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Repeated observations of forest development using permanent plots can map pathways and rates of 
primary succession at the individual plant, the plot and the community level. This study re-measures the 
trees in 34 100 m

2
 plots that were first sampled in 1987 to document recent and to predict continued 

forest development for a mixed-conifer forest established on a volcanic mudflow formed at a 2000-m 
elevation in Lassen Volcanic National Park (LVNP) in 1915. In 1987 and 2008, trees ≥ 0.11-m tall were 
identified to species level, and measured for height (m) and basal area (m

2
). The most abundant species 

in both 1987 and 2008 were Pinus contorta, Abies magnifica and Pinus monticola, and there was no 
statistically significant difference in species composition despite a 20% increase in tree densities. From 
1987 to 2008, the mean (± SE) proportional rates of increase for the number of trees per plot, the mean 
heights of trees and the total basal area per plot were, respectively, 0.009 ± 0.002 y

-1
, 0.023 ± 0.002 y

-1
, 

and 0.055 ± 0.004 y
-1

. Despite these increases, canopy closure has not occurred for most of the forest. 
This lack of closure, in conjunction with the continuing similarity of relative species abundances, 
suggests that abiotic factors such as snow damage and drought and not biotic interactions such as 
competition may still be the major limitation to tree growth and forest development. Projecting the 
current rates of basal area growth for the next 10 to 20 years suggests rapid forest development that 
includes canopy closure. In expectation of these rapid changes, data on tree positions within plots were 
collected to allow the fates of individual trees to be monitored and determined.  
 
Key words: Pinus contorta, conifers, primary succession, volcanism, mudflow. 

 
 
INTRODUCTION  
 
Active volcanic mountain ranges from much of the terrain 
in the American Pacific Northwest (Kiver, 1982; Harris, 
1988), and where eruptions of those volcanoes involving 

pyroclastic blasts, lava flows, lahars, mudflows to 
landslides that can destroy existing, sometimes very old 
forests and create newly-formed mineral surfaces
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(Dale et al., 2005b). Re-establishment of forests on these 
newly-formed surfaces through primary succession 
involves the establishment and growth of tree seedlings 
on inhospitable, bare surfaces of lava, cobble, gravel, 
muds, tephra or other rocky debris (Frenzen and 
Franklin, 1985; Drake, 1993; Larsen and Bliss, 1998; 
Dale et al., 2005a; Munoz-Jimenez et al., 2005). Although 
other forms of vegetation, including nitrogen-fixing 

herbaceous plants (Morris and Wood, 1989; Halpern et 
al., 1990; Walker et al., 2003; del Moral and Rozzell, 
2005; Titus and Bishop, 2014), may either inhibit or 
facilitate the establishment of tree seedlings as they do 
for other herbaceous species, but the initial survival and 
growth of seedling and sapling trees may often be 
dependent upon their ability to survive harsh abiotic 
factors such as the physical extremes of temperature, 
light intensity, drought, snow pack and low nutrient 
availability (Turner, 1985; Alejandre-Melena et al., 2007; 
Deligne et al., 2013). Seedling and sapling trees may 
have to persist and grow slowly for decades before the 
they become large enough for their crowns to merge into 
a closed-canopy forest (Heath, 1967b).  

As trees increase in size and the canopy of the forest 
closes, the factors limiting the survival and growth of 
trees may shift from these abiotic extremes of physical 
factors to biotic factors including competition for light and 
nutrients. This shift in the primary limiting factors may 
cause changes in the relative success of different 
individuals and different species (Peet and Christiansen, 
1980; Walker and Chapin, 1987; Walker and del Moral, 
2003). For example, competition for light among shade 
intolerant species such as pines and other conifers 
results in self-thinning (Dewar, 1993; Zeide 1995, 2001; 
Walker and del Moral, 2003) where there are greater 
mortality rates for shorter individuals whose crowns are in 
the forest’s shaded lower subcanopy than for taller 
individuals with crowns in the forest’s upper canopy. For 
intraspecific competition for light in some conifers such as 
Pinus taeda (VanderSchaaf, 2010), Pseudotsuga 
menziensii (Weiskittel et al., 2008) and Pinus contorta 
(Dean and Long, 1992), the progressive pattern of 
declining densities and increasing sizes of surviving 
individuals may follow predictable patterns where stands 
of initially different densities converge to similar densities 
and similar individual tree sizes. 

The abilities to predict 1) the path of the plant 
succession and 2) the rate at which succession will 
produce forests that are either similar to or different from 
those that were destroyed is important in understanding: 
1) the structure, composition and ecology of the Pacific 
Northwest forests (Acker et al., 1987) and 2) the 
processes of primary succession in general. Because of 
the long time frames required for forest succession, this 
process of forest development is usually inferred from 
historic reconstruction based on surviving trees (Johnson 
et al., 1994; Fastie, 1995) or from chrono sequences 
where forest development is compared among similar  
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sites of varying ages (McCune and Allen, 1985; Drake 
and Mueller-Dumbois 1993; Clarkson, 1997; Walker et 
al., 2010).  

It may be that studies involving repeated observations 
and measurements through time on permanent plots 
could be preferable to historic reconstructions and 
comparisons of sites of different ages (Bakker et al., 
1996), and as similar studies of permanent plots have 
proven effective in understanding the processes involved 
in the establishment of herbaceous communities on 
volcanic terrains (Dale and Adams, 2003; Halpern et al., 
1990; del Moral, 2007; del Moral et al., 2010, 2012; del 
Moral and Magnusson, 2014). Continued observations on 
permanent plots may also enable investigators to 
generate and test hypotheses on potential mechanisms 
driving succession (Bakker et al., 1996; Herben, 1996; 
Csecserits et al., 2007). Permanent plots have also been 
recommended as a possibly preferable method for 
monitoring changes through time in vegetation (Walker 
and del Moral, 2003; Chytry et al., 2014). Results from 
studies of forest development in repeatedly sampled 
permanent plots could be of fundamental importance in 
complementing and assessing the accuracies of historic 
reconstructions and comparisons of different-aged sites, 
but such long-term, permanent plot studies for tree 
species (Heath, 1971; Woods, 2000; Harcombe et al., 
2002; Kangur et al., 2005; Weber et al., 2006) are less 
common than those for shorter-lived herbaceous and 
shrub communities. 

This study reports on repeated observations of forest 
development using permanent plots that were originally 
established and studied in 1987 (Kroh et al., 2000) on a 
1915 volcanic mudflow in Lassen Volcanic National Park 
(hereafter, LVNP) in northern California, USA (40° 30’ N, 
121° 26’ W). These permanent plot measurements are 
complemented and supported by a combination of 
historical photographs, aerial photographs, unpublished 
National Park Service reports (Swartzlow, 1946; Bailey, 
1961), theses and dissertations (Bailey, 1963; Heath, 
1967a; Fessenden, 1984; Eppler, 1984; Upjohn, 2009), 
and published research (Heath, 1967b; Eppler, 1987; 
Parker, 1993) that have documented tree establishment 
and growth on the surface of the mudflow since 1940.  

The purposes of the present study were: 1) to resample 
the 1987 permanent plots, 2) determine the rates of 
change in forest composition and structure, and 3) use 
these rates of change to predict the development of 
forest structure and composition that may be expected to 
occur in the next 10 or more years. This resampling was 
prompted by visits to the site in 2003 and 2008 which 1) 
suggested that the forest may be approaching canopy 
closure and the potential period of transition from 
primarily abiotic to primarily biotic limiting factors and 2) 
emphasized the need for documentation of forest 
structure and composition before the onset of canopy 
closure and its associated changes in forest structure had 
begun. 
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METHODOLOGY 

 
Site description and history 

 
The mudflow site is part of a larger area of volcanic disturbance 
termed the Devastated Area that was formed within LVNP by 
eruptions in May 1915. This area is located on the northeast slope 
of Lassen Peak at elevations > 1900-m amsl where the climate type 
is dry upland with winter snows and frequent summer droughts 
(Griffin, 1967). The predominant forest type at these elevations and 
aspects within LVNP is pine, especially Pinus contorta (Douglas; 
species nomenclature follows Hickman, 1993). Although P. contorta 
and other pines are the predominant forest type, there are local 
variations due to slopes and aspects (Parker, 1991). 

Two separate days of eruptions were involved in the formation of 
the Devastated Area. During the first eruption on 19 May 1915, 
magma surfaced at the summit, melted the surrounding snowpack, 
and caused a fast-moving, water and mud based landslide, termed 
a lahar (Eppler, 1984, 1987), which flowed northerly along the 
floodplains of Lost Creek and Hat Creek destroying existing 
vegetation and leaving ≤ 1.5-m deep sediment deposits (Eppler, 
1984). Additional eruptions on 22 May 1915 involved three main 
components including, in the sequence which they occurred: 1) a 
lateral blast of hot gasses that uprooted, broke-off or burned trees, 
seedlings and other vegetation (Swartslow, 1946) in a northeasterly 
direction for > 5 km; 2) a fast-moving lahar that deposited additional 
sediments on the previous deposited 19 May Lost Creek lahars; 
and 3) an apparently more viscous and slower-moving mudflow 
involving 106 m3 of material (Eppler, 1984, 1987) that came to rest 
on sloping terrain south of Lost Creek (121° 28’ 10’’ W, 40° 30’ 45” 
N). Whereas, the previous lahars had followed the existing 
streambed of Lost Creek, most of this mudflow was deposited on 
top of upland terrains, whose nature is obscured by the depths of 
the deposits, or the previous lahar deposits. The shallowest 
deposits occurred on the mudflow’s easternmost section of pre-
existing soils where forest cover had been blown down by the 
earlier blast (Figure 1) (Kroh et al., 2000). 

This mudflow is characterized by a discrete, lobate terminal 
margin with leading edges marked by steep-sided deposits ≥ 0.3-m 
thick (Eppler, 1984, 1987) and being composed of fractured, 
banded-dacite rocks containing alternating layers of white dacite 
and black andesite (MacDonald and Katsura, 1965). Although some 
portions of the site appear to have been deposited as a debris flow 
rather than a mudflow (Eppler, 1987), the use of the term “mudflow” 
follows Eppler’s (1984) analysis. This nomenclature cannot be 
resolved with the lahar (including mudflow), debris flow and 
avalanche terms of del Moral and Grishin (1999) as the initial water 
content of the flow is unknown.  

The mudflow surface is variable with 1) some areas of steep 
slopes, 2) the presence of up to 1-m diameter dacite blocks at 
higher elevations, 3) approximately 1-m deep craters formed by 
outgassing from buried hot boulders (Eppler, 1984), and 4) 
relatively flat terrains on the lower elevations. The nearby Lost 
Creek lahar deposits from the 19 and 22 May eruptions and their 
developing vegetation have been subsequently disturbed by stream 
erosion and overwash (Eppler, 1984; Heath, 1967b), but the 
mudflow surface has remained mostly free of these disturbances. In 
contrast to studies at other sites described as debris flows (Yoshida 
et al., 1997), mudflows (Frenzen et al., 2005) or lahars (Larsen and 
Bliss, 1998), this mudflow did not include patches of trees that 
could provide a ready source of propagules to initiate forest 
recovery. 

 
 
Previous studies of forest development on the mudflow 

 
Early studies of plant community development on the mudflow used  

 
 
 
 
various plot designs and were mostly conducted on the lower 
elevations of the mudflow on relatively flat terrains. Swartslow 
(1946) sampling in a 30.3 x 30.3 m plot in 1936, 1940 and 1946 
reported approximately 30,000 forbaceous individuals per ha (3 
individuals per m2) with the species Ericameria bloomer ( A. Gray) 
J. F. Macbr. and Calyptridium umbellatum ((Torrey) E. Greene each 
comprising approximately 40% of the individuals. The lupine 
species, Lupinus andersonii (S. Watson) and Lupinus grayi (S. 
Watson), had densities of 839 and 279 individuals per ha, 
respectively. A single P. contorta was observed in the plot. Bailey 
(1961), sampling during 1960 in a different 30.3 x 30.3 m plot, 
mapped and measured the heights of 181 conifers (1,970 trees ha-

1). Relative conifer abundances on this plot decreased in the order 
Abies spp., P. contorta, Tsuja mertensiana (Bong.) Carriere, Pinus 
monticola (Douglas) and Pinus jeffreyi (Grev. & Balf.). Tree heights 
ranged from 0.15 m to one 9.1-m tall P. contorta. Bailey (1961) 
noted that conifers were approximately four times more numerous 
than lupines and commented that “shifting wind currents … could 
apparently have brought seeds in from all directions…”. Bailey 
(1963) also reported tree densities and maximum tree heights in 
1962 for twenty, contiguous 1.83 x 18.3 m sections of a belt 
transect (CTT4) crossing the lower elevations where tree densities 
were 1,433 trees per ha with 69% being P. contorta < 4-m tall and 
18% Abies spp. < 2-m tall. Heath (1967a) mapped and measured 
the heights of 251 conifers in a 3 m by 152 m belt transect in 1963 
where the relative abundances of the species were P. contorta, 
Abies concolor ((Gordon & Glend.) Lindley), P. monticola, Abies 
magnifica (Andr. Murray), T. mertensiana and P. jeffreyi. Tree 
heights ranged up to 4.27-m tall for P. contorta and P. monticola. 
Although the results of Swartzlow (1946), Bailey (1961, 1963) and 
Heath (1967a) are based on sampling of single, relatively small 
square or belt-shaped areas, their results are consistent with the 
general appearance of the mudflow site in panchromatic aerial 
photographs from 1941 and 1966, respectively.  

To sample the tree, shrub and forb vegetation on the mudflow 
in1982, Fessenden (1984) used 5-m radius, circular plots spaced 
31-m apart along a series of south to north transects arranged at 
intervals of 61 m. Fessenden (1984) divided the mudflow into a 
Dense Forest Margin (hereafter, DFM) and a Sparse Central Forest 
(hereafter SCF) areas. The SCF corresponds to the area where the 
mudflow was deposited over previous lahar sediments (Kroh et al., 
2000), whereas the DFM corresponds to the area of mudflow 
deposits over preexisting soils. In the 34 SCF plots, tree densities 
were 1,946 individuals per ha with P. contorta, A. magnifica and P. 
monticola accounting for 61, 19 and 13%, respectively, of the trees. 
Tree heights and stem diameters were not reported. 
 
 
Initial permanent plot sampling in 1987 
 
In 1987, Kroh et al. (2000) established four parallel transects 
spaced at intervals of 200 m that 1) crossed the full width of the 
mudflow and 2) were oriented at right angles across the direction of 
the flow’s path. These transects ranged from the uppermost 
elevations (H1) down to the lowest elevation (H4) which had been 
studied by Swartzlow (1946), Bailey (1961, 1963) and Heath 
(1967a, 1967b), and the area sampled on transects H2, H3 and H4 
corresponded to Fessenden’s SCF (Kroh et al., 2000). Circular 100-
m2 (radius = 5.64 m) sample plots were established at 20-m 
intervals along each transect for a total of 70 plots. Global 
Positioning Systems using post-processing, differential corrections 
(El-Rabbany, 2002; Dodd, 2011) were used to determine plot 
locations within the positional accuracies necessary for sequential 
sampling of permanent plots (Ross et al., 2010; Dodd, 2011). Plot 
elevations were measured using single-based barometric surveying 
(Davis et al., 1981). The mean elevations for the plots on transects 
H1 through H4 were 2033, 2005, 1989 and 1977 m amsl, 
respectively. More complete descriptions of transects and plots and 



 
 
 
 

 
 
Figure 1. The relationship between plot basal area and 
canopy cover for 34 plots on the mudflow. 

 
 
 
maps of the site are available in Kroh et al. (2000). 

Each plot was visited in 1987 with all living trees being identified 
to species level and measured for height and, for trees ≥ 1.37 m 
tall, diameter-at-breast height (hereafter, dbh). Tree heights ≤2 m 
were measured with stadia rods. Heights > 2 m were measured 
trigonometrically based on line-of-sight angles to the base and the 
top of the tree from a known distance. Calipers were used to 
measure dbh. Trees with dbh ≥ 80 mm had a 5.15-mm diameter 
increment core extracted as near to the ground surface as possible 
for the determination of age by ring counts (Kroh et al., 2000 for 
methods of determining ring counts). Trees too small for increment 
coring were aged by counting whorls that demark annual 
increments of height growth. Few dead trees were seen, and these 
were not measured. In all procedures, care was taken to minimize 
damage to the trees and disturbances to the mudflow surface. A 
number of trees > 3-m tall were labelled for subsequent 
identification using numbered, metal tags hung loosely on the tree 
with rubber-shielded wire.  

The 1987 sampling indicated a short-stature (median tree heights 
< 2 m), dense (3,507 trees ha-1) forest of conifers who were mostly 
≤ 50 year-old (Kroh et al., 2000). The species composition was, as 
listed in order of decreasing abundance, P. contorta, A. magnifica, 
P. monticola, A. concolor, P. jeffreyi and T. mertensiana (Kroh et 
al., 2000). This conifer assemblage contains a mix of shade 
intolerant and shade tolerant species with intolerance to shade 
increasing in the order T. mertensiana , A. concolor, A. magnifica, 
P. monticola and P. contorta (Minore, 1979). 

These species differed in their abundances, but their age 
distributions indicated similar dates of first invasions with each 
species being present by the mid-1940s (Kroh et al., 2000). The 
predominance of ≤50-year-old trees was consistent with 
photographic evidence showing the development of large, 
presumably seed-producing, trees beginning in 1940 on the 
previously denuded, blast-effected, upland areas surrounding the 
mudflow (Kroh et al., 2000). The age distributions measured by  
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Kroh et al. (2000) were also consistent with the pattern of tree 
invasion apparent in historical photographs (Stillman and Turnage, 
1962) of known dates (Kroh et al., 2000). 

For P. contorta, there were gradients of increasing densities and 
increasing basal areas from the upper transects to the lower tran-
sects, and these gradients contributed to similar overall gradients for 
the total forest. There were also other less pronounced gradients in 
species abundances with elevation that included an increase in 
densities of A. concolor at lower elevations.  
 
 

Permanent plot sampling in 2008 
 

Forest structure in 2008 was determined for every second plot 
along these transects because the 20-m interval between plot 
centers may not prove sufficient to ensure future independence 
between large trees in neighboring plots. Thus, data are reported 
for only 34 of the 70 plots. Heights for every tree ≥ 0.11-m tall and 
dbh’s for each tree ≥ 1.37-m tall were measured using methods 
consistent with those in 1987. The trees were also inspected for 
damage such as broken, bent or dead upper main stems, and the 
presence of female cones. In addition, the position of all trees that 
were ≥ 0.11-m tall were determined by measuring the compass 
bearing to and the distance from the center of the plot. A few dead 
trees were observed in the forest, but none of these occurred in the 
sampled plots. Canopy cover, expressed as the percent of sky 
obscured by the forest canopy, was determined as the mean of two 
concave spherical densitometer (Lemmon, 1956) measurements 
taken from the plot center while alternatively facing east and west. 
 
 

Statistical procedures 
 

Statistical procedures were performed using version 9.3 of the 
Statistical Analysis System (hereafter SAS; Der G, 2001) using a 
probability (P) level of 0.05 for statistical significance. Paired 
observations of data between plots from 1987 and 2008 were 
analyzed using t-tests of paired observations. Analyses of non-
paired observations were conducted using analysis of variance 
(hereafter ANOVA; Milliken and Johnson, 1984). Where significant 
differences among means were indicated by ANOVA F-tests, the 
differences between means required for statistical significance was 
computed using the T-method of multiple comparisons for unequal 
sample sizes (Spjotvoll and Stoline, 1973; Milliken and Johnson, 
1984). Correlations were evaluated using Spearman rank corre-
lations which are less sensitive to departures from normality than 
Pearson product-moment correlations (Conover, 1971). Tests to 
determine statistically significant differences among proportional 
abundances were performed using likelihood-ratio Chi-square 
procedures (Conover, 1971). Nonlinear regressions were performed 
using PROC NLIN of SAS (SAS Institute Inc., 2003). 
 
 

RESULTS  
 

To compare species abundances and tree sizes between 
the 1987 and 2008 plot data, all the < 0.11-m tall trees in 
the 1987 data were deleted to obtain corresponding 
ranges in height data from the two sample periods. Only 
58 trees < 0.11-m tall, including 39 P. contorta, were 
removed from the 1987 data. There was an increase in 
the total number of trees ≥ 0.11-m tall from 1,167 in 1987 
to 1,398 in 2008 (Table 1), and there were also increases 
for each of the species (Table 1). There was no 
statistically significant difference in the relative abundances 
among the species between years (likelihood ratio χ

2
 = 

1.55; P > 0.05). 

 

  

BASAL AREA (m2
 

 

  
ha-1)   
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Table 1. The number of trees of each of the six conifer species 
observed in the 34 100-m2 plots in 1987 and 2008. 
 

Species  
Number Observed 

1987 2008 

Abies concolor 25 40 

Abies magnifica 172 206 

Pinus contorta 797 939 

Pinus jeffreyi 24 31 

Pinus monticola 130 158 

Tsuga  mertensiana 19 24 

 
 
 

Comparisons of tree densities, heights and basal 
areas between 1987 and 2008 
 
The mean tree density, mean tree height and mean sum 
of tree basal areas in the sample plots for the four 
transects are summarized in Table 2 for 1987 and 2008. 
The differences among transects for the 1987 data in 
Table 2 were statistically significant as indicated by 
differences between means being greater than the T-
interval, and there were gradients of increasing density 
and increasing basal area from H1 to H4. For the 2008 
samples, there were no statistically significant differences 
among transects for any of these variables, and the ratios 
of largest to smallest means were all < 2, whereas similar 
ranges among transect means for these 34 plots in the 
1987 data were all > 2 with the ratio for basal area being 
> 4. 

Tree densities in 2008 were greater than those in 1987 
for all but 5 plots. The mean (± SE) tree densities per plot 
for 1987 and 2008 were, respectively, 34.3 ± 2.9 
trees/100 m

2
 (3,430 ± 290 trees ha

-1
) and 41.2 ± 3.2 

trees/100 m
2
 (4,120 ± 320 trees ha

-1
) and mean (± SE) 

densities per plot increased significantly (t-test of paired 
observations t = 4.29; df = 33; P < 0.01) by 6.8 ± 1.6 
trees (680 ± 160 trees ha

-1
).  

The changes in densities may reflect 1) the mortality of 
trees that were ≥ 0.11-m tall in 1987, 2) the growth of 
1987 trees that were < 0.11-m tall to ≥ 0.11-m tall in 2008 
or 3) the germination and growth of trees that were not 
present in 1987. The relative importance of these 
processes cannot be completely evaluated from the 
currently available data because quantifying these 
alternative processes requires being able to identify the 
fates of individual trees. However, because 1) the 
number of trees increased by 231 (1398 – 1167) while 2) 
only 58 trees < 0.11-m tall were removed from the 1987 
data, most (≤ 231 – 58) of the increase in densities must 
represent new individuals who germinated and grew to ≥ 
0.11-m tall during the intervening 21 years.  

Although all conifer species had increased numbers of 
individuals, female cones were only observed on a single 
P. monticola and 22% of the P. contorta. The female 
cones  on   the P.  contorta  included  those   produced  in  

 
 
 
 
previous years, but it is not clear what proportion, if any, 
of these cones had released seeds. 

The mean (±SE) proportional rate of increase in density 
among plots, estimated as the mean of the logarithms of 
density in 2008 minus that in 1987 divided by 21 years, 
for each of the plots, was 0.009 ± 0.002 y

-1
, and there 

were no statistically significant differences in mean 
proportional rates of increasing density among transects 
(Table 3; ANOVA F = 0.80; df = 3, 30; P > 0.05). The 
proportional rates of increase for the more abundant 
species were also similar to this mean value. 
The mean height of the trees per plot in 2008 was greater 
than in 1987 for all of the plots. Mean (± SE) heights per 
plot in 2008 and 1987 were, respectively 3.23 ± 0.35 m 
and 1.98 ± 0.23 m, and the mean (± SE) height increase 
per plot of 1.25 ± 0.03 m was statistically significant as 
indicated by 1) a t-test of paired observations (t = 7.87, df 
= 33; P < 0.01) and 2) the increase in all of the 34 plots. 
The mean (± SE) proportional rate of height increases (y

-

1
), estimated as the mean of the logarithm of mean height 

in 2008 minus that in 1987 divided by 21 years for each 
of the plots, was 0.023 (± 0.002) y

-1
, and there were no 

statistically significant differences in mean proportional 
height growth rates among the four transects (Table 3; 
ANOVA F = 0.53; df = 3, 30; P > 0.05).  

There were increases in mean tree heights between 
1987 and 2008 for all species except T. mertensiana. The 
median, mean and maximum tree heights for each 
species in each year of sampling are summarized in 
Table 4, and the 2008 mean heights are generally > 1.3 
times those in 1987. The largest increase in mean 
heights of 1.07 m occurred for P. contorta, but this 
increase was similar to those for the other two most 
abundant species P. monticola (0.90 m) and A. magnifica 
(0.87 m). A more involved interpretation of these changes 
in mean heights is complicated by the addition of trees 
that were established after 1987, but the data do suggest 
similar increases in mean heights among the most abundant 
species over the 21-year period.  

This similarity in height growth among species was also 
observed for 96 tagged trees located within the 34 plots. 
Mean proportional rates of height growth (Table 5) 
ranged from 0.019 y

-1
 for P. jeffreyi to 0.031 y

-1
 for a small 

number of A. concolor, and there was no significant 
difference in rates among species in either height growth 
(F = 1.09; df = 4, 91; P > 0.05) or basal area (F = 2.41; df 
= 4, 91; P > 0.05). The mean (± SE) proportional height 
growth rate for all 96 trees was 0.022 (± 0.001) y

-1
which 

is similar to the mean proportional growth rates per plot 
(Table 3). 

Mean tree heights increased in all plots, but decreases 
in mean heights could have occurred due to 1) additions 
of numerous newer and smaller trees or 2) damage to 
existing trees. There was a statistically significant 
Spearman Rank Correlation of -0.38 (n = 34; P < 0.05) 
between the increases in tree numbers and the increases 
in  mean  tree  heights  among plots, and a plot where the
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Table 2. Means + standard errors of tree density (number per m2), mean tree height (m), and total basal area per plot (m2 ha-1) for transects H1 though H4.  
 

Transect 
Number of  plots Tree densities Tree heights Plot basal areas  

Transect 
Number of  plots Tree densities Tree heights Plot basal areas 

 Mean + SE Mean + SE Mean + SE   Mean + SE Mean + SE Mean + SE 

                    1987                      2008 

H1 7 22.7 + 1.9 1.29 + 0.18 3 .14 + 0.63  H1 7 30.0 + 3.1 2.29 + 0.41 14.6 + 1.7 

H2 10 319 + 5.0 1.86 + 0.26 6.73 + 0.92  H2 10 39.2 + 5.9 3.31 + 0.59 21.6 + 2.2 

H3 8 31.6 + 5.6 2.96 + 0.73 11.6  + 2.6  H3 8 38.8 + 5.5 4.37 + 0.98 30.8 + 5.1 

H4 9 48.4 + 5.7 1.87 + 0.40 12.9  + 3.8  H4 9 54.1 + 6.9 2.89 + 0.66 26.5 + 6.3 

T-interval  21.5 1.62 22.6  T-interval  29.9 3.58 22.6 

 
 
 

Table  3.  Mean + SE of proportional rates of increase (y-1) in tree densities, mean tree heights per plot, and total basal 
areas per plot for transects H1 though H4. 
 

Transect 
Number of  plots Tree Densities Tree Heights  Plot Basal Areas 

 Mean + SE Mean + SE  Mean + SE 

H1 7 0.012 + 0.005 0.026 + 0.003  0.079 + 0.008 

H2 10 0.009 + 0.005 0.025 + 0.004  0.057 + 0.005 

H3 8 0.011 + 0.003 0.022 + 0.003  0.051 + 0.007 

H4 9 0.005 + 0.002 0.021 + 0.002  0.039 + 0.006 

T-interval  0.042 0.009  0.017 

 
 
 
density increased from 29 to 72 had an increase 
in mean height of only 0.14 m. Also, approxi-
mately 32% of all trees showed some indication of 
damage that may have affected height growth. 
Damage, which was primarily in the form of bent 
or broken upper stems, suggested physical 
damage or stress from wind, deep snow accumu-
lation, or down slope movement of the upper 
portions of the winter snow pack. Fessenden 
(1984) noted wind and snow damage and reported 
two episodes of avalanches on the mudflow in 
1972 and 1982. Damage varied significantly 
among species (likelihood ratio χ

2
 = 246.9; df = 

12; P < 0.01) with the most abundant species P. 
contorta, A. magnifica and P. monticola having 

damage percentages of 36, 22 and 32%, 
respectively. Although the additions of new small 
trees and the damage to existing trees were not 
sufficient to result in reductions in the mean 
heights for plots, they probably affected mean 
height growth rates.  

 The total basal area per plot, computed as the 
sum of the basal areas for all the sufficiently tall 
trees, was greater in 2008 than in 1987 for all the 
plots (Table 4). The mean (± SE) total basal area 
per plot in 2008 and 1987 were, respectively, 23.6 
± 2.3 m

2
 ha

-1 
and 8.8 ± 1.3 m

2
 ha

-1
, and the mean 

(± SE) increase in basal area of 14.9 ± 1.2 m
2 

ha
-1 

was statistically significant as indicated by 1) a t-
test of paired observations (t = 12.3; df = 33; P < 

0.01) and 2) an increase in all of the 34 plots. The 
increase in basal areas represents 1) the 
continual growth of trees with measurable dbh in 
1987 and 2) the development of measurable basal 
area for trees that were < 1.37-m tall in 1987 but 
were > 1.37-m tall in 2008. The number of trees 
with measurable basal areas increased from 315 
in 1987 to 733 in 2008 with all species contri-
buting to this increase. The mean (± SE) propor-
tional rate of increase in total basal area for the 
plots was 0.055 ± 0.004 y

-1
, and varied 

significantly among transects (Table 3; ANOVA F 
= 6.77; df = 3, 30; P < 0.01). 

The mean (± SE) proportional rate of increase in 
basal areas for the 96 tagged trees (Table 5) was



412          J. Ecol. Nat. Environ. 
 
 
 

Table  4.  Tree heights (m) for the species in the 34 plots on the mudflow in 1987 and 2008. SD = standard 
deviation. 
 

Species  Number of trees  Minimum  Median  Mean + SD Maximum 

1987 

A. concolor   25  0.19  0.99  1.48 + 2.57 6.20 

A. magnifica  172  0.12  1.12  1.95 + 2.76 14.7 

P. contorta  797  0.11  0.82  1.51 + 1.98 13.2 

P. jefferyi  24  0.12  1.98  2.76 + 2.51 8.90 

P. monticola  130  0.11  1.80  2.83 + 2.01 15.1 

T. mertensiana  19  0.12  1.40  1.27 + 1.54 5.10 

2008 

A. concolor   40  0.11  0.92  1.98 + 2.76 10.7 

A. magnifica  206  0.11  1.54  2.82 + 3.44 19.2 

P. contorta  940  0.11  1.49  2.56 + 2.92 21.8 

P. jefferyi  31  0.14  2.43  3.66 + 3.67 13.6 

P. monticola  158  0.11  1.52  3.73 + 4.00 19.0 

T. mertensiana  24  0.29  1.53  1.23 + 1.54 5.74 

 
 
 

Table 5.  Mean (+ SE) proportional height and basal area growth rates from 1987 to 2008 for 96 tagged 
trees from the 34 plots.  Proportional height and basal area growth rates have units of y-1.  There were no 
statistically significant differences among species for either height growth rates (ANOVA F = 1.09; df = 4, 
91; P > 0.05) or basal area growth rates (ANOVA F = 2.41; df = 4, 91; P > 0.05), and T-intervals are not 
reported because of the large variation in sample sizes. 

 

Species 
No. of Trees Mean (+ SE) Proportional growth rates 

 Height Basal Area 

A. concolor  2 0.031 + 0.006 0.041 + 0.009 

A. magnifica 16 0.021 + 0.002 0.043 + 0.005 

P. contorta 57 0.022 + 0.001 0.031 + 0.002 

P. jefferyi 6 0.019 + 0.004 0.032 + 0.006 

P. monticola 15 0.021 + 0.002 0.029 + 0.005 

 
 
 
Table 6.  Mean + SE of canopy cover measured as percent of the 
sky obscured by conifer foliage for the four transects 
 

Transect Number of plots 
Canopy cover 

Mean + SE 

H1 7 25.1 + 7.8 

H2  10 55.6 + 7.4 

H3  8 75.5 + 7.4 

H4 9 70.7 + 8.4 

T-interval  40.3 

 
 
 
0.033 (± 0.002) y

-1
 with no significant differences in rates 

among species (F = 2.41; df = 4, 19; P > 0.05). The 
smaller proportional rate of basal area increase for the 
tagged trees relative to the increases for the plot basal 
areas (Table 3) reflects the increase in the number of 
trees that contributed to the total basal area in the plots. 

Canopy cover 
 

Canopy cover ranged from 0 to 98% with a mean (± SE) 
cover per plot of 58 ± 5% and a median of 67% (Table 6). 
Canopy cover differed significantly among transects 
(Table 5; ANOVA on arcsin transformations of percen-
tages F = 6.89, df = 3, 30; P < 0.01) with canopy closure 
increasing from H1 through H4. There was also a 
statistically significant (F = 251.4; df = 1, 33; P < 0.001; r

2
 

= 0.884) asymptotic, nonlinear relationship between basal 
area per plot and plot canopy cover (Figure 1) of the 
form, 
 

Y = 100% * [1 – e
(-b * x)

 ]             (1) 
 

where Y = percent canopy closure, x = basal area in m
2 

ha
-1

 and b (± SE) = 0.0421 ± 0.005. Most (29 of 34) 
predicted percent covers were within a factor of 2 of the 
observed percent covers. 

There  were  changes  in  plot  basal  area growth rates 



 
 
 
 
associated with increasing canopy cover. The proportional 
rate of increase in basal area per plot declined with 
increasing canopy cover (rs = -0.640; n = 34; P < 0.001). 
For every 1% greater canopy cover, there was a 0.00047 
(SE = ± 0.0001) y

-1
 decline in the proportional rate of 

basal area increase. To what extent this decline in rates 
may be due to 1) shading between larger trees or 2) 
shading effects of larger trees on smaller trees cannot be 
evaluated from the present data and would require growth 
data for individual trees. There was no significant corre-
lation between canopy cover and the proportional rates of 
increases for densities (rs = 0.176; n = 34; P > 0.05) or 
mean tree heights (rs = -0.145; n = 34; P > 0.05).  

Spherical densitometer measures of canopy cover 

include the attenuation of light passing through the canopy 
at oblique angles. Thus, they can substantially overestimate 
cover when compared to devices which measure the 
proportion of open canopy directly above a number of 
separate positions (Brunnel and Vales, 1990; Cook et al., 
1995). However, Nuttle (1997) has argued that spherical 
densitometers may provide more appropriate measures 
of the various influences of the canopy on affecting the 
light that does not penetrate to near the ground surface. It 
is the light that does not reach the ground surface that 
will limit the success of seedlings and smaller trees. 
Therefore, the use of spherical densitometer readings, 
which account for the attenuation of light approaching at 
oblique angles, is more appropriate for this study. 
Furthermore, the correspondences of the densitometer 
readings with plot basal areas and proportional rates of 
increase in plot basal areas suggests that these readings 
are informative measures of the impact of the larger trees 
on the attenuation of light resources for the smaller trees. 
 
 
DISCUSSION  
 
The changes between the 1987 forest and the 2008 
forest involved mostly greater increases in mean heights 
(by a factor of 1.6 = 3.23 m / 1.98 m) and basal areas per 
plot (by a factor of 2.7 = 23.6 m

2
 ha

-1
 / 8.8 m

2
 ha

-1
) and 

less pronounced, smaller increases in tree densities (by a 
factor of 1.2 = 4,120 trees ha

-1
 / 3,430 trees ha

-1
). Thus, 

the 2008 forest is primarily a larger, rather than a denser, 
version of the 1987 forest with a relatively unchanged 
species composition. The forest also appears to be 
becoming more uniform as suggested by the reductions 
in differences among transects in mean density, height 
and basal area from 1987 to 2008 (Table 2).  

There was little indication that the forest becoming 
larger involved the competitive displacement or inhibition 
of one species by another. There was little evidence that 
increases in densities or heights by one of the more 
abundant species resulted in declining densities or (with 
the possible exception of T. mertensiana) notably slower 
rates of height growth for the less abundant species. 
Perhaps an appropriate description of the forest develop- 
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ment over these 21 years is that it approximates a 
transient equilibrium (or steady state) where ratios of 
abundances among species and ratios of sizes among 
species are remaining relatively constant, but the 
magnitudes of abundances and sizes, are not remaining 
constant. 

There was little indication in 2008 that approaching 
canopy closure had begun to modify forest composition. 
Even where canopy cover was nearly complete, there 
was no indication of declining densities due to self-
thinning. There was little evidence of tree mortality from any 
cause as dead trees were not observed in the sampled 
plots.  

Kroh et al. (2000) described the 1987 forest composi-
tion as being typical of the Upper Montane Coniferous 
forests which commonly occur at elevations from 1800 to 
2400 m in the Northern Sierra Mountains and the 
Southern Cascade Range (Rundel et al., 1990), and the 
relatively small changes in species compositions between 
1987 and 2008 suggest a continuing similarity to this 
forest type. These forests typically have basal areas 
ranging from 50 to 70 m

2
 ha

-1
 (Barbour, 1988; Parker, 

1991), and the 2008 mean basal area of 23.6 m
2
 ha

-1 

illustrates the remaining forest development that may be 
expected to occur. 

The species compositions of the 1987 and 2008 forests 
are similar to 1) the 1963 forests described by Heath 
(1967a) and 2) the 1982 data for Fessenden’s (1984) 
SCF. They are similar in that P. contorta is clearly more 
abundant than the other conifer species. The major 

difference in composition between Heath’s (1967a) 1963 
transect data and the 1987 and 2008 samplings is that A.  
concolor is more abundant than A. magnifica in Heath’s 
data, whereas A. magnifica is the more abundant species 
in 1987 and 2008. However, this does not necessarily 
imply a changing forest composition because Heath’s 
1963 transect was near the lower elevation transects H3 
and H4 where A. concolor is relatively more abundant 
than in the upper transects. 

Whatever the factors were that established the initial 
species composition of the forest; this initial composition 
has largely persisted with mostly minor changes involving 
the relative abundances of species. In the various measures 
of species composition from on the mudflow from 1960 
through 2008, the percent composition of P. contorta 1) 
ranged from 43 to 69%, and 2) there was indication of 
any consistent increasing or decreasing trend. The 1) 
similar proportional increases in the densities of the 
conifer species (Table 1) despite 2) a lack of obvious 
evidence of seed production by trees on the mudflow 
suggests that the increases in the tree numbers may 
continue to be determined more by external seed 
deposition from neighboring tree stands. There are 
patches of large, seed-producing trees which occur at 
higher elevations within several hundred meters south of 
the mudflow forest (Kroh, pers. obs.). These trees are 
observable in aerial photography beginning in 1940. 
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Thus, it is possible that 1) the combination of external 
seed input and 2) the absence of pronounced tree mor-
tality may be responsible for the continuing similarity in 
conifer species composition across years.  
 
 

Expectations of possible changing abundances for P. 
contorta and the Abies species 
 
While the canopy cover by 2008 had not produced the 
anticipated mortality and declining densities indicative of 
increasing competition, these types of declines have 
been documented for nearby sites on more fertile lahar 
deposits. Parker (1993), using plots of 50.6 x 50.6 m, has 
demonstrated this expected shift from abiotic to biotic 
factors by contrasting P. contorta populations on the Hat 
Creek lahar deposits formed during the 19 May 1915 
eruption (site 5 in Parker, 1993) with those on a part of 
the mudflow located near transect H4 (site 8 in Parker, 
1993). These two sites are about 2-km apart with the Hat 
Creek site being approximately 100-m lower in elevation. 
The lahar site is predominantly sand whereas the mudflow 
site is primarily gravel-sized dacite, and the lahar site had 
at least 25% more soil nitrogen and phosphorus than the 
mudflow site (Parker, 1993).  

Although both these sites were approximately 70 years-
old, at the time of sampling, there were pronounced 
differences in their forest structures. The forest on the 
lahar site had 1) a density of 2,200 live P. contorta trees 
per ha, 2) a basal area of 15.3 m

2 
ha

-1
, 3) a visually 

estimated canopy closure of 91%, and 4) 97% of the P. 
contorta trees were > 1.4-m tall. In addition to the live 
trees, there were 1,100 standing-dead P. contorta trees 
per ha. In contrast, the mudflow site had 1) a density of 
840 live P. contorta per ha, 2) a canopy closure of 16%, 
and 3) less than 10% of the P. contorta were ≥ 1.4-m tall, 
and 4) there were no standing dead trees. Thus, the lahar 
site represents a forest with canopy closure where 
competition for light is likely causing mortality among the 
smaller, shade intolerant P. contorta. 

Factors contributing to shade-induced mortality in P. 
contorta may include 1) the lower ability of shaded crowns 
to draw water to the leaves (Reid et al., 2003), 2) wind 
related physical damage to trees with shade-induced 
spindly growth forms (Long and Smith, 1992; Rudnicki et 
al., 2001), and 3) snow damage to smaller and more 
spindly trees (Teste and Lieffors, 2011). In shaded con-
ditions, P. contorta show a proportionately greater reduc-
tion in lateral branch growth relative to vertical growth 
than other similar species (Chen et al., 1996), and these 
changes result in a more spindly growth form than that for 
more shade tolerant species which have proportionately 
smaller reductions in lateral branch growth relative to 
vertical growth in shaded conditions (Chen et al., 1996). 
This greater proportional reduction in lateral branch growth 
for P. contorta results in a more spindly growth form and 
greater susceptibility to damage from wind and snow and 

contributes to the tree’s common name of lodgepole pine 

 
 
 
 
which reflects its use by native American cultures. 

Bailey (1961) also noted crowding-induced mortality for 
P. contorta in a 30.3 x 30.3 m plot on the Lost Creek 
lahar. The plot contained 2,630 4.5 to 9 m tall, ≤ 30-y old 
P. contorta per ha that were ≤ 30-years old and > 3,000 
small Abies spp. per ha. From this plot structure, Bailey 
(1961) postulated an on-going shift in forest composition 
from P. contorta to the numerous, relatively shade-tolerant 
A. concolor and A. magnifica in the plot.  

Parker (1993) also reports sites where older P. contorta 
stands have A. magnifica understories and suggests that 
P. contorta is an initial invader of disturbed locations that 
will only remain in the forest canopy at sites of chronic 
disturbance or low fertility. The mudflow is clearly a low 
fertility site as indicated by the composition of the mudflow 
materials (Eppler, 1984), the comparison of soil properties 
with other sites of more robust P. contorta (Parker, 1993), 
and the predominance of short-stature, slow growing 
trees (Kroh et al., 2000).  

Thus, two alternative paths of forest development could 
be suggested for this mudflow site. Either continuing tree 
growth will result in a closing canopy with declining abun-
dances of P. contorta and increasing abundances of the 
Abies spp., or the low fertility of the mudflow will result in 
a continuing forest composed of mostly small P. contorta. 
 
 

Projected near-term forest development on the 

mudflow 
 
Although the changes in forest structure between 1987 
and 2008 have been relatively minor, they suggest that 
the mudflow forest is not likely to continue as an open 
stand of mostly small P. contorta but rather may be on 
the verge of imminent changes that could result in 1) a 
closing canopy, 2) a self-thinning decline in the abundances 
of the shade intolerant P. contorta, and 3) a shift to 
greater relative abundances of the more shade tolerant 
A. concolor and A. magnifica. The potential imminent 
occurrence of these changes is based on a per plot 
projection of forest growth using 1) the measured plot 
basal areas in 1987 and 2008, 2) the basal area 
proportional growth rates measured for the plot between 
1987 and 2008, 3) equation 1 relating canopy cover to 
basal area, and 4) the 0.00047 y

-1
 reduction in 

proportional basal area growth rates for each 1% 
increase in canopy cover. The details of the procedures 
used in making these projections are presented in 
Appendix I with an example and discussions of 
assumptions and possible inaccuracies in the projected 
basal areas and canopy covers. 

The distributions of plot basal areas and canopy covers 
for 2008 and the projected distributions of basal areas 
and canopy covers among individual plots for 2018 and 
2028 are shown in Figures 2 and 3, respectively. Mean 
basal areas for 2018 and 2028 are projected to be 37.1 
and 56.6 m

2
 ha

-1
, respectively, and median canopy 

covers  for  2018  and  2028  are  projected  to  be 74 and 



 
 
 
 

 
 

Figure 2. The frequency distribution of basal area (m2 ha-1) in 2008 
and the projected basal areas expected for 2018 and 2028 as 
estimated from the plot’s 2008 basal area and the proportional rate 
of increase for the plot for the interval 1987 to 2008. Because of 
variations among plots for 1) 1987 basal areas per plot and 2) 
proportional rates of basal area increase between 1987 and 2008, 
the sequence of plots may vary among years. 
 
 
 

 
 

Figure 3. The frequency distribution of the canopy covers (%) in 
2008, 2018, and 2028 for the 34 plots. For consistency among 
the years, all canopy covers are predicted from either measured 
(2008) or projected (2018 and 2028) plot basal areas (Figure 2) 
using Equation 1.  

 
 

 

88%, respectively. These mean basal areas are consistent 
with  the  range  of  50  to  70 m

2
 ha

-1
 reported for  mature 

Upper Montane Coniferous forests by Barbour (1988) 
and Parker (1991). By 2018 almost 40% of the canopy 
covers will be > 80%. By 2028, more than 70% of canopy 
covers will be >80% and almost 50% of the canopy covers 
will be >90%.  

It may be argued that these projections are merely exten-
sions of trends measured between only the two points in  
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time of 1987 and 2008, but these are the projections that 
can be made from the available data and the processes 
that they suggest. Without projections whose accuracy 
can be quantitatively tested by future measurements, 
there can be no rigorous test of how well current knowledge 
forecasts future forest development. Moreover, two aspects 
of these projections should be emphasized. First, there is 
not just one projection but one projection for each of the 
34 plots based on the unique, specific data for that plot, 
and relating the accuracy of each plot’s prediction to its 
initial conditions may identify the factors contributing to 
inaccurate predictions. Second, that these projections are 
based on a 21-year interval that encompasses 30% of 
the forest’s existence (21/(2008 – 1940)). 

These projected increases in canopy covers imply a 
progressive and rapid (rapid at least for a forest) transi-
tion from a mostly open to a mostly closed canopy. 
Whether the rate of this transition will be 1) faster or 2) 
slower than these projections remains to be determined 
from continuing studies of these plots. Moreover, the 
variations among plots, and to some extent variations 
among transects, may lead to varying rates of change 
and varying results of change across the mudflow. When 
the future development of plots meets these projections 
and expectations, it may confirm our assumptions and 
interpretations, but add little to our current knowledge.  

However, the questions that may arise if these project-
tions are not met, or are met earlier or later than expected, 
have the potential to increase our understanding of the 
processes active in the structuring of these forests. 

 
 
Projected long-term forest development on the 
mudflow 

 
If the canopy on the mudflow continues to close as 
projected in Figure 3 and the expected self-thinning 
begins, tree densities may then decline, but the declines 
in density may not be uniformly distributed among the 
species. This may be especially the case if shading is the 
primary cause of mortality. Reductions in sub-canopy 
light intensities may have less impact on the relatively 
shade-tolerant and relatively long-lived A. magnifica, 
which is the second most abundant species on the 
mudflow. This shift from a primarily P. contorta forest to a 
primarily A. magnifica forest may be a prolonged process 
for Parker (1993) reports on LVNP forests of > 100 year-
old forests that have continuing greater abundances of P. 
contorta than A. magnifica. However, the tree age 
distributions in the forests reported by Parker (1993) 
suggest  that  the A. magnifica were 1) later colonizers of 
the area than the P. contorta, and 2) are consequently 
mostly smaller than the P. contorta. In contrast, the 
transition from P. contorta to A. magnifica on the mudflow 
may be more rapid because 1) the age distributions of 
these two species are similar (Kroh et al., 2000) and 2) 
their current mean heights are also similar (Table 4).  
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The continuing importance of the permanent plots 

 
The transition from a P. contorta to an A. magnifica forest 
may be known or inferred from large-scale plot studies 
(Parker, 1993), but the scale of these large plots may not 
reveal 1) which individuals have the greatest potential for 
surviving and thriving in this transition or 2) to what extent 
this potential for surviving and thriving is a function of the 
properties of the individual or of the individual’s 
immediate surroundings. Because the locations, as well 
as the species, heights and basal areas, have been 
measured for every individual ≤ 0.11-m tall in 2008, 
continuing studies of the mudflow plots can move from a 
plot-based analysis to an individual-based analysis of 
forest development that can 1) evaluate the success of 
each individual measured as either its survival and/or 
growth relative to other individuals and 2) to relate this 
success to the properties of the individual (species, size) 
or to the properties of the individual’s surroundings 
(nearness, sizes and species of neighboring individuals). 
This individual-based analysis can address questions 
such as, is it merely the largest individuals in the plots 
that will be successful, or is the process more complex? 
Or, are more isolated individuals more likely to persist 
than merely larger individuals (Fangliang and Duncan, 
2000)? There may also be an interaction between size 
and neighborhood effects as has been demonstrated by 
Wyckoff and Clark (2000) who found that growth rate for 
a number of tree species could be predicted from their 
initial size and the area of the tree’s crown that was 
exposed in the forest canopy.  

Moreover, questions also remain concerning the 
possible inhibitory and facultative interactions among 
these species. For example, are the effects of P. contorta 
shading only inhibitory or may there be subtle facultative 
effects for shade tolerant species? Shade may limit 
growth but may also mediate temperature and moisture 
regimes with the result that Abies sp., which are more 
drought sensitive (Minore, 1979), are more likely to 
become established in the future forest from shaded 
rather than from exposed plots or sites.  

If there are both inhibitory and facilitative effects among 
these species, their relative importance may be affected 
by stress levels on the mudflow. Callaway and Walker 
(1997) reviewed the relative effects of competition and 
facilitation in plant communities and discuss: 1) model 
studies by Holmgren et al. (1997) that suggest the 
alleviation of moisture stress in xeric habitats is more 
important   than   light   limitation;  and   2)  the results of 
Callaway (1998) that suggest that facilitation between 
Pinus albicaulis and the shade-tolerant (Minore, 1979), 
but relatively drought intolerant (Minore, 1979) Abies 
lasiocarpa, is more important than inhibition in high stress 
environments.  

As Herben (1996) discusses, monitoring the fates of 
individuals of different species and noting their differential 
survivorship in permanent plots may suggest 1) interspecific  

 
 
 
 
interactions, 2) more complex interrelationships among 
species, and 3) causative mechanisms for subsequent 
experimentation. The fates of individual trees would not 
identify mechanisms but would suggest which mechanisms 
and which intraspecific and interspecific interactions are 
more probable than others and, consequently, are more 
appropriate for experimental studies. Moreover, the long 
time frame for forest succession in these plots may also 
allow hypotheses, projections and models derived from 
one time frame to be tested in subsequent time frames. 

Connell et al. (1987) postulated that the effects of one 
species upon another in succession could involve both 
inhibition and facilitation whose net effects could be 
positive, negative or zero. Nearly zero net observable 
effects could be indistinguishable from the no effect 
tolerance model and could make the unravelling of the 
contrasting effects of one species on another a difficult 
proposition. A balance of shading effects which 1) 
reduces photosynthetic rate but 2) moderates moisture 
stress could result in no effects or in difficult to discern 
non-zero effects. In this regard, the development of the 
mudflow forest from 1987 to 2008, which demonstrates 
an apparently transient equilibrium, raises the issue of 
whether this represents 1) a general level of interspecific 
tolerance among most of the species which may not 
persist as the trees grow larger or 2) complex interactions 
of inhibition and facilitation.  
 
 

The investigator’s anxiety of very long-term research 
 

Clearly the delayed forest establishment and the slow 
tree growth rates on the mudflow substrate have slowed 
forest development. This has allowed 1) the scientific 
discipline of ecology to develop the techniques, tools and 
questions to utilize this resource and 2) the Mt. St. 
Helens catastrophic eruption to demonstrate the need for 
a better understanding of forest development in the 
Pacific Northwest.  

However, the slow development is also problematic as 
the current aging generation of investigators may not 
witness the accuracy of their projections, the answers to 
current questions, or the more detailed analyses of the 
fates of individuals that may lead to testable hypotheses. 
They may even wonder if there will be those who do. 
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APPENDIX I 
 
Computational procedures for projecting a plot’s 
forest development from 2008 to 2018 
 
The computations to project a plot’s forest development 
from 2008 to 2028 involve two phases. The first phase 
involves estimating the proportional rate of basal area 
increase (hereafter, PRBAI) appropriate for the plot from 
2008 to 2009 and computing the increases in basal area 
and canopy cover for 2009. The second phase involves 
calculating the yearly increases in basal areas and 
canopy covers from 2009 to 2028. 
 
 
Phase I 
 
The first step in projecting current basal areas and 
canopy covers across the interval from 2008 to 2028 for 
each plot was to convert the PRBAI measured across the 
interval 1987 to 2008, which is an average of the likely 
declining rates across these years, to a PRBAI appropriate 
for the year 2008. Declining values of PRBAI can to be 
expected to have occurred during the interval from 1987 
to 2008 due to the negative correlation between canopy 
cover and basal area increase. Thus, a plot’s PRBAI for 
the 1987 to 2008 interval is a likely overestimate of the 
PRBAI for the 2008 to 2009 interval. 

To estimate a rate for 2008 to 2009, 1) Equation 1 was 
used to predict the canopy covers for 1987 and 2008 
from the measured basal areas for those dates; 2) an 
average rate of increasing canopy covers (% per year) for 
this interval was computed as the predicted cover for 
2008 minus that for 1987 divided by 21 years; and 3) the 
predicted PRBAI for 2008 was then computed as the 
average PRBAI for the interval minus 10.5 times the 
average yearly rate of increasing canopy covers times 
the 0.00047 y

-1
 reduction in PRBAI per percent increase 

in canopy cover. These adjustments for the 34 plots 
resulted in an average reduction in the PRBAI from the 
1987 to 2008 interval of 13% with a range from 3 to 17%. 
 
 
Example of phase I computations 
 
As an example of the Phase I procedures, the following 
computations are for a plot whose 1987 basal area was 
near the median for that year. 

First, for the 1987 and 2008 basal areas of 4.42 and 
18.1 m

2
 ha

-1
, respectively, the projected canopy covers 

for 1987 and 2008, as estimated by Equation 1, are 17.0 
and 53.3%. 

Second, the average yearly rate of canopy cover 
increase for this 21 year period was: 1.729% y

-1
 = (53.3% 

- 17.0%) / 21 y. 
Third, the measured PRBAI for the plot in the interval 

was  0.07042 y
-1

,  and  the   adjusted   PRBAI   for   2008  
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becomes: 0.0619 y

-1
 = 0.07042 y

-1
 – 10.5 y (1.729% y

-1
 X 

0.00047% y
-1

) 
 

There are numerous sources for possible errors in 
estimating these adjusted PRBAI for 2008; however, the 
alternative of using the PRBAI for the 1987 to 2008 interval, 
which is likely an overestimate, could introduce a positive 
bias which is the basal area and canopy cover growth 
rates. In the above computations, it would have been 
preferable to have densitometer measurements of 
percent cover for each plot in 1987, but these data were 
not collected. 
 
 
Phase II 
 
The projected yearly increases in basal areas and canopy 
covers were computed for the years 2009 through 2028 
by using the plot’s measured 2008 basal area and 
estimated PRBAI for the 2008 to 2009 interval as a base, 
2) using that estimated PRBAI to predict a basal area for 
the following year; 2) using that predicted basal area to 
estimate canopy cover for that year; 3) computing the 
increase in canopy cover% between the two years; 4) 
using this increase in canopy cover to estimate a 
reduction in the PRBAI as 0.00047 y

-1
 times the increase 

in canopy cover between years; and 5) repeating these 
steps successively for each year from 2008 through 2028 
for each of the 34 plots.  
 
 
Example phase II computations 
 
As an example of the Phase II procedures, the following 
computations are for the plot used in Phase I. 

First, using the 0.0619 y
-1

 PRBAI for the interval 2008 
to 2009, the projected basal area for 2009 becomes: 18.1 
m

2
 ha

-1
 = 17.0 m

2
 ha

-1
 X ℮

(0.0619 y-1 X 1 y) 

Second, the projected canopy cover for 2009 from 
equation 1 is 55.5%. 

Third, the increase in canopy cover from 2008 to 2009 
becomes: 2% = 55.5 - 53.3% 

Fourth, the projected PRBAI for 2010 becomes: 0.0608 
y

-1
 = 0.0619 y

-1
 – (2% x 0.00047 y

-1
%

-1
) 

 
Continuing these yearly computations through 2018 and 
2028 result in projected basal areas of 31.2 and 52.2 m

2
 

ha
-1

, respectively, with canopy covers of 74 and 89% in 
these same years. The pattern of declining exponential 
rates of canopy cover increase is consistent with the 
analyses of canopy closure using Markov-chain models 
by Valverde and Silvertown (1997). 

These computations assume 1) that the proportional 
basal area growth rates from 1987 to 2008 are applicable 
to the following 20 years and 2) that Equation 1 is 
applicable to estimating plot canopy covers in the years 
preceding   2008   and   will   continue  to be applicable in 
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estimating covers in the succeeding 20 years. The 
current basal area proportional growth rates have been 
computed over a 21-y span. The length of this span 
suggests that barring any major disturbance, severe 
climate change, or pronounced slowing in basal area 
growth rates due to crowding, these rates should be 
applicable the next 10 to 20 years following the 2008 
sampling. The Equation 1 relationship between basal 
area and canopy cover may be complicated by continuing 
increases in mean tree heights which could contribute to 
greater canopy closure as measured by spherical 
densitometers. If this occurs, this complication would 
mean that projected canopy covers using Equation 1 may 
likely be underestimates of actual covers. 
 


