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Abstract

This study was designed to test the hypothesis that alternative vegetation management treatments (manual cutting and cut-
stump applications of glyphosate herbicide) would decrease plant community abundance, species diversity, and structural
diversity of young mixed conifer plantations in southern British Columbia, Canada. The experimental design consisted of nine
operational-sized plantations, stratified into three blocks (1 control, 1 manual, and 1 cut-stump plantation per block), with five
permanent strip-transects to sample vegetation within each plantation. Vegetation management treatments did not significantly
(»>0.10) affect the crown volume index of herb, shrub, or coniferous tree layers. However, both manual and cut-stump
treatments significantly reduced crown volume index of deciduous trees in the first post-treatment year (p=0.05 and p<0.01,
respectively). Due to prolific regrowth of stump sprouts, the manual treatment effect did not last beyond the first post-
treatment year. In contrast, the cut-stump treatment impeded sprouting and, relative to control and manual treatments,
continued to significantly suppress deciduous growth for at least 4 years (p<0.05). Species richness, diversity, and turnover of
the herb, shrub, and tree layers were not significantly (p>0.10) different between treatments and control. Similarly, the
structural diversity of herb, shrub, and tree layers were also not significantly (p>0.10) different between treatments and
control. By opening the canopy and decreasing the dominance of the deciduous tree layer, both manual and cut-stump
treatments showed greater total structural diversity (herb, shrub, and tree layers combined) relative to the control. However,
differences in total structural diversity between treatments and control were, for the most part, not significant (»p>0.10).
Therefore, these vegetation management treatments affected only the volume of the targeted deciduous tree layer and did not
adversely affect the species richness, diversity, turnover, or structural diversity of the plant community. These results may be
applicable to other temperate forest ecosystems where conifer release is practised in young plantations. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Vegetation management is increasingly important
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harvest levels are to be maintained, accelerated devel-
opment of new plantations, as well as rehabilitation of
backlog sites is required. Intensive silviculture pro-
grams must deal with the problem of reducing com-
peting herbs, shrubs, and other non-commercial
species in order to increase production of merchan-
table trees (Walstad and Kuch, 1987; McDonald and
Radosevitch, 1992). Vegetation management is, there-
fore, a tool which can help provide rates of tree growth
necessary to sustain the forest industry.

In order to accelerate the development of a second-
growth stand (i.e. reduce rotation age), vegetation
management is particularly important during the first
few years following planting. This is the time when a
site, managed for coniferous trees, is naturally domi-
nated by non-crop pioneer species, such as species of
the genera Betula (birch), Alnus (alder), Populus
(poplars and aspens), Acer (maple), Prunus (cherry),
and Rubus (raspberry and thimbleberry). However, in
other parts of North America, some of these hardwood
species are the desired crop and conifers create a
vegetation management problem. There are several
methods for reducing the competition created by non-
crop species, such as (1) manual (hand-held chain
saws, brush saws, and girdling tools), (2) mechanical
(machines that mow, rake, crush, and chip), (3) burn-
ing, (4) biological (use of grazing livestock and patho-
gens), and (5) the use of herbicides.

As the goal of vegetation management is to modify
the plant community to favor the rapid development of
crop trees, it undoubtedly has, therefore, profound
effects on the abundance of some plant species inha-
biting treated areas (Santillo et al., 1989). Because of
growing public concern about the environment, forest
managers are no longer charged with only regenerat-
ing forests (McGee and Levy, 1988; Freedman, 1991;
Lautenschlager, 1993; Halpern and Spies, 1995). The
conservation of biological diversity (biodiversity) is
becoming an integral part of forest management.
Biodiversity is recognized as an important ecological
criterion of sustainability. Therefore, if forest manage-
ment is to encompass both timber production and the
conservation of biodiversity, vegetation management
procedures must be critically examined within the
context of both of these objectives. 7

Aerial spraying of glyphosate (Vision®™, commer-
cial formulation containing glyphosate, 356 g/l pre-
sent as isopropylamine salt) as a broadcast treatment is

the most common form of vegetation management
within Canadian forests (Campbell, 1990). Although
glyphosate poses minimal toxicological risks at pre-
scribed rates, in terms of mortality and reduced repro-
duction in wildlife, and does not accumulate in the
environment (Morrison and Meslow, 1983; Newton
et al., 1984; Freedman, 1991), public opinion about
the use of forest herbicides is often negative (Freed-
man, 1991). Research has shown that glyphosate does
not have a direct effect on the survival or reproduction
of small mammals (Sullivan and Sullivan, 1981; Sul-
livan, 1990a; Sullivan et al., 1997). In addition, several
studies have shown that small mammal population
responses to aerial application of this herbicide have
ranged from an overall increase in population density
(Anthony and Morrison, 1985), to no change in den-
sity (Sullivan and Sullivan, 1982; D’Anieri et al.,
1987; Sullivan, 1990b), to others which have
reported a decrease in abundance (Clough, 1987;
Santillo et al., 1989). Other studies have also repor-
ted that glyphosate does not have any significant
effects on the survival or health of ungulates (Sullivan
and Sullivan, 1979; Cambell et al., 1981; Jones and
Forbes, 1984).

A review of eight studies on the effect of herbicide
treatments on northern songbird populations in regen-
erating clearcuts indicates that total songbird popula-
tions are seldom reduced during the growing season
following treatment (Lautenschlager, 1993). Densities
of species that use early successional brushy, decid-
uous cover are sometimes reduced, while densities
of species which commonly use more open areas
sometimes increase (Easton and Martin, 1998). How-
ever, more information is needed, particularly the
effects of alternative treatments, on both the timber
resource and non-timber values, such as habitat
quality (Campbell, 1990).

Two alternative vegetation management treatments
include the ground-based methods of manual cutting
of competing vegetation and the application of herbi-
cide to the cut-stump surface of manually-cut decid-
uous trees. Manual cutting and herbicide applications
are used commonly, but the cut-stump herbicide treat-
ment is less common. The non-broadcast and species-
specific approach of these treatments suggest that they
may be effective and environmentally sensitive meth-
ods of vegetation management. However, except for
Bell et al. (1997), there is a dearth of studies reporting
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on the responses of plant communities to these alter-
native treatments.

Studies designed to investigate the effects of vege-
tation management on biodiversity often monitor
changes in plant abundance and diversity (Tomkins
and Grant, 1977; Pollack et al., 1990; Freedman et al.,
1993; Sullivan, 1994; Sullivan et al., 1996). However,
a habitat attribute that is frequently overlooked by
such studies is structural diversity or ‘layer diversity’.
Because of the well-documented direct relationship
between the structural diversity (foliage height diver-
sity) of a habitat and the diversity of species that live
there (MacArthur and MacArthur, 1961; MacArthur,
1965; Balda, 1969; Sutton and Hudson, 1980; Adler,
1987; Harney and Dueser, 1987; Hunter, 1990), struc-
tural diversity should be carefully examined to deter-
mine the effects of vegetation management treatments
on habitat quality.

This study was designed to test the hypothesis that
alternative vegetation management treatments (man-
ual cutting and cut-stump applications of glyphosate)
applied in young mixed-conifer plantations would
adversely affect the plant community (herbs, shrubs,
and trees) by decreasing (1) abundance, (2) species
diversity, and (3) structural diversity.

2. Materials and methods
2.1. Study areas

This study was conducted within two similar areas
in the Shuswap Highlands of south-central British
Columbia, Canada. The Eagle Bay (50°55'N,
119°11’W) and Sicamous (50°52'N, 118°59’W) sites
are both located within the Thompson moist-warm
subzone of the Interior Cedar-Hemlock biogeocli-
matic zone (Lloyd et al., 1990). These sites are
characterized by similar topography, elevation, cli-
mate, and climax vegetation. The topography of this
area is hilly to steeply sloping and elevation ranges
from 550 to 1237 m. Summers are generally warm and
dry and winters cool and wet. Mean annual tempera-
ture ranges from 2 to 8.7°C and precipitation ranges
from 500 to 1200 mm, with as much as 50% falling as
snow (Ketcheson et al., 1991). Climax forests are
characterized on mesic sites by western red cedar
(Thuja plicata) and western hemlock (Tsuga hetero-

phylla), while interior Douglas-fir (Pseudotsuga men-
ziesii var. glauca), lodgepole pine (Pinus contorta var.
latifolia), and paper birch (Betula papyrifera) are
common seral species. Nomenclature for all plant
species follows Hitchcock and Cronquist (1973).

Nine plantations, ranging from 16 to 47 ha in area,
and 2-9 years in age when selected, were chosen on
the basis of operational scale, proximity, and initial
similarity in requiring vegetation management treat-
ments. The six plantations found at the Eagle Bay site
were located on a north to north-east facing slope.
These areas were logged between 1978 and 1986 and
planted predominantly to lodgepole pine between
1985 and 1990. Site inspections indicated that Dou-
glas-fir, western larch (Larix occidentalis), and hybrid
spruce (Picea engelmanniix P. glauca) were also pre-
sent. The remaining three plantations at the Sicamous
site were located on a southeast slope. These areas
were logged between 1977 and 1988 and planted
between 1982 and 1989, largely with Douglas-fir.
Inspections of these sites indicated that lodgepole pine
was also present with lesser amounts of hybrid spruce
and western white pine (Pinus monticola).

2.2. Experimental design

This study followed a randomized-block design.
Study plots were established in eight of the nine
plantations in September 1991, and the ninth in April
1992. Assignment of control and vegetation manage-
ment treatments was done subjectively among these
nine plantations due to logistic and economic con-
straints. The first of these constraints was related to the
close proximity of the Eagle Bay plantations to a
residential community. To facilitate the approval of
the herbicide application permits, the cut-stump her-
bicide treatments had to be applied to the two planta-
tions furthest from these residents. The second
constraint was related to a minimum acceptable out-
come anticipated for the cost of the vegetation man-
agement treatments. This required that the more
expensive treatment, the cut-stump herbicide treat-
ment, be applied to the Sicamous plantation that
was most dominated with deciduous trees.

The nine plantations were stratified into three
blocks on the basis of (1) site, and (2) elevation.
Consequently, plantations A, B, and C (Sicamous site)
formed Block 1, and the remaining six plantations
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from the Eagle Bay site (D to I) were stratified into
Blocks 2 and 3, on the basis of elevation.

In addition to untreated controls, the vegetation
management treatments used in this study were
applied in the following manner. Manually treated
plantations had all trembling aspen (Populus tremu-
loides), paper birch, and black cottonwood (Populus
trichocarpa) cut with power saws, except for a few
individual stems that were left in the openings of the
plantation. All stems of willow (Salix spp.), Douglas
maple (Acer glabrum), bitter cherry (Prunus emargi-
nata), and speckled alder (Alnus incana) that were
within 1 m of a crop tree were also cut. All other
vegetation was left uncut.

Cut-stump treated plantations were treated in a
similar manner as those receiving the manual treat-
ment, with the additional application of the herbicide
glyphosate, diluted 2:1 in water, to the cut stump
surfaces of the felled deciduous trees. A small amount
of Basacid Blue™ dye was added to the herbicide
mixture to mark the treated stumps. Most maple,
cherry, and alder stems were left uncut. These pre-
scriptions were applied between September 25 and
October 22 1992.

2.3. Vegetation sampling

Vegetation was assessed annually within each plan-
tation to determine the presence and abundance of
individual species for the purpose of monitoring the
plant community’s composition and structure. Five
permanent 5 mXx25 m strip-transects, each consisting
of five contiguous 5 mx5 m subplots with nested
3 mx3 mand 1 mx1 m subplots (Fig. 1), were estab-
lished within each of the nine plantations (Stickney,
1980, 1985). Transects were randomly placed within
each plantation as long as they were at least 50 m from
the nearest stand edge, and did not cross any roads,
skid-trails, or landings.

Within a strip-transect, each of the three different-
sized subplots were used to sample different plant
forms: the 5mx5m (25 m?) subplot for sampling
trees, the 3mx3m (9m?) subplot for sampling
shrubs, and the 1 mx 1 m (1 m?) subplot for sampling
herbs. In addition, trees, shrubs, and herbs were each
sampled within six height classes of 0-0.25, 0.25-
0.50, 0.50-1.0, 1.0-2.0, 2.0-3.0, and 3.04.0m
(Walmsley et al., 1980). Abundance of a given species

5 x 25 m Transect

d

Fig. 1. Design of strip-transects used to sample vegetation.

was estimated within each of the height classes by a
visual estimate of percent cover. Individual plants
were only measured once within the height class
containing the topmost growth of that plant.

All plants were initially classified into one of three
life forms; herb, shrub, or tree. However, these classes
were sometimes further subdivided or, conversely,
grouped together to create additional classes of plants.
For example, the tree layer was subdivided into decid-
uous and coniferous tree classes. Also, herbs, shrubs,
and trees were sometimes grouped together to form a
class including all plant forms. Hereafter, the tree class
included both, deciduous and coniferous trees, and the
total class included all plant forms.

A crown volume index was calculated for each
species within each of the five nested subplots of a
transect by multiplying the percent cover values by the
top of the corresponding height class (Stickney, 1985).
The product of these values gave the volume of a
cylindroid and represented the space occupied by the
plant in m*/0.01 ha.

2.4. Diversity calculations

Species richness (S) was calculated as the total
number of species of a given plant form (herb, shrub,
or tree) sampled within a transect (Krebs, 1989).

Species turnover (TO) was also calculated for herb,
shrub, and tree layers. TO was defined as the number
of species lost and gained during a set period, divided
by the total number of species sampled during the
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same period (Schoonmaker and McKee, 1988), and
calculated as follows:
10 L*+C

A+B
where L is the number of species lost and G the
number of species gained during a defined period
from #; to t,, and A and B the total number of species
sampled during times #; and f,, respectively. Because a
species turnover calculation required a minimum of
two sample periods, this measure is undefined for the
first year of sampling (pre-treatment year).

Two diversity indexes were used: Simpson’s index
which is sensitive to changes in abundant species
(Simpson, 1949), and the Shannon—Wiener index
which is sensitive to changes in rare species (Pielou,
1966a; Peet, 1974). Simpson’s index of species diver-
sity is the probability of picking two organisms at
random that are different species, and ranges from 0 to
almost 1. The Shannon—Wiener index of diversity is
based on information theory and the degree of diffi-
culty in predicting correctly the next individual
sampled. As such, this index increases with number
of species sampled, and ranges from 0 to =5 for
biological communities.

The above definition of Simpson’s and Shannon—
Wiener diversity indexes, although referring to species
diversity, applies equally to structural diversity. While
species is the object of a species diversity index, height
class or layer is the object of a structural diversity index.

Pre-treatment vegetation sampling was initiated in
July 1992. The first post-treatment sampling of vege-
tation was conducted in July 1993 and was conducted
annually to July 1996, when the study was terminated.
All plant community attributes (e.g. crown volume

index, diversity indexes) were calculated on a subplot
basis, and then averaged across the five subplots of a
transect. Consequently, each transect represents one
datum.

2.5. Statistical analysis

A repeated measures analysis of variance (RM-
ANOVA, SPSS Institute Inc., 1997) was used to test
for significant differences among treatment means
(Table 1). Both pre- and four post-treatment years
were analyzed together, resulting in five levels (years)
for the within-subjects factor (time). Both the treat-
ment and block were assigned as between-subjects
factors. Before performing any analyses, data not
conforming to properties of normality and equal var-
iance were subjected to various transformations to best
approximate the assumptions required by any ANOVA
(Zar, 1984). Mauchly’s W test statistic was used to test
for sphericity (independence of data among repeated
measures) (Littel, 1989; Kuehl, 1994). For data found
to be correlated among years, the Huynh—Feldt cor-
rection was used to adjust the degrees of freedom of
the within-subjects F-ratio. The Bonferroni post-hoc
test (adjusted for multiple contrasts) was used to locate
differences among treatment means within each sam-
ple year (Rosenthal and Rosnow, 1985). Significance
levels for all analyses (i.e., RM-ANOVA and Bonfer-
roni significance tests) was set at p=0.10. Although
conclusions made from statistical results with the
standard significance level of 0.05 may be stated with
more confidence than those resulting from tests with a
probability of 0.10, significance tests with p<0.10
may be biologically significant and deserve comment
(Cherry, 1998). Tests regarding data properties, such

Table 1

Repeated measures analysis of variance (RM-ANOVA) model used for investigating plant volume, species diversity, and structural diversity
Source of variation Factor type Level Degrees of freedom F-test (d.f.)

Block Random n=3 n—1=2

Treatment Fixed k=3 k—1=2 MS-treatment/MS-error 1 (2,4)

Error 1 (n—1)(k—1)=4

Time Fixed =5" t—1=4

Time x treatment (t—1)(k—1)=8 MS-treatment x treatment/MS-error 11 (8,24)
Error 11 k(n—1)(t—1)=24

# There are five levels of time (+=5) for all plant attributes, except species turnover. Because species turnover is not defined for the pre-

treatment year, there are only four levels (r=4) for this attribute.
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as Leven’s homogeneity test and Mauchly’s W spheri-
city test, were made with a significance level of
p=0.05.

3. Results
3.1. Site similarity

There were no statistical differences (p>0.10)
among the treatment and control plantations for any
of the plant attributes (crown volume index, species
richness, species turnover, species diversity indexes,
and structural diversity indexes) during the pre-treat-
ment year (Figs. 2-7).

3.2. Crown volume index

3.2.1. Herb layer
Prominent herb species found within the study area
included fireweed (Epilobium angustifolium), white
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hawkweed (Hieracium albiflorum), common dande-
lion (Taraxacum officinale), wild strawberry (Fra-
garia virginiana), and pearly everlasting (Anaphalis
margaritacea) (Table 3). Although the mean total
crown volume index of the herb layer appeared to
change over time (Fig. 2), differences among control
and treatment plantations were not significant
(F»,4=1.26; p=0.38). Both the control and treatment
groups showed similar time trends during the four
post-treatment years. The mean total crown volume
index of the herb layer for the control, manually, and
cut-stump treated plantations peaked during the sec-
ond post-treatment year (1994) and then gradually
decreased during the final two years of the study. Both
the manually and cut-stump treated plantations
appeared to show a decrease in volume of herbs in
the first post-treatment year, in contrast to the increase
in herb volume observed within the control during this
same period, although differences were not significant
(Fig. 2).

[ Control ] Manual @3 Cut-stump R |

Mean Total Crown Volume Index

Herbs Shrubs
40 80
% %
) S
210 €2
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Fig. 2. Mean total crown volume index (m3/0.01 ha) for herb, shrub, deciduous tree, and coniferous tree layers among control, manually, and
cut-stump treated plantations. No statistical differences («=0.10) were observed for herb, shrub, or coniferous tree volume. However, the
deciduous tree layer was significantly affected by the treatments. Arrow on horizontal axis indicates timing of treatments. *p<0.10, **p<0.05,

*#**p<0.01; significance by Bonferroni post-hoc test.



PM.F. Lindgren, T.P. Sullivan/ Forest Ecology and Management 142 (2001) 163—182 169

Control ] Manual @@ Cut-stump Il

Species Richness

No. of species

Trees

No. of species '

oON B O

<92T.93

‘94 ‘95 '%6
Year

Fig. 3. Mean species richness for herb, shrub, and tree layers among control, manually, and cut-stump treated plantations. No statistical
differences (¢=0.10) in species richness were observed among the control and treatment plantations for any of the plant forms (herbs, shrubs,
or trees) during any of the 5 sample years. Arrow on the horizontal axis indicates timing of treatments.

3.2.2. Shrub layer

Prominent shrub species found within the study area
included falsebox (Pachistima myrsinites), thimble-
berry (Rubus parviflorus), red raspberry (Rubus
idaeus), bitter cherry (Prunus emarginata), and wil-
low (Salix spp.) (Table 3). Although the mean total
crown volume index of the shrub layer appeared to
change over time (Fig. 2), differences among control
and treatment plantations were not significant
(F1.4=0.86; p=0.49). The control plantations showed
a steady increase in mean total crown volume index of
shrubs throughout the 5 years of the study. Both the
manually and cut-stump treated plantations also
increased in shrub volume during the post-treatment
years.

3.2.3. Deciduous tree layer

The three deciduous tree species that were found
within the study area were paper birch, black cotton-
wood, and trembling aspen. The mean total crown
volume index of deciduous trees was similar (Bon-
ferroni; p=2>0.17) among control and treatment

plantations during the pre-treatment year. The treat-
ments resulted in significant (F,4=40.63; p=0.002)
reductions in deciduous tree volume, 87% (106.5-13.5
m>/0.01 ha) and 95% (46.8-2.2 m>/0.01 ha) within the
manually and cut-stump treated plantations, respec-
tively, during the first post-treatment year (Table 2;
Fig. 2). This decline was in direct contrast to the
control plantations, which showed an increase in
mean total crown volume index of 38% (53.2-73.3
m>/0.01 ha) during this same period (Fig. 2). Conse-
quently, both the manually and cut-stump treated
plantations had significantly less (Bonferroni;
p=0.05 and p<0.01, respectively) deciduous tree
volume than that of the control plantations during
the first post-treatment year. In addition, during the
first post-treatment year, the cut-stump treated planta-
tions had significantly less (Bonferroni; p=0.02)
deciduous tree volume than those treated manually
(Fig. 2).

Both the control and cut-stump treated plantations
gradually increased in mean total crown volume index
of deciduous trees throughout the four post-treatment
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Fig. 4. Mean species turnover for herb, shrub, and tree layers
within control, manually, and cut-stump treated plantations. No
statistical differences (¢=0.10) in species turnover were observed
among the control and treatment plantations for any of the plant
forms (herbs, shrubs, or trees) during any of the 5 sample years.
Arrow indicates timing of treatment.

years. The dramatic suppression of deciduous tree
volume one year after treatment was maintained dur-
ing the post-treatment years for the cut-stump treat-
ment. As a result, deciduous tree volume within the
cut-stump treatment was less (Bonferroni; p<0.02)
than that of the control during all four post-treatment
years. The suppression of deciduous tree volume
within the manually treated plantations was short-
lived. There was a rapid increase in growth by the
second post-treatment year (1994), which resulted in
deciduous volumes similar (Bonferroni; p=1.00) to

that of the control during the 1994 sample year, and
thereafter (Fig. 2).

3.2.4. Coniferous tree layer

Prominent coniferous tree species included interior
Douglas-fir, western red-cedar, lodgepole pine, wes-
tern hemlock, hybrid spruce, and western white pine.
Western larch, subalpine fir (Abies lasiocarpa), and
western yew (Taxus brevifolia) were also found, but
were less common.

Although the mean total crown volume index of the
coniferous tree layer appeared to change over time
(Fig. 2), differences among control and treatment
groups were not significant (F,4=0.99; p=0.45).
The control plantations showed only a slight increase
in mean total crown volume index of coniferous trees
throughout the 5 years. However, both the manually
and cut-stump treated plantations had accelerated
growth rates of coniferous tree volume relative to that
of the control during the four post-treatment years.
The mean annual percentage increment of coniferous
tree volume (see formula below) was 5, 44, and 29%
for control, manually, and cut-stump treated planta-
tions, respectively:

Mean annual percentage increment of

(B—A)/A

crown volume = x 100%

where A is the crown volume at time ¢, B the crown
volume at time #,, and C the number of years between
t; and t,.

Although the differences in coniferous tree volume
among treatment and control plantations were not
statistically significant, increased coniferous growth
rates of 5—8 times that of control plantations suggested
a biologically and, most likely, economically signifi-
cant treatment effect.

3.3. Species richness

During this study, a total of 75 herb, 37 shrub, and
12 tree species was sampled. There was no difference
in mean species richness among the control and
treatment plantations for herbs (F, 4=3.29; p=0.14),
shrubs (F,4=2.75; p=0.18), or trees (Fp4=1.17;
p=0.40), at any time during the study (Table 2;
Fig. 3). Some temporal trends common to both,
control and treatment groups, did occur.
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Fig. 5. Mean species diversity indexes (Simpson’s and Shannon—Wiener) for herb, shrub and tree layers among control, manually, and cut-
stump treated plantations. No statistical differences (2=0.10) in species diversity were observed among the control and treatment plantations
for any of the plant forms (herbs, shrubs, or trees) during any of the 5 sample years. Arrow on horizontal axis indicates timing of treatments.

3.4. Species turnover

There were no significant (F,4=0.72; p=0.54)
differences in herb species turnover among control
and treatment plantations during any consecutive year
intervals (Table 2; Fig. 4). The lowest species turnover
occurred between the pre-treatment and first post-
treatment year (1992—-1993), and the highest occurred
in the next year (1993-1994). Control, manual, and
cut-stump treatments all showed similar time trends
throughout the study.

There were no significant (F,4=1.66; p=0.30)
differences in shrub species turnover among control

and treatment plantations during any consecutive
year intervals (Table 2; Fig. 4). Although not statis-
tically significant, differences in shrub species turn-
over among treatment and control plantations did
suggest some trends. Both manual and cut-stump
treated plantations showed the highest species turn-
over during the pre-treatment and first post-treatment
time interval (1992-1993) and then declined there-
after. This is in contrast to the shrub species turnover
within the control plantations which was lowest
during this same period, followed by an increase
in consecutive years, peaking during the 1994—-1995
interval.
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Fig. 6. Mean Simpson’s structural diversity indexes for herb, shrub, tree, and combined total layers among control, manually, and cut-stump
treated plantations. Bonferroni post-hoc tests indicated no statistical differences (2=0.10) in structural diversity among any of the control and
treatment plantations within the herb and shrub layers, pre- and post-treatment. However, some statistical differences among the treatment and
control groups were observed within the combined total layer. Arrow on horizontal axis indicates timing of treatments. * p<0.10, ** p<0.05,

*##% p<0.01; significance by Bonferroni post-hoc test.

There were no significant (F,4=2.14; p=0.23)
differences in tree species turnover among control
and treatment plantations during any consecutive year
intervals (Table 2; Fig. 4). The small changes in tree
species turnover were caused by a single species being
gained or lost within a given time interval. An excep-
tion to this was observed during the pre-treatment to
first post-treatment year interval (1992-1993) when,
within one of the three manually treated plantations,
two tree species were gained.

By the final post-treatment year (1996), no tree
species present during the pre-treatment year had been
lost within any of the control or treatment plantations.
However, during this same interval western yew,
western white pine, and western larch were gained
within the control, manually, and cut-stump treated
plantations, respectively (Table 3).

3.5. Species diversity

Mean species diversity of the herb layer was
similar (Simpson’s [F,4=3.34; p=0.14] or Shan-
non-Wiener [F,4=2.78; p=0.18]) among control
and treatment plantations (Table 2; Fig. 5). Both
Simpson’s and the Shannon—Wiener indexes showed
similar time trends among the control and treatment
plantations.

Mean species diversity of the shrub layer was
similar (Simpson’s [F,4=1.26; p=0.38] or Shan-
non—-Wiener [F,4=1.17; p=0.40]) among control
and treatment plantations (Table 2; Fig. 5). Both
control and treatment plantations demonstrated the
highest level of shrub species diversity during the
pre-treatment year and showed a gradual decline in
diversity thereafter.
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Fig. 7. Mean Shannon—Wiener structural diversity indexes for herb, shrub, tree, and combined total layers among control, manually, and cut-
stump treated plantations. A Bonferroni post-hoc test suggested no statistical differences (2=0.10) in structural diversity among any of the
control and treatment units within the herb, shrub, and tree layers, pre- and post-treatment. However, some statistical differences among the
treatment and control groups were observed within the combined total layer. Arrow on horizontal axis indicates timing of treatments. * p<0.10,

** p<0.05, *** p<0.01; significance by Bonferroni post-hoc test.

Mean species diversity of the tree layer was similar
(Simpson’s [F; 4=1.49; p=0.33] or Shannon—Wiener
[F,4=1.22; p=0.39]) among control and treatment
plantations (Table 2; Fig. 5). The greatest change in
both Simpson’s and Shannon—Wiener tree species
diversity indexes occurred between the pre-treatment
and first post-treatment year and accounted for the
significant (F7,,=2.66; p=0.04 and F7,3=2.70;
p=0.03, respectively) Time x Treatment interactions.

3.6. Structural diversity

3.6.1. Herb and shrub layers

Mean structural diversity indexes of the herb layer
were similar (Simpson’s [F; 4=0.09; p=0.92] or Shan-
non—-Wiener [F, 4=0.16; P=0.85]) among the control
and treatment plantations (Table 2; Figs. 6 and 7). The
control plantations appeared to peak in herb structural
diversity in the first post-treatment year (1993) and
gradually declined thereafter. Similarly, the planta-

tions that received treatments also appeared to peak in
structural diversity, however, this peak lagged behind
that of the control by one year. Mean structural
diversity indexes of the shrub layer were similar
(Simpson’s  [F,4=0.05; p=0.95] and Shannon-—
Wiener [F;4=0.09; p=0.92]) among the control and
treatment plantations (Table 2; Figs. 6 and 7).

3.6.2. Tree layer

Mean structural diversity indexes of the tree layer
were similar (Simpson’s [F,4=3.68; p=0.12] and
Shannon—Wiener [F,4=3.70; p=0.12]) among the
control and treatment plantations (Table 2; Figs. 6
and 7). Structural diversity of the tree layer decreased
for both the control and cut-stump treated plantations
from the pre-treatment year through to the final year of
sampling. The manually treated plantations increased
slightly in tree-layer structural diversity in the first
post-treatment year, followed by a gradual decline
during the final three years of sampling.
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Statistical results obtained from repeated measures analysis of variance (RM-ANOVA) conducted on several plant community attributes (five
years of data — one pre-treatment year and four post-treatment years — were included in these analyses)®

Attribute Treatment effects Time x Treatment interaction
Foa p P p
Volume index
Herbs 1.26 0.38 F6,10=0.73 0.63
Shrubs 0.86 0.49 Fgoa=1.15 0.37
Deciduous trees 40.63 0.002 F6,10=9.94 <0.001
Coniferous trees 0.99 0.45 F(824y=0.33 0.94
Species richness
Herbs 3.29 0.14 Fgo4=1.77 0.13
Shrubs 2.75 0.18 F824=0.31 0.95
Trees (deciduous and coniferous) 1.17 0.40 F(324=0.85 0.57
Species turnover
Herbs 0.72 0.54 F6,18y=0.37 0.89
Shrubs 1.66 0.30 F15=1.24 0.33
Trees (deciduous and coniferous) 2.14 0.23 F6,18=1.06 0.42
Species diversity — Simpson’s
Herbs 3.34 0.14 F7,22=0.34 0.93
Shrubs 1.26 0.38 F(722=0.29 0.95
Trees (deciduous and coniferous) 1.49 0.33 F7,22)=2.66 0.04
Species diversity — Shannon-Wiener
Herbs 2.78 0.18 F722=0.24 0.97
Shrubs 1.17 0.40 F721,=0.36 0.92
Trees (deciduous and coniferous) 1.22 0.39 F7.23=2.70 0.03
Sructural diversity — Simpson’s
Herbs 0.09 0.92 F(g24=0.24 0.97
Shrubs 0.05 0.95 F(8,24y=0.62 0.75
Trees (deciduous and coniferous) 3.68 0.12 F723=1.73 0.15
Total (herbs, shrubs, and trees) 6.34 0.06 F723=2.39 0.05
Structural diversity — Shannon-Wiener
Herbs 0.16 0.85 F(8,24y=0.30 0.96
Shrubs 0.09 0.92 F(8,24y=0.70 0.69
Trees (deciduous and coniferous) 3.70 0.12 F723=1.73 0.15
Total (herbs, shrubs, and trees) 7.09 0.05 F722)=1.60 0.19

 Note: Significant p-values (« = 0.10) are indicated in italic text.
® Degrees of freedom for tests of Time x Treatment interactions are 8 and 24 (or 6 and 18 for species turnover) for an ideal situation when
the data are not correlated among years. Correlation among data is a violation of ANOVA assumptions and requires an adjustment (Huynh—
Feldt correction) which decreases the d.f. from those mentioned above.

3.6.3. Total (herb, shrub, and tree layers combined)

Differences in total structural diversity among con-
trol and treatment plantations were indicated by a
significant (F,4=7.09; p=0.05) treatment effect for
the Shannon—Wiener index (Table 2). During the
second post-treatment year, total Shannon—Wiener
structural diversity within both manual (Bonferroni;
p=0.08) and cut-stump treated plantations (Bonfer-

roni; p=0.01) was greater than that of the control
plantations (Fig. 7).

A significant Time x Treatment interaction for mean
total Simpson’s structural diversity (F723=2.39;
p=0.05) made it difficult to comment on the signifi-
cant main treatment effect. However, a significant
treatment effect (F, 4=7.37; p=0.04) without interac-
tion (Fg13=1.63; p=0.20) was observed when a



Table 3

Mean total crown volume index (m*/0.01 ha) and S.E. (in parentheses) of the five most common® herb, shrub, and tree species for the pre-treatment year (1992) and four post-

treatment years within the control, manual, and cut-stump treatments

Species Control Manual Cut-stump
1992 1993 1994 1995 1996 1992 1993 1994 1995 1996 1992 1993 1994 1995 1996

Herbs

Epilobium 2.55(0.51) 425(0.76) 728 (1.27) 4.65(0.83) 6.23(0.89) 4.14(0.83) 2.51(0.33) 8.8 (1.06) 6.16 (1.01) 7.92(0.86) 729 (1.61) 3.69 (0.72) 9.58 (1.88) 6.01 (1.15) 8.08 (1.3)
angustifolium

Hieracium 0.59 (0.13) 138 (0.34) 1.62(0.3) 0.5 (0.1) 0.76 (0.16)  0.63 (0.13) 0.74 (0.15) 126 (0.26) 0.38 (0.07) 0.43 (0.06) 1.33 (0.46) 1.15(0.26) 249 (0.51) 0.53(0.14) 0.54 (0.14)
albiflorum

Taraxacum 0.13 (0.03) 0.27 (0.08) 0.11 (0.04) 0 0 0.26 (0.06) 0.46 (0.16) 0.18 (0.04) 0 0 041 (0.16)  0.22 (0.07) 0.2 (0.09) 0 0
officinale

Fragaria 0.88 (0.36) 1.1 (0.35) 1.17 (0.41)  0.94 (0.36) 0.75(0.25) 026 (0.11) 0.33 (0.2]) 0.44 (0.15) 0.33 (0.18) 0.39 (0.18) 0.1 (0.06) 0.1 (0.05) 032 (0.15) 0.22 (0.16) 0.42(0.27)
virginiana

Anaphalis 0.2 (0.1) 0.17 (0.05) 0.37 (0.16) 0.05 (0.04) 0.03 (0.01) 0.09 (0.04) 0.11 (0.04) 0.21 (0.08) 0.06 (0.02) 0.06 (0.03) 026 (0.11) 0.16 (0.1) 0.53 (0.22) 0.11 (0.04) 0.14 (0.06)
margaritacea

Shrubs

Paxistima 2.09 (0.53) 3.22(0.85) 2.83(0.97) 291(0.86) 4.61 (1.46) 1.5(0.44) 1.98 (0.64) 1.69 (0.6) 2.34(0.81) 293 (1.07) 293 (1.05) 3.06(.16) 2.31(0.8) 3.87 (1.53) 6.08 (2.54)
myrsinites

Rubus 1432 (3.97) 17.00 (3.42) 23.84 (6.54) 24.89 (6.59) 34.39 (7.76) 21.63 (5.52) 12.2(2.65) 33.89 (7.44) 44.9 (11.98) 44.21 (10.61) 10.63 (2.47) 9.56 (1.82) 14.96 (3.83) 13.74 (4.05) 15.73 (3.21)
parviflorus

Rubus 1.15(0.38) 1.32(0.52) 0.95(0.51) 0.86(0.48) 1.23(0.68) 0.43(0.19) 0.22(0.06) 0.33(0.11) 0.2 (0.06) 0.22 (0.07) 2.18 (0.7) 1.05 (0.38)  0.73 (0.22) 0.33 (0.11) 0.34 (0.08)
idaeus

Prunus 2.55(1.07) 208 (0.82) 6.00(3.87) 4.76(2.63) 8.48(4.93) 544(285) 13(0.82) 274 (1.37) 1.89(0.98) 2.7 (1.39) 0.92 (0.39) 0.12(0.04) 0.25(0.08) 0.28 (0.08) 0.46 (0.14)
emarginata

Salixsp. 1.48 (0.65) 1.15(0.5) 1.21 (0.66)  1.09 (0.51) 2.09 (1.07) 3.3 (1.5]) 0.85(0.31) 2.22(0.55 3.07(1.12) 477 (1.59) 3.42(1.67) 0.86(0.39) 1.01(0.53) 1.26(0.73) 3.05(1.87)
Trees

Betula 30.4 (9.46)  44.76 (10.14) 56.49 (10.89) 57.19 (14.31) 75.26 (15.83) 81.53 (13.91) 6.93 (1.48) 46.61 (7.52) 43.79 (7.21) 65.98 (11.85) 32.91 (24.00) 1.48 (0.74) 0.43 (0.21) 4.04 (1.16) 6.21 (1.72)
papyrifera

Populus 19.83 (6.3) 2433 (7.96) 27.39 (8.45) 1384 (5.8) 1542 (6.78) 13.00 (12.35) 6.47 (3.4) 18.07 (10.32) 16.79 (9.05) 22.42 (13.58) 9.13 (2.18) 0.55(0.13) 0.9 (0.29) 0.74 (0.22)  0.67 (0.15)
trichocarpa

Pseudotsuga 1.86 (0.77) 3.8 (1.69) 4.77 (1.42) 447 (1.3) 7.02(2.57) 5.21(1.3) 4.2 (1.49) 7.73(2.12)  9.03 (2.25) 11.81(2.79) 1093 (5.1) 832 (3.43) 1298 (5.46) 14.31 (6.08) 20.49 (6.67)
menziesii

Thuja plicata 398 (1.93) 6.13(3.14) 479 (2.53) 43 (2.07) 452 (2.12) 879 (2.75) 6.59(2.32) 11.77 (3.47) 11.83 (3.45) 1491 (4.26) 15.27 (8.03) 8.77(3.39) 17.64 (6.46) 11.4 (4.24) 15.67 (4.55)

Pinus contorta 12.35 (5.63) 14.41 (5.84) 19.81 (7.58) 20.08 (7.41) 18.07 (5.92) 4.5 (1.56) 531(2.18) 6.57(2.73) 948 (3.39) 1388 (482) 597 (2.73) 8.45(4.46) 8.94 (3.45) 1532 (6.14) 17.2 (6.46)

# The most common herb and shrub species represent the species that were most frequently sampled within the control plantations during the pre-treatment year.
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RM-ANOVA was performed on the post-treatment
years only. This suggested that the interaction was
caused by a change in total Simpson’s structural
diversity among control and treatment plantations
from the pre- to post-treatment year and that a treat-
ment effect did exist during the post-treatment years.
Post-hoc tests indicated that, as with the Shannon—
Wiener index, total Simpson’s structural diversity was
significantly greater than that of the control within
both the manual (Bonferroni; p=0.02) and cut-stump
treated plantations (Bonferroni; p<0.01), during the
second post-treatment year (Fig. 6).

4. Discussion
4.1. Experimental design

The subjective allocation of the cut-stump herbicide
treatment was a potential concern as this was not
consistent with an ideal randomized-block design.
However, although natural variation was apparent
among the plantations, the similarity of control and
treatment units during the pre-treatment year (Figs. 2—
7) suggested that the allocation of cut-stump treat-
ments did not significantly bias our experimental
design. In addition, treatment allocation was well
interspersed among the nine plantations (and among
the three blocks), a condition that is considered by
some to be more important than randomization. Hurl-
bert (1984) states that *“...interspersion is the more
critical concept or feature; randomization is simply a
way of achieving interspersion in a way that elim-
inates the possibility of bias and allows accurate
specification of the probability of a type I error.”” This
is especially true when replication is low, as is often
the case with large-scale ecological studies.

4.2. Crown volume index

4.2.1. Herb and shrub layers

Since the manual and cut-stump treatments tar-
geted only specific deciduous tree species, it is not
surprising that there was not a significant effect on
crown volume index of herbs or shrubs. However,
these treatments appeared to temporarily depress
the growth of these plant forms, relative to the
control.

The small and temporary decrease in abundance of
understory vegetation contrasted with the significant,
albeit short-term, decreases in understory biomass
reported in several studies treated with broadcast
applications of glyphosate (Pollack et al., 1990;
MacKinnon and Freedman, 1993; Sullivan, 1994,
Simard and Heineman, 1996a, b, c; Sullivan et al.,
1998; Whitehead and Harper, 1998). Relative to the
more commonly prescribed broadcast applications of
herbicides, the species-specific approach of cut-stump
herbicide application appeared to have minimal
effects on the biomass of understory vegetation.

The deciduous tree slash resulting from the treat-
ments probably resulted in the short-term decrease in
herb and shrub volume observed 1 year after treat-
ment. The physical obstruction caused by the slash
may have (1) impeded the growth of both herbs and
shrubs, and (2) damaged some perennial shrubs. The
expected recovery of both herb and shrub volume
observed by the second post-treatment year was likely
due to plants taking advantage of the increased
resources (light and moisture) created by the treat-
ments.

4.2.2. Deciduous tree layer

As treatments targeted the deciduous tree layer, the
dramatic decrease in mean deciduous crown volume
was expected in the first post-treatment year. However,
rapid regrowth of paper birch and trembling aspen via
prolific stump sprouts occurred within manually trea-
ted plantations. Consequently, by the second post-
treatment year, deciduous tree volume within the
manually treated plantations had returned to levels
similar to that of the control. Other studies have also
recorded the vigorous sprouting ability of paper birch
and other hardwood species following manual cutting
(Hart and Comeau, 1992; Simard and Heineman,
1996a). As reported by Johansson (1985) and Marrs
(1985), treatment of cut-stumps with glyphosate lim-
ited the sprouting behavior of hardwoods, resulting in
continued suppression of the deciduous tree layer for
the four post-treatment years of our study. Relative to
the volume of deciduous trees within the control
plantations, the manually treated plantations had a
treatment effect that lasted only 1 year.

Our findings, and those of other studies (Christen-
sen, 1984; Lund-Hgie, 1984; Johansson, 1985; Marrs,
1985), suggest that treatments to suppress deciduous
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tree species capable of growing prolific stump sprouts,
such as paper birch and trembling aspen, should
employ measures to impede this sprouting behavior.
Our results indicate that application of glyphosate to
cut-stumps of paper birch and trembling aspen is a
recommended approach to reduce competition of
these species with coniferous crop trees in the Inter-
ior-Cedar—Hemlock zone, and probably in other simi-
lar ecosystems as well.

4.2.3. Coniferous tree layer

Although our sampling methods did not measure
specific attributes of coniferous tree growth (such as
DBH and exact heights), the mean crown volume
index did measure the growth response of the entire
coniferous tree (branches and bole). Therefore, the
crown volume index of the coniferous tree layer is
likely directly related to coniferous bole production,
which is of primary importance to the silviculturalist
gaging the success of vegetation management treat-
ments.

Although no statistical differences in coniferous
tree volumes were observed among control and treat-
ment plantations, pre- or post-treatment, trends in
growth response during the post-treatment years did
suggest a treatment effect. The mean annual percen-
tage increment of coniferous tree volume (accumula-
tion of volume) within the control units was very
gradual during the four post-treatment years (5%
annual increase). This result was in contrast to the
44 and 29% mean annual percentage increment of
coniferous tree volume observed during this same
period among the manually and cut-stump treated
plantations, respectively. This pattern suggests that
the coniferous tree layer did benefit from the treat-
ments in terms of an increased rate of growth. The
benefits of vegetation management on growth and
survival of coniferous crop trees is well-documented
(Berry, 1982; MacLean and Morgan, 1983; Yang,
1991; Wang et al., 1995).

Differences in coniferous tree growth within treated
plantations may increase relative to that of the control
with time. Simard and Heineman (1996a) reported that
responses of Douglas-fir height to treatments were not
fully expressed even 9 years after treatment. Also, a
more sensitive measure to determine the treatment
effects on crop tree growth may have been possible if
we had included measurements of stem diameter.

Simard and Heineman (1996b) reported that stem
diameter was the most sensitive measure of early
response of lodgepole pine to release from competing
vegetation.

The slight decrease in coniferous tree volume in the
first post-treatment year in the manually and cut-
stump treated plantations might be attributed to a
phenomenon known as ‘thinning shock’ (Reukema,
1964; Brix, 1981; Harrington and Reukema, 1983).
Thinning shock, of course, does not actually reduce
the stem volume of an affected tree, rather it tempora-
rily reduces the rate of tree growth due to increased
exposure (e.g., sunscald) and increased physical
damage (e.g. wind, snow, and ice) (Harrington and
Reukema, 1983). The decrease in coniferous tree
cover within the treated plantations during the first
post-treatment year was consistent with the effects of
thinning shock.

4.3. Species richness and turnover

Other studies also reported no significant differ-
ences in species richness among control plantations
and those treated with manual methods or glyphosate
applications (Boyd et al., 1995; Simard and Heine-
man, 1996a, b; Sullivan et al., 1998). The number of
herb species gained was always greater than species
lost during the first two or three years of the study
within control and treatment plantations. The contrary
was true for the final years of the study, when more
herb species were lost than gained. This suggested that
the 5-year sampling period may have captured a
transition period for the herb layer, perhaps changing
from a community of shade-intolerant to more shade-
tolerant herbs in association with increased canopy
closure of the tree layer. Plant species gained early in
the study may have represented the last wave of shade-
intolerant herbs invading the sites while light condi-
tions still permitted germination. Conversely, plant
species lost during the final years of the study may
have represented the loss of shade-intolerant species
as light conditions declined. Schoonmaker and McKee
(1988) reported similar findings during such transi-
tional periods in a study of secondary succession
within coniferous forests of the western Cascade
Mountains. They described the transition period from
one plant assemblage to another as a time of unre-
solved competition. An analysis that groups herb
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species into classes of shade-tolerance, as well as a
sampling method that specifically measures canopy
closure and light conditions beneath the forest canopy
would be important for testing this hypothesis (Hal-
pern and Spies, 1995).

A weak trend of increasing shrub turnover within
control plantations and a decrease in shrub turnover
within the treated plantations over the study suggested
a possible treatment effect. We hypothesize that the
treatments may have maintained a more stable shrub
community by delaying the canopy closure of the tree
layer. The control plantations may have experienced a
more rapid change in shrub community due to the
decreasing light conditions associated with the closing
canopy of the tree layer.

4.4. Species diversity

When interpreting species diversity results, it is
important to consider the two components that define
diversity: (1) the number of species sampled, or
species richness, and (2) the frequency distribution,
or relative abundance, of these species. For our study,
crown volume index was used to calculate the propor-
tions of species sampled within an area. Therefore,
crown volume index is useful for inferring informa-
tion about the proportional component of a diversity
index.

4.4.1. Herb and shrub layers

Herb species diversity began to decline in 1994,
even though this was the year that experienced the
greatest species richness of any of the sample years.
However, when combined with the fact that the great-
est herb volume of any of the sample years was also
recorded during 1994, we conclude that a few herb
species thrived (causing the increased herb volume)
and dominated the herb layer during this time, result-
ing in a decline in herb species diversity. In particular,
during 1993, the combined crown volumes of fireweed
and grass made up 44, 62, and 63% of the total crown
volume of the common herbs (Table 3) within control,
manual, and cut-stump treated plantations, respec-
tively. In the following year (1994), these same two
herbs had increased in dominance and made up 57, 80,
and 67% of the total crown volume of the common
herbs within control, manual, and cut-stump treated
plantations, respectively.

Shrub species diversity gradually declined from the
pre-treatment year (1992) to the end of the study
(1996) in all plantations (Fig. 5). Although shrub
species richness was relatively constant throughout
all 5 sample years, shrub volume generally increased
during the 4 post-treatment years. This inverse rela-
tionship between species diversity and volume sug-
gested that a few shrubs, as was concluded for the herb
layer, became increasingly dominant, resulting in a
decline in diversity. In particular, during the first post-
treatment year, the combined crown volumes of thim-
bleberry, bitter cherry, and willow made up 77, 83, and
63% of the total crown volume of the common shrubs
within control, manual, and cut-stump treated planta-
tions, respectively. By the final year of sampling, these
same three species had increased in dominance to
combined volumes of 86, 91, and 70% of the total
crown volume of common shrubs within control,
manual, and cut-stump treated plantations, respec-
tively.

4.4.2. Tree layer

The manual treatment increased tree species diver-
sity while the cut-stump treatment resulted in a
decrease in diversity from the pre-treatment to first
post-treatment year. Because tree species richness was
relatively constant and coniferous tree volume chan-
ged little in the first post-treatment year, the dramatic
changes in deciduous tree volume were likely the
cause of changes in tree species diversity within the
manual and cut-stump treatments. The dramatic
reduction of deciduous tree volume observed within
the cut-stump treated plantations (95% decrease rela-
tive to pre-treatment year), while not eliminating any
deciduous species, increased the relative dominance
of the coniferous trees. Of the total crown volume
index for the tree layer, coniferous trees made up 50%
during the pre-treatment year. During the first post-
treatment year, the proportion of coniferous trees had
increased to 94% within plantations receiving the cut-
stump treatment. Moreover, during this first post-
treatment year, 88% of the total tree volume was made
up of only four out of the 12 tree species found within
the cut-stump treated plantations, all coniferous (Dou-
glas-fir, western red-cedar, lodgepole pine, and wes-
tern hemlock). Conifer dominance was, therefore, the
most likely cause for the decline in tree species
diversity during the first post-treatment year.
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Manually treated plantations also resulted in a
volume reduction (87% decrease relative to pre-
treatment year) of deciduous trees. During the pre-
treatment year, 76% of the total tree volume was made
up of just three out of the 11 tree species found within
the manually treated plantations, all deciduous (paper
birch, black cottonwood, and trembling aspen). Dur-
ing the year following treatment, these three decid-
uous tree species made up only 37% of the total tree
volume. The removal of a substantial proportion of
this deciduous tree layer resulted in a more evenly
distributed, and, therefore, more diverse tree layer
during the first post-treatment year. Pielou (1966b)
described this type of increase in species diversity (one
caused by the thinning of a dominant tree layer) as
resulting from an increase in pattern-diversity.

4.5. Structural diversity

We predicted that the treatments should not sig-
nificantly alter the structural diversity of the herb
layer. This was because of the annual nature of herbs
which allow this plant layer to respond quickly to
changing environmental conditions, growing into
many of the same height classes as it had the year
before. In contrast, perennial plants such as shrubs,
because of their interdependence on the previous
year’s growth, are predicted to take longer, as a group,
to respond to new environmental conditions.

As a stand of trees ages and canopy closure
increases, the structural diversity of the tree layer will
probably decline. Shading created by increasing
canopy closure begins to thin out and simplify the
understory height classes (Pielou, 1966b). By remov-
ing a substantial portion of the canopy, the manual and
cut-stump treatments had effectively delayed this
process of canopy closure within treated plantations.
Because overstory shading, to a large extent, governs
what can grow in the understory, canopy closure is a
driving force that will largely determine the total
(herb, shrub, and tree layers combined) structural
diversity of a stand. Therefore, as the control planta-
tions grew unimpeded towards canopy closure, there
was a steady decline in structural diversity throughout
all 5 years of the study. Treatments, on the other hand,
temporarily opened the overstory canopy, and conse-
quently the total structural diversity, although decreas-
ing through the post-treatment years, was statistically

more structurally diverse than that of the control in
1994.

5. Conclusions

Our study suggested that conifer release from
deciduous trees (capable of stump sprouts) was best
achieved with a cut-stump application of herbicide,
such as glyphosate. Methods that do not employ some
means of impeding stump sprouts, such as the manual
cutting method, are not likely to maintain suppression
of deciduous trees for extended periods following
treatment. Therefore, successful conifer release by
manual methods alone is unlikely, and this result
should be expected in most temperate forest ecosys-
tems.

Although the cut-stump application of glyphosate
significantly reduced deciduous tree volume for 4
post-treatment years, this treatment had little effect
on species richness, species diversity, or structural
diversity of the plant community. In fact, reduced
dominance of the deciduous tree layer and opening
of the tree canopy created by both treatments appeared
to increase total structural diversity during post-
treatment years, relative to that of the control.

This is the first published study to analyze a plant
community’s response to alternative vegetation man-
agement treatments applied to young mixed-conifer
plantations. Results suggested that, while suppressing
volume of the targeted deciduous tree layer, the
species-specific approach of the cut-stump herbicide
treatment achieved its objective of conifer release
without adversely affecting species richness, species
diversity, or structural diversity of the plant commu-
nity. This result would likely be achieved in other
temperate and boreal forest ecosystems as well.
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