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Large volcanic eruptions can alter forest plant communities through a variety of mechanisms, including
direct destruction of forests and changes to forest soils through tephra (aerially transported volcanic
ejecta) deposits. While many studies have examined succession following direct destruction of forests,
impacts to plant communities through tephra effects are less obvious, especially where the tephra depth
is less than plant height. We used a 33-year experiment in an old growth forest that received shallow
tephra deposition in the 1980 eruption of Mount St. Helens (WA, USA), to examine plant communities.
We determined if community differences between plots with and without tephra: (1) were detectable,
and (2) changed over time. We found that plant communities differed significantly between plots with
and without tephra after 33 years. Further, differences were stronger after 33 years than at two years fol-
lowing the eruption. Species richness increased over time in both plots with and without tephra, but live
cover was largely stable after two years. Nevertheless, communities shifted in different directions over
time, where the changes in species composition and abundance immediately following tephra deposition
were inconsistent with net changes that occurred over 30 years afterwards. These results suggest that
widespread and apparently minor deposits of tephra, usually interpreted to be of transient importance
if any, may induce long-term modifications of understory plant communities.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The temperate rainforests of the Pacific Northwest (USA) expe-
rience frequent and large volcanic eruptions that alter forest plant
communities, as dramatically illustrated by the recent and
repeated eruptions of Mount St. Helens (Mullineaux, 1986; Dale
et al., 2005). Volcanic eruptions can have a wide variety of effects
on forest ecosystems, ranging from complete devastation of plant
communities to minor ash fall and temporary disruption of air
quality (Lipman and Mullineaux, 1981; Turner et al., 1997; Dale
et al., 2005; Efford et al., 2014). Vegetation in areas strongly
affected by volcanic activity has received substantial study, but
comparatively few studies (e.g., Mack, 1981) have examined the
effects of minor amounts (<25 mm) of tephra, which can cover lar-
ger areas (Zobel and Antos, 1997; del Moral and Grishin, 1999;
Bonadonna et al., 2015). Trees can survive tephra deposits of up
to 2 m (Antos and Zobel, 1987; Turner et al., 1997), implying that
overstories could remain intact while understory populations are
strongly diminished. Volcanic tephra deposition does not usually
remove overstory biomass (but see Swanson et al., 2013), and
therefore increase light availability or diurnal temperature fluctu-
ations, but it does immediately affect edaphic conditions (Zobel
and Antos, 1991a; Ayris and Delmelle, 2012). Thus, tephra deposi-
tion provides a useful opportunity to examine forest understory
successional patterns in response to disturbance, but with an intact
forest canopy.

Long-term studies in tephra impacted forests adjacent to Mount
St. Helens have resulted in several lessons about the nature of this
disturbance type. Effects of tephra on understory communities
may differ from more intense disturbances, which can nearly, or
completely, reset succession (Turner et al., 1998; del Moral and
Grishin, 1999), and may take time to be realized (Antos and
Zobel, 2005). For example, species richness is expected to be
decreased by more severe volcanic disturbance (mud flows, deep
tephra), but not necessarily in shallow tephra (del Moral and
Grishin, 1999). Consistent with this expectation, richness declined
more in deep than in shallow tephra immediately after the May,
1980 Mount St. Helens eruption, and returned to pre-disturbance
values in 4.5 cm, but not 15 cm tephra deposits (Zobel and Antos,
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2017). For bryophytes, and for vascular growth forms at some sites,
percent cover was still expanding 20–30 years after tephra deposi-
tion (Antos and Zobel, 2005; Zobel and Antos, 2017; also see
Tsuyuzaki, 2009). Given the decline in effects between sites with
15 vs 4.5 cm tephra, it is likely that sites with still less tephra will
show limited, and different, effects (Zobel and Antos, 1997, 2017;
Antos and Zobel, 2005). Sites receiving less tephra were generally
at lower elevations (Waitt and Dzurisin, 1981) and did not have
snowpack, which significantly modified tephra effects at higher
elevations (Antos and Zobel, 1982, 2005). Nevertheless, some last-
ing effects might occur even with thin tephra (<2.5 cm) via the
effects of tephra on soils, given that long-term plant growth can
be inhibited by the nitrogen-poor tephra layer that is added to
the soil profile (del Moral and Clampitt, 1985). In other systems,
manipulative experiments adding shallow tephra have both
decreased growth and altered community succession trajectories
(Gómez-Romero et al., 2006; Hotes et al., 2010). Following deposi-
tion, physical and chemical weathering of the tephra and forma-
tion of a new soil layer may continue to change the substrate
plants grow in (Dahlgren et al., 1999), providing opportunity for
long term community changes (del Moral and Clampitt, 1985;
Antos and Zobel, 2005).

It is traditionally accepted that understory succession follows
changes in overstory structure, and stabilizes as forest canopies
close (Franklin and Dyrness, 1973; Oliver and Larson, 1990). Early
theoretical and empirical work (e.g., Bormann and Likens, 1979;
Alaback, 1982) indicated that understory biomass peaked before
the canopy closed, then remained consistently low following
canopy closure. After canopy closure, changes in understory com-
munities are typically related to canopy gaps (Van Pelt and
Franklin, 2000; Rankin and Tramer, 2002; Grandpré et al., 2011).
Nevertheless, some understory successional trends can be difficult
to summarize and predict (Pickett et al., 1987). Understory com-
munities should remain stable in old-growth forests over long
temporal scales, but recent studies have found a significant decline
in species richness through time (Woods et al., 2012; Murphy and
McCarthy, 2014), or a lack of relationship between understory met-
rics and overstory structure (Halpern and Lutz, 2013). Understory
plants may respond more to underground competition than light
level (e.g., McCune, 1986; Lindh and Gray, 2003), but it seems
likely that stability of canopy structure would result in rather
stable conditions belowground. Long-term datasets in temperate
forests of the Pacific Northwest, such as those near Mount St.
Helens (Zobel and Antos, 2017), provide a unique opportunity to
revisit models of succession because they are paired with distur-
bance studies. Furthermore, these long term studies provide many
advantages over chronosequence studies (Bakker et al., 2002;
Halpern and Lutz, 2013), and also allow field-based evaluation of
stable states in old growth forest communities, which represent
a significant gap in the literature (Schröder et al., 2005).

Our study examines changes in understory community compo-
sition after 33 years in a site with shallow tephra (2.3 cm) from the
1980 eruption of Mount St. Helens in Washington State, USA. We
assess understory community changes with (tephra plots) and
without tephra (cleared plots), by taking advantage of experimen-
tal tephra removal that occurred less than three months after the
eruption. For initial post-disturbance response, we re-analyze data
from 1980 and 1982 (Antos and Zobel, 1985b) and to evaluate
long-term changes we use a re-measurement of the same plots
in 2013. We use a variety of community analysis techniques to
address three hypotheses: (1) tephra plots will show more long-
term change than cleared plots as they ‘‘recover” from the tephra
disturbance; (2) the species composition of tephra plots will con-
verge on that of the cleared plots and following 33 years there will
be no significant differences in community metrics between treat-
ments given limited initial effects from this minor disturbance and
the long recovery period; and (3) cleared (control) plots will have
changed very little if any in this old-growth forest. In contrast to
these hypotheses based on general ideas about minor disturbance
and old-growth forests, significant temporal changes in both
cleared and tephra plots would highlight dynamism in understory
communities, and unique changes in the tephra-impacted plots
alone could reflect a legacy effect of tephra deposition 33 years
after disturbance.
2. Methods

2.1. Study design

Our study took place at 550 m elevation in an old growth stand
typical of the Tsuga heterophylla vegetation zone (Franklin and
Dyrness, 1973; Swanson et al., 2005). The site was described by
Antos and Zobel (1985b, 1987). It is located 39 km northeast of
Mount St. Helens, and received approximately 2.3 cm of tephra
deposit from the 1980 eruption, a low amount compared to areas
closer to the volcano or more centrally located in the tephra plume.

In 1980, Antos and Zobel (1985b, 1987) delineated a 1-ha
homogeneous stand at the site. All trees >10 cm DBH were perma-
nently tagged and measured for diameter in 1980; the trees (pri-
marily Pseudotsuga menziesii and T. heterophylla) were re-
measured in 2011 by the HJ Andrews Experimental Forest research
program (Pabst et al., unpublished data).

Within the 1-ha tree stand, Antos and Zobel (1985b) established
150 1-m2 understory plots along six evenly spaced transects using
a stratified random sampling approach with plots located every
3 m along each transect. Tephra was removed from 50 of the 1-
m2 plots during August 2–6, 1980. These cleared plots were located
along transects that alternated with transects containing undis-
turbed tephra plots. Tephra was carefully removed using a variety
of hand tools, including small excavating implements and brushes,
along with a small vacuum cleaner. Most tephra was removed but
some sticky tephra was left if removal would have damaged plants.
The set of plots resulting from this gentle removal of tephra pro-
vided a baseline description of pre-eruption vegetation, allowing
comparison of the effects of tephra deposit with a control. Accord-
ingly, statistical differences in 1980 between cleared and tephra
plots were initially interpreted as evidence of the immediate
impact of the tephra on plant communities.

Vegetation was first measured on September 4 and 5 following
the May 1980 eruption of Mount St Helens, and again between July
21 and 29 in 1982. In September, 2013, we relocated and measured
87 of the 1-m2 plots along five transects from the original sampling
of 150 plots. Of the 87 relocated plots, 20 were cleared of tephra in
1980 and 67 were original uncleared plots (hereafter referred to as
‘‘tephra” plots). Only plots that could be confidently located and
identified as matching the original 1980 plot locations were used,
hence the discrepancy between the original 150 and current num-
ber of plots. We deemed this sampling most appropriate for com-
parisons because: (1) using the exactly located same plots is
critical to effective comparisons, and other plots could not be re-
located with confidence, and (2) we chose tephra plots closest to
the cleared plots to maximize the relevance of comparisons, aban-
doning a previously measured transect located down-hill and dis-
tant from the other plots. With these data we were able to compare
cleared vs tephra treatments using the same plots measured in
1980, 1982 and 2013. At each sampling, all vascular plants were
identified to species and the cover determined after all plants have
fully grown, but before leaf senescence. In each 1 m2 plot, cover
was estimated for each vascular plant species and for major bryo-
phyte taxa, along with total bryophyte cover (Antos and Zobel,
1985b). Nomenclature follows Hitchcock and Cronquist (1973);
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Fig. 1. Stand characteristics through time for the 1-Ha forest plot surveyed in 1980
and again in 2011. Frequency counts are based on 10 cm diameter classes for each
tree at 1.4 m above the ground surface.
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although some names have been changed, this maintains continu-
ity with earlier reports from this project.

2.2. The light environment

In July, 1982, a one-day exposure of Ozalid paper light meters
was used to determine light availability at the soil surface of each
plot (sensu Friend, 1961; Zobel and Antos, 1997). Light intensity,
converted from pages exposed to values in microeinsteins, was
converted to % full sun by expressing values as a percentage of light
received in a nearby clear-cut with no canopy. Light availability
was low throughout the site (Mean 1.93% of light in full sun,
Min: 0.27, Max: 6.15) – reflecting the closed canopy of this old-
growth forest. Similar data were not available for other years.
The 1982 light data were also used in the analysis of 2013 data
since light conditions early in secondary succession could be asso-
ciated with community succession changes >30 years later.

2.3. Statistical analysis

To examine differences in diversity among treatments, we com-
pared species richness, Shannon’s Diversity (H; �P

(Pi ⁄ ln(Pi));
where Pi represents the proportional abundance of each species
i), and Evenness (E; H/ln(richness)). Shannon’s Diversity Index
was chosen due to its strength highlighting rare species in ecolog-
ical data (DeJong, 1975). Percent live cover was calculated as the
summative percent cover of all understory species and bryophytes
in each plot. Our data demonstrated deviation from normality
based on Shapiro-Wilk W tests. Accordingly, we used a non-
parametric re-sampling approach for our analyses. To compare
all means for live cover and community diversity metrics we used
the non-parametric Approximative Two-Sample Fisher-Pitman
Permutation Test to compare across treatment within each year,
and across sequential pairs of years within each treatment. We
ran the Approximative Two-Sample Fisher-Pitman Permutation
Tests in the program R, using the Coin package (Hothorn et al.,
2006) with 9999 permutations. The p-value for each test was cal-
culated based on z-score values in random reshuffling vs our
observed values. For the 1982 and 2013 data, we used data on light
availability to determine any potential relationships between
understory communities and light by conducting simple linear
regressions between % light availability and community diversity
metrics.

To visualize and analyze community differences among treat-
ments and years we employed a Nonmetric Multidimensional Scal-
ing ordination (NMS), using the vegan package in the program R
(Oksanen et al., 2016; R Core Team, 2015) and a Sørensen (a.k.a.
Bray-Curtis) distance measure. Two axes were selected for each
ordination based on the least stress configuration after 200 runs.
Ordinations were based on percent cover data for each vascular
species and total bryophyte cover. To consider treatment differ-
ences at a given sampling time, separate ordinations were run
for each sample year, and to consider temporal changes, separate
ordinations were done through time for cleared and tephra plots.
In two dimensional ordinations, 95% orbitals were produced
around the centroid of each group, representative of 95% confi-
dence for the location of each community in ordination space
(using the vegan package in R, Oksanen et al., 2016). Each NMS
ordination was followed by a multi-response permutation proce-
dure (MRPP) analysis using a Sørenson distance measure. The
MRPP uses a randomization procedure to compare multivariate
community data, and produce a measure of strength (A value)
and a probability value (McCune et al., 2002; McCune and
Mefford, 2005). We also conducted Dufrene-Legendre Indicator
Species Analysis for all comparisons of treatment and year using
the labdsv package in R (Roberts, 2015). This analysis gave an esti-
mation of fidelity of individual species for categories (year, and
treatment), vs random associations in 1000 randomized Monte
Carlo iterations (McCune and Mefford, 2005; Roberts, 2015).
Finally, light data based on Ozalid paper measurements was fitted
to our community profiles for 1982 and 2013 as a vector using the
‘‘env.fit” command in the vegan package in R (Oksanen et al., 2016).
Vectors are fit using a permutation test (999 permutations) to
assess significance, and r2 values for each vector are based on
within group and total sums of squares. In all cases, a p-value
<0.05 was considered significant.
3. Results

3.1. Tree canopy

The tree size structure changed rather little over the >30 year
study period in this old-growth forest (Fig. 1). In both the original
measurements and the recent stand measurements the upper
canopy was dominated by large P. menziesii with a prominent sub-
canopy of T. heterophylla (Fig. 1), and had a similar tree cohort
structure in both surveys. The subtle changes in overstory trees
that did occur suggest a typical succession trajectory toward
greater dominance by the later succession species, T. heterophylla.
Through time, both of the dominant tree species increased in size,
with average T. heterophylla increasing from �40 cm in diameter to
�45 cm, and average diameter of P. menziesii increasing from
�95 cm to �105 cm. There was a slight decrease in density of
the smallest diameter classes through time, but there was a com-
mensurate increase in large diameter tree density, such that the
total stand basal area remained similar. Density of trees >10 cm
DBH was 256 ha�1 in 1980 and 197 ha�1 in 2011 (60% and 63%
Tsuga heterophylla respectively). Basal area was 72.2 m2 ha�1 in
1980 and 71.3 m2 ha�1 in 2011 (74% and 69% Pseudotsuga
menziesii).

3.2. Differences between treatments within years

In 1980 live cover was significantly lower in tephra than in
cleared plots (p = 0.001), indicating that tephra resulted in imme-
diate damage to some understory plants. However, there were no
significant differences in species richness (p = 0.264), Shannon’s
H (p = 0.442), or evenness (p = 0.054) between treatments (Table 1).
Overall, differences between communities in cleared and tephra



Table 1
Approximative Two-Sample Fisher-Pitman Permutation Test results (p-values) for pairwise comparisonsa of community metrics across treatments and years.

Groups compared Community metrics

Richness Shannon’s H Evenness Live cover (%)

1980 Cleared vs Tephra 0.264 0.442 0.054 <0.001 (C)
1982 Cleared vs Tephra 0.041(C) 0.139 0.447 <0.018 (C)
2013 Cleared vs Tephra 0.008 (C) 0.005 (C) 0.140 0.008 (C)
Tephra 1980 vs 1982 <0.001 (1982) 0.883 <0.001 (1980) <0.001 (1982)
Tephra 1982 vs 2013 0.012 (1982) 0.0248 (2013) <0.001 (2013) 0.654
Tephra 1980 vs 2013 0.004 (2013) 0.033(2013) 0.565 <0.001 (2013)
Cleared 1980–1982 <0.001 (1982) 0.066 0.873 <0.001 (1982)
Cleared 2013 vs 1982 0.342 0.011 (2013) <0.001 (2013) 0.424
Cleared 2013 vs 1980 0.002 (2013) <0.001 (2013) <0.001 (2013) <0.001 (2013)

a Parentheses denote which set of plots or year had significantly larger values in each comparison.
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plots were small but significant as indicated by ordination based
on species composition (Fig. 2) and MRPP analysis (A = 0.054,
Fig. 2. Non-metric multidimensional scaling (NMS) ordination graph comparing
cleared plots and tephra plots, measured in 1980 (top), 1982 (middle), and 2013
(bottom). Each point is an individual plot, and symbols differentiate between
treatments. All points represent individual plot measurements, and lines represent
95% confidence orbitals around the centroid of each group (tephra vs cleared within
year). In 1982, a vector was fit to the ordination representing the directional
correlation of light measurements with the data.
p = 0.001; Table 2). Indicator species analysis showed that commu-
nity differences were related to greater cover of bryophytes (up
83%; p = 0.002) and salal (Gaultheria shallon; up 29%; p = 0.015) in
cleared plots (Table 3).

By 1982, species richness (p = 0.041) and live cover (p = 0.018)
were significantly higher in cleared vs tephra plots, while treat-
ments did not differ significantly in Shannon’s H or Evenness
(Table 1). In contrast to 1980, however, more holistic comparison
of the 1982 communities using ordinations (Fig. 2) and MRPP anal-
yses did not show a significant separation between cleared and
tephra plots (p = 0.200; Table 2). Indicator species analysis again
found that G. shallon showed 33% greater fidelity toward cleared
plots (p = 0.008; Table 3).

The long-term effects of the shallow tephra deposit were eval-
uated by comparing the cleared and tephra plots in 2013. Cleared
plots had significantly higher species richness (p = 0.008), Shan-
non’s H (p = 0.005), and live cover (p = 0.008) in 2013; only species
evenness did not differ significantly between treatments (Table 1).
Additionally, an MRPP analysis showed a significant separation
between treatments (A = 0.010, p = 0.012; Table 2). The NMS ordi-
nation showed a much more homogenous grouping for cleared
plots than tephra plots (Fig. 2). Indicator species analysis suggested
that cleared plots hosted greater fidelity of multiple groups, includ-
ing total bryophyte cover (61%), the herbaceous species Tiarella tri-
foliata (61%), Viola sempervirens (52%), and Vancouveria hexandra
(34%), and the woody species Mahonia nervosa (56%) and Oplopa-
nax horridus (10%). In contrast, the rapidly spreading, stoloniferous
species, Rubus nivalis, had 25% greater fidelity in the tephra plots
(Table 3). In sum across these various analyses, tephra and cleared
plots were less, not more, similar 33 years after the tephra distur-
bance than immediately after or 3 seasons later—the opposite of
the expectations of ‘‘recovery” and no long-term effects.
Table 2
Test statistics for pairwise multiple response permutation procedure comparisons of
community profile between years and treatments. P values less than 0.05 were
considered significant. For A values, higher numbers represent greater separation
between groups.

Groups compared A p-value

1980 Cleared vs Tephra 0.054 <0.001
1982 Cleared vs Tephra 0.003 0.200
2013 Cleared vs Tephra 0.010 0.012
Tephra 1980 vs 1982 0.100 <0.001
Tephra 1982 vs 2013 0.070 <0.001
Tephra 1980 vs 2013 0.049 <0.001
Cleared 1980 vs 1982 0.014 0.171
Cleared 1982 vs 2013 0.030 0.020
Cleared 1980 vs 2013 0.053 <0.001



Table 3
Significant indicator species for each pairwise comparison of year and treatment.

1980 Only Group fidelity Indicator value p-value

Bryophytes Cleared 0.83 0.002
Gaultheria shallon Cleared 0.29 0.015

1982 Only
Gaultheria shallon Cleared 0.33 0.008

2013 Only
Bryophytes Cleared 0.61 0.001
Tiarella trifoliata Cleared 0.61 0.002
Mahonia nervosa Cleared 0.56 0.003
Viola sempervirens Cleared 0.52 0.030
Vancouveria hexandra Cleared 0.34 0.039
Oplopanax horridus Cleared 0.10 0.046
Rubus nivalis Tephra 0.25 0.033

Tephra plots only, 1980 vs 1982
Bryophytes 1982 0.89 0.001
Tiarella trifoliata 1982 0.62 0.003
Adenocaulon bicolor 1982 0.51 0.001
Viola sp. 1982 0.49 0.038
Trillium ovatum 1982 0.19 0.001
Pseudotsuga menziezii 1982 0.15 0.002

Tephra plots only, 1982 vs 2013
Achylys triphylla 2013 0.45 0.001
Gaultheria shallon 2013 0.30 0.002
Rubus nivalis 2013 0.23 0.009
Rubus specabilis 2013 0.12 0.005
Rubus ursinus 2013 0.09 0.047
Bryophytes 1982 0.64 0.001
Tiarella trifoliata 1982 0.55 0.001
Pseudotsuga menziezii 1982 0.15 0.003
Maianthemum dilatatum 1982 0.13 0.031
Taxus brevifolia 1982 0.09 0.031

Cleared plots only, 1980 vs 1982
Tiarella trifoliata 1982 0.69 0.040
Adenocaulon bicolor 1982 0.50 0.002

Cleared plots only, 1982 vs 2013
Mahonia nervosa 2013 0.79 0.013
Achylys triphylla 2013 0.53 0.017

Fig. 3. Non-metric multidimensional scaling (NMS) ordination graphs showing
how tephra-impacted and cleared plots changed through time over 33 years
following the eruption. Each point is an individual plot, and symbols differentiate
between years. Panels represent cleared (top) and tephra (bottom) plots. All points
represent individual plot measurements, and lines represent 95% confidence
orbitals around the centroid of each year within treatment.

240 D.G. Fischer et al. / Forest Ecology and Management 382 (2016) 236–243
3.3. Differences among years

Temporal changes in the understory community from 1980 to
2013 can indicate the long-term effects (33 years) of the distur-
bance from tephra deposition. As expected, total live cover in the
tephra plots expanded significantly after 1980, from 25.6% (CI95%:
20.7–30.6%) to 116.2% (CI95%: 102.2–130.1%) within the first three
years after the eruption (1980–1982: p < 0.001), but further expan-
sion was not detectable after the next 30 years (1982–2013:
p = 0.654; Table 1). Species richness also increased between 1980
and 1982 (p < 0.001), but evenness declined (p < 0.001). Between
1982 and 2013 though, species richness declined in the tephra
plots (p = 0.012), while Shannon’s H and species evenness both sig-
nificantly increased (p = 0.025, and p < 0.001 respectively). Over-all
comparisons of 1980 with 2013 data indicated net increases in spe-
cies richness (p = 0.004), Shannon’s H (p = 0.033), and live cover
(p < 0.001) in the tephra-impacted plots. Additionally, a MRPP
analysis showed a significant separation in the community profile
between 1980 and 1982 (A = 0.100, p = 0.001) and between 1982
and 2013 (A = 0.070, p = 0.001; Table 2). These differences were
visually evident in an ordination (Fig. 3), where community sepa-
ration occurred in separate directions for the 1980–1982 compar-
ison (toward the upper right) vs the 1982–2013 comparison
(toward the lower left). In the indicator species analysis for tephra
plots (Table 3), several taxa had greater fidelity for 1982 vs 1980,
including bryophytes (89%), T. trifoliata (61%), Adenocaulon bicolor
(51%), V. sempervirens (49%). Trillium ovatum (19%), and Pseudotsuga
menziesii seedlings (14%). A new set of species increased from 1982
to 2013 including Achylys triphylla (45%), G. shallon (30%), and the
rapidly spreading species of Rubus, R. nivalis (22%), R. specabilis
(11%), and R. ursinus (9%). Species associated with the 1982 data
which decreased by 2013, included bryophytes (64%), T. trifoliata
(55%), P. menziesii (15%), Maianthemum dilatatum (13%), and Taxus
brevifolia (9%).

Comparison of the cleared plots across the years should indicate
patterns in understory succession free from the residual effects of
tephra deposition. Live cover and species richness in cleared plots
expanded quickly in the first three years even in the absence of
tephra (p < 0.001; Table 1; sensu Antos and Zobel, 1987), while
the other diversity metrics remained similar (Shannon’s H:
p = 0.066; Evenness: p = 0.873). From 1982 to 2013 there was no
significant change in richness (p = 0.342) or live cover (p = 0.424),
but Shannon’s H (p = 0.011), and evenness (p = 0.0015, Table 1)
increased, similar to the tephra plots. The MRPP analysis showed
no significant initial change between 1980 and 1982 (p = 0.171),
but there was a detectable community profile shift between
1982 and 2013 (A = 0.030, p = 0.020), and between 1980 and
2013 (A = 0.053, p = 0.001; Table 2). The NMS ordination (Fig. 3)
suggests a unique directionality in the community shift from
1982 to 2013. In addition to positional shifts on the ordination,
the cleared plots converge in ordination space with time whereas
the tephra plots diverge (note changes in the ellipses on Fig. 3).
Although communities did not significantly differ between 1980
and 1982 according to the MRPP analysis, two species had greater
fidelity for 1982, T. trifoliata (69%) and A. bicolor (50%). Indicator
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species analysis also suggested that community shifts from 1982 to
2013 may have been driven by greater fidelity of M. nervosa (79%)
and A. triphylla (53%) for 2013 (Table 3).

While light can have an important effect on understory forest
plant community dynamics (Canham et al., 1990), light availability
did not vary much between plots (mean 1.93% full sun, standard
deviation ± 0.97%), and accordingly did not have a strong influence
on our data. Relationships between% full sun and diversity indices
in 1982 indicated that both Shannon’s H’ and evenness were neg-
atively, but weakly, (r2 = 0.08, p = 0.004, and r2 = 0.10, p = 0.001
respectively) related to light availability, but species richness,
and percent cover were not related to light in 1982 (p = 0.458
and p = 0.279 respectively). Light availability was also a significant,
vector in the 1982 community NMS ordination (Fig. 2; r2 = 0.09,
p = 0.023). By 2013, relationships between the community and ini-
tial (1982) light availability suggested similar results where Shan-
non’s H’ and evenness had negative (but weak) relationships with
light availability (r2 = 0.05, p = 0.017, and r2 = 0.09, p = 0.004
respectively), but species richness (p = 0.386) and total % cover
(p = 0.558) were unrelated to light. By 2013, the community NMS
ordination was also unrelated to light as a vector (p = 0.54).
4. Discussion

Our results contribute to two generalizations that are gaining
more widespread support: (1) minor disturbance can have long-
lasting effects that sometimes amplify instead of dampening with
time, and (2) even in old-growth forests, notable successional
changes continue in the understory under closed canopies. Our
study concerns a forest type that is widespread in the Pacific
Northwest (Franklin and Dyrness, 1973). The canopy tree composi-
tion here, with Pseudotsuga menziesii forming an upper canopy
with abundant Tsuga heterophylla, was typical of the pre-
European settlement mesic low- to mid-elevation forests west of
the crest of the Cascade Range (Franklin and Dyrness, 1973). Indi-
cator species for change in our study include all four understory
growth forms (bryophytes, herbs, shrubs and tree seedlings;
Table 3). The disturbance, tephra deposition, is also typical of the
region, particularly northeast of Mount St. Helens where the study
was located (Shipley and Sarna-Wojcicki, 1983; Zobel and Antos,
1997). Areas that receive tephra of this thickness or less make up
most of any area subjected to a single tephra deposit. Studies of
tephra effects are few, and generally concentrate on areas of mod-
erate to deep deposits. Nevertheless, a few short-term studies of
thin deposits of tephra (Hotes et al., 2004; Tsuyuzaki and Hase,
2005) or sand (Martínez and Maun, 1999) have also found effects
on plant communities, and changes in edaphic factors and resource
availability can have persistent effects on plant community assem-
bly (Kardol et al., 2013). For example, even thin deposits of wind-
blown dust can add nutrients with potentially long-term effects on
ecosystems (Field et al., 2010). Regardless, our data demonstrate
how understory communities can remain dynamic through time
in an old-growth forest.

The significant long-term effects we observed underscore the
importance of studies over a long time scale. Previous research
has repeatedly shown that a long-term perspective is essential
for understanding changes in plant communities over time
(Brown et al., 2001). After thirty years, cover of understory com-
munities with deeper Mount St. Helens tephra was still signifi-
cantly related to the amount of damage done in 1980 (Zobel and
Antos, 2017), and disturbance from deep tephra can have effects
that last for centuries (Efford et al., 2014). Some responses to dis-
turbance take time to develop (Zobel and Antos, 2016); conclu-
sions based on early sampling may change. For example, delayed
responses have previously been observed in response to tephra
deposition where plants produced new shoots for the first time
after 3–8 growing seasons following burial (Antos and Zobel,
1985a; Zobel and Antos, 1992). Our current study further supports
the importance of long term research by showing that decades
later even a minor disturbance can have a measurable effect on
plant communities. Where tephra was experimentally cleared vs
where it was not removed, tephra was associated with changes
in forest understory composition. After three decades, differences
in community profile became more pronounced and significant
between cleared and tephra plots (Fig. 2). After 33 years, the
cleared plots increased in diversity and cover when compared to
tephra plots. Further, the differences seem to be driven by
increases in several herbaceous species and bryophytes in the
cleared plots (fragile taxa sensitive to tephra deposition), and the
major shrubs (G. shallon and M. nervosa), which may take time to
respond to new conditions.

While the effects of deeper tephra can be obvious (Kent et al.,
2001; Antos and Zobel, 2005; Ayris and Delmelle, 2012; Efford
et al., 2014), long-term effects of shallow tephra deposits may
seem more surprising. What mechanisms might produce such a
difference in plant performance and thus in community develop-
ment? Tephra may affect plants by a variety of mechanisms:
abrading and adhering to foliage (Seymour et al., 1983; Zobel
and Antos, 1985; Segura et al., 1994); mechanical failure from
added weight (Mack, 1981); burying seeds and shoots (Antos and
Zobel, 1985c, 1987); burial of perennating organs (Antos and
Zobel, 1987; Zobel and Antos, 2016, 2017); changes to soil chem-
istry resulting from tephra addition (soluble chemical components
of tephra may act as toxins, nutrients, or result in complexation of
nutrients; Ayris and Delmelle, 2012); and modification of the
seedbed (Antos and Zobel, 1986; Zobel and Antos, 1991b). In our
case, burial by 2-cm tephra is likely to have killed only the smaller
bryophytes (Antos and Zobel, 1985b); most herbs at higher eleva-
tions easily grow through tephra twice this deep (Antos and Zobel,
1985a, 1985c; Zobel and Antos, 1997). Adherence to foliage
impacted viability and growth significantly only for Abies spp. in
higher elevation studies (Zobel and Antos, 1985; Segura et al.,
1994), but the genus is absent at this site. Rain had washed tephra
from shrub leaf surfaces in open areas by mid-June, 1980, and
abrasion of leaves in 1980 did not appear to do much damage
beyond injury to currently expanding leaves (J. Antos and D. Zobel,
personal observation). Most herbs, once buried, can modify their
direction and amount of growth to produce aerial shoots and move
the perennating organ to the surface (Antos and Zobel, 1985a,
1985c). This tephra event produced no measured instances of
chemical toxicity to plants. Thus, we are left with few mechanistic
hypotheses for how differential changes in plant importance might
have been caused beyond mild changes to the competitive and
facilitative balance of species in a low light environment. Princi-
pally, edaphic changes, and/or changes to the seedbed may be
responsible for the patterns we observed. The shallow tephra at
our site was probably chemically similar to the deeper tephra we
sampled from the May 18 plume, as chemistry was consistent
across depths (Waitt and Dzurisin, 1981). Deeper tephra carried
substantial soluble nutrients that leached from tephra between
1980 and 1982, and from 1982 to 1987 (Zobel and Antos, 1991a),
notably the elements Ca and K, but new tephra is devoid of N.
The tephra may have also represented a unique P source, and thus
altered competitive balance over time as geologically bound P was
released from the tephra (Walker and Syers, 1976; Dahlgren et al.,
1999). Tephra deposits at our site added over half as much phos-
phorus per unit weight as was previously present in the mineral
soil per unit mass (Zobel and Antos, 1991a,b; 5–7 mg kg�1 P).
When scaled to area using the bulk density of the tephra (derived
from Zobel and Antos (1991a,b)), this only represents about 15–
21 mg P m�2 added to the site, but it still represents a novel input.
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Nevertheless, it is unclear where tephra-derived P represents a
viable P source for plants immediately following deposition due
to complex weathering patterns in cold temperate ecosystems,
and tephra could also result in lower P availability (Walker and
Syers, 1976; Ugolini and Zasoski, 1979; Ugolini and Dahlgren,
2002). Tephra inputs of K and Ca may also have been significant
compared to mineral soil at 4–9 mg kg�1 K, and 27–117 mg kg�1 -
Ca (Zobel and Antos, 1991a,b). Although we have no evidence for
differential responses among species to such chemical changes in
the rooting medium, this remains a promising hypothesis for com-
positional changes. Another possibility may be changes in soil
water and temperature associated with the mulching and insulat-
ing effects of this pumice-based tephra (J. Antos and D. Zobel,
unpublished data). Burial that reduced bryophyte cover would also
alter the seedbed. Changes in the seedbed may have been impor-
tant for a few species that reproduced primarily by seed (Antos
and Zobel, 1986); for example, in deeper tephra, the ratio of estab-
lished Tsuga to Abies seedlings increased (Zobel and Antos, 1991b).
The effectiveness of converting flowering events to seedlings,
which may be governed by seedbed properties, was associated
with the increase in plant density after 20 years in deeper tephra
(Zobel and Antos, 2007).

Differences between tephra and cleared plots due to differences
in soil composition may have not had time to take effect by 1982
(e.g., del Moral and Clampitt, 1985; Zobel and Antos, 1991a). The
infertility of tephra illustrated by del Moral and Clampitt (1985)
could explain the increase in Rubus spp. in 2013 tephra plots as dis-
played by our indicator species analysis. Rubus, a clonal genus, may
have an advantage over other plants in the infertile tephra-laden
soil due to its ability to spread asexually via stolons (Halpern,
1989; Callaghan et al., 1992; Zobel and Antos, 1997, 2009), and
show strong recruitment in disturbed sites (Eriksson and Ehrlén,
1992).

Richness and evenness would be expected to increase as plants
regrow that were mostly covered by tephra. The increase in species
richness through time that we observed is consistent with other
studies, where species that lost cover subsequently increased via
emergence of new shoots through the deposit or seedling estab-
lishment on top of the tephra (Zobel and Antos, 1997). Increases
in post-eruption species richness may be matched by the expan-
sion in live cover as the plants recover, resulting in increased even-
ness after an initial increase in richness. Our results support this
pattern where initial increases in species richness are followed
by subsequent increases in both evenness and Shannon’s H
diversity.

Also surprising, were the increases in richness, Shannon’s H, and
species evenness over time in both tephra and cleared plots. Thus,
an alternative interpretation of these data is that the tephra plots
and the cleared plots have been placed on separate succession tra-
jectories, and both disturbed and undisturbed plots are dynamic
through time. Of course, even our experimental clearing represents
a minor disturbance, and our results should be interpreted accord-
ingly. Nevertheless, cleared plots showed less variability than the
tephra plots, and they are clearly less heterogeneous in the NMS
ordination, especially at the final sampling (Fig. 2). This indicates
that while both treatments had a similar increase and subsequent
decrease in species richness, the effects of the tephra have resulted
in greater variability among plots. This could be a result of greater
niche vacancy in the tephra plots. Subsequent stochasticity in dis-
persal and vegetative expansion processes may have increased dif-
ferences between plots. It may be that initially, only small
bryophytes were reduced, and initial recovery looked rapid
(Antos and Zobel, 1985b), but over time minor competitive gains
made by species more tolerant or resilient to the deposition event
(e.g., Zobel and Antos, 1997) lead to a competitive advantage in
this low-light environment.
While historic focus on old-growth understory communities
often has assumed stability in the later stages of forest succession,
our data suggest that understory communities in an old growth
forest are dynamic both in the presence and absence of tephra
deposits. Our community analysis suggests that the entire commu-
nity was shifted mildly following the eruption, but rather than
changing back to some original condition (as suggested by the
1980–1982 cleared plot data), a new successional trajectory
appeared between 1982 and 2013. These patterns suggest under-
story communities in old-growth forests are dynamic and seem-
ingly minor disturbances can have lasting effects that do not
necessarily dampen out with time (potentially indicative of alter-
native stable states; Beisner et al., 2003). Attempts to manage old
forests should not be based on a steady-state paradigm (Folke
et al., 2004), but embrace the concept that forest are ever changing
and that minor disturbances can have non-trivial effects.
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