due to trans-

formations in growth form which allowed even species that normally

have limited extension growth to penetrate the tephra. Most species

had moved perennating buds to their normal depth relative to the new

surface by 1982. Some species grew through the tephra but failed to

move perennating buds upward; their long-term survival is not yet

assured, and the relative success of species may change in future

years. However, even if individuals of such species ultimately die

from difficulties incurred in repeatedly penetrating the tephra, the

species may persist if seedlings are established in the interim.
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The rate of movement of plant parts into the tephra was related

to a species' normal growth form. Short-rhizomatous species soon had

a large proportion of total rhizome length in the tephra, due to their

initial abnormal rhizome elongation. Long-rhizomatous species

emplaced a lower proportion of their rhizome system in the tephra, due

to their failure to increase elongation and their rather slow rate of

rhizome turnover. The development of roots in the tephra varied con-

sidetably among species; a few species had most roots in the tephra

by summer, 1982. A few species produced neither perennating buds nor

roots in the tephra. Almost all species had a greater weight of roots

and underground stems per unit of leaf area on plants in the tephra

than on plants which were not buried. This disparity decreased with

time.

Parts of the forest with deep tephra almost totally lack herbs.

Even though many herbaceous species made growth form adjustments

necessary to grow through the tephra, most individual plants did not

reach the surface of deposits greater than about 10 cm deep. Plants

are invading these locations both by seed and vegetatively.

Vegetation change following disturbance has two components:

1) the destruction of plants directly by the disturbance, and 2) the

subsequent successional change. The data give a fair indication of

how plant mortality was related to plant growth form, tephra depth,

and erosion, but the course of successional change induced by the 1980

eruption is still largely unclear. Successional sequences can often

be classified as primary or secondary, but the succession following

tephra deposition in these forests is difficult to define in this way.

Many plants survived, indicating secondary succession, but a new sub-

strate is available for colonization, producing primary succession.

So far, no species have established which were absent in the stands

prior to the disturbance, in strong contrast to most succession, in

which species replacement is of prime importance. Vegetation recovery

following the tephra deposit will apparently involve changes in pro-

portions and increases in overall abundance of the species which

originally occupied the site. Some surviving herbs are slowly
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expanding vegetatively into unoccupied sites. Seedlings are common

on the forest floor but some forest herbs appear to be absent as

seedlings.

A number of intriguing questions remain concerning the effects of

tephra on forest understory plants. The relative importance of vege-

tative expansion and seedling establishment is unclear at present;

both may be important, but for different species. It is unclear what

will happen to plants which failed to move the position of their buds

upward into the tephra, or how long plants without roots in the tephra

will survive. There has been little evidence of moss establishment on

the tephra; reinstatement of the moss layer will probably take longer

than herb layer development. In some ways, the most interesting

unanswered question concerns why most individual herbaceous plants

failed to grow through 15 cm of tephra, because most species were

capable of appropriate growth form adjustments and a few individuals

of many species did grow through the deposit. Perhaps only the most

vigorous plants succeeded. The altered environment under the tephra

may inhibit shoot growth, so that even plants with adequate resources

cannot use them effectively to grow through the deposit. The physi-

ology of buried plants needs further study.
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