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Critical period of interspecific competition for four
northern conifers: 10-year growth response and
associated vegetation dynamics

Robert G. Wagner and Andrew P. Robinson

Abstract: The influence of the timing and duration of interspecific competition on planted jack pine (Pinus
banksiana Lamb.), red pine (Pinus resinosa Ait.), eastern white pine (Pinus strobus L.), and black spruce (Picea
mariana (Mill.) BSP) was assessed using 10-year growth responses in a northern Ontario experiment. Stand volume
was 117%, 208%, 224%, and 343% higher for jack pine, red pine, white pine, and black spruce, respectively, with
5 years of vegetation control than with no vegetation control. Stand volume increased linearly with number of years
of vegetation control, and the slope of the relationship varied among conifer species. Change-point regression analysis
was used to derive segmented weed-free and weed-infested curves, and to simultaneously estimate key critical-period
parameters. Weed-free and weed-infested curves in the 10th year were similar to those derived in year 5, indicating
that the patterns established during the first few years after planting were relatively robust for the first decade. The
critical-period was 2 and 3 years after planting for jack pine and red pine, respectively, and occupied most of the 5-
year period for white pine and black spruce. Principal components analysis of the vegetation community indicated
that repeated herbicide applications caused differential shifts in the relative abundance of shrub, fern, and moss spe-
cies through the 10th year. Species richness, however, was not substantially different between the untreated control
and the most intensive treatments. Difference modeling was used to quantify how annual volume increment during
the first decade varied with time, conifer species, cover of woody and herbaceous vegetation, and stage of develop-
ment.

Résumé : L’influence du moment et de la durée de la compétition interspécifique sur des plants de pin gris (Pinus
banksiana Lamb.), de pin rouge (Pinus resinosa Ait.), de pin blanc (Pinus strobus L.) et d’épinette noire (Picea mariana
(Mill.) BSP) a été évaluée a partir des réactions en croissance apres 10 ans d’une expérience menée dans le nord de
I’Ontario. Le volume des peuplements ayant fait I’objet d’un controle de la végétation pendant 5 ans était respective-
ment 117 %, 208 %, 224 % et 343 % plus élevé pour le pin gris, le pin rouge, le pin blanc et I’épinette noire que ce-
lui des peuplements ou la végétation n’avait pas été controlée. Le volume des peuplements a augmenté linéairement
avec le nombre d’années de contrdle de la végétation et la pente de la relation a varié selon ’espeéce de conifere. Une
analyse de régression segmentée a été utilisée pour déterminer les segments de la courbe qui sont affectés ou non par
la compétition et pour estimer simultanément les parametres clés de la période critique. Les segments de courbe affec-
tés ou non par la compétition a la dixieme année sont identiques a ceux calculés a la cinquieme année, ce qui indique
que les patrons de réaction établis au cours des premieres années apres la plantation sont relativement fiables pendant
la premiere décennie. La période critique est survenue respectivement 2 et 3 ans apres la plantation pour le pin gris et
le pin rouge et a occupé une grande partie de la période de 5 ans pour le pin blanc et 1’épinette noire. Une analyse en
composantes principales de la communauté végétale a indiqué que des applications répétées d’herbicide ont causé des
changements différents de 1’abondance relative des arbustes, des fougeres et des mousses au cours de la période de 10
ans. Toutefois, la richesse en especes n’est pas substantiellement différente entre les placettes non traitées et les traite-
ments les plus intenses. Une équation différentielle a été utilisée pour quantifier la variation de I’accroissement annuel
en volume au cours de la premiére décennie en fonction du temps, de ’espece de conifere, du couvert de végétation li-
gneuse et herbacée et du stade de développement.

[Traduit par la Rédaction]

Introduction strated for a wide variety of forest types and conditions in

the longest-term studies from around the world (Wagner et

Substantial increases in wood volume production from  al. 2006). While yield gains from 30% to 500% have been
managing competing forest vegetation have been demon- commonly demonstrated from effective vegetation control,
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the optimal timing and duration of vegetation control re-
quired to achieve desired rates of stand growth have not
been identified. Knowing the best timing and minimum du-
ration of vegetation control needed to achieve maximum
yields can help forest managers reduce treatment costs, un-
necessary herbicide use, variation in treatment success, and
any negative ecological effects associated with vegetation
control. Identifying the optimal timing and duration of vege-
tation control requires knowing when interspecific competi-
tion from early-successional vegetation influences the growth
of young forest stands.

The critical period (CP) of weed control, first developed
in agriculture during the late 1960s to help farmers optimize
weed control strategies in agricultural crops (Nieto et al.
1968; Zimdahl 1988), can be applied to forest systems to
quantify the temporal influence of interspecific competition
in young stands. The CP is the time period during crop
development when interspecific competition from weeds
must be controlled to prevent significant yield losses.
Critical periods have been established for a wide range of
agricultural crops (Zimdahl 1988). The CP for vegetable
crops generally starts some weeks after emergence and ends
sometime during the first half of the growing period
(Hewson and Roberts 1973; Hall et al. 1992; Woolley et al.
1993). CP studies have been recently expanded to include
management of forest vegetation (Wagner et al. 1996, 1999;
Adams et al. 2003; Vegetation Management Research
Cooperative 2005), and are important to developing strate-
gies for integrated forest vegetation management (Wagner
1994).

The CP has two components (Weaver and Tan 1983).
The first, described by a weed-free curve, is the length of
time that weed control efforts must be maintained after
crop establishment to prevent yield loss. The second com-
ponent, described by a weed-infested curve, is the length of
time that weeds can remain in a crop before they interfere
with crop growth and reduce yield. The CP is determined
by the linear distance between the points where yield de-
clines significantly on the weed-infested curve and yield
levels off on the weed-free curve. In practical terms, it is
the time period between the point when interspecific com-
petition begins to reduce crop yield and the point when ad-
ditional vegetation control no longer increases crop yield.
The point of intersection between weed-free and weed-
infested curves identifies the time of equal interference
(TEI), where yield loss from interspecific competition is
equal under both temporal regimes. Wagner et al. (1996)
describe the range of hypothetical outcomes possible for
these relationships.

This study reports the 10-year results of a critical-period
study for four conifer species (jack pine, red pine, eastern
white pine, and black spruce) in northern Ontario. Earlier
results from this study were previously reported based on 3-
and 5-year responses (Wagner et al. 1996, 1999). Since it is
vital that determination of the CP for forest systems be based
on long-term yield gains, we calculated the CP of vegetation
control during the first 5 years after planting using volume
production during the first decade of plantation develop-
ment. In addition, we examined vegetation dynamics result-
ing from various timings and durations of annual herbicide
(glyphosate) treatment, and quantified the relationship be-
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tween stand growth and the abundance of various vegetation
components during the first decade of stand development.

Methods

Study site and experimental design

The study site is located in the Great Lakes — St. Lawrence
forest type (Rowe 1972) about 44 km northeast of Sault
Sainte Marie, Ontario, Canada (46°49°05.7”N, 83°58'04.6"W).
The site was clear-cut harvested during 1987-1989. In July
1991, shortly before the site was selected for study, a
Donaren disk trencher created trenches 1.5 m wide and 2-
3 m apart. The soil is uniform and sandy textured. Shortly
after site preparation, herbaceous vegetation dominated by
bracken fern (Pteridium aquilinum (L.) Kuhn), false melic
grass (Schizachne purpurascens (Torrey) Swallen), rough
mountain rice grass (Oryzopsis asperifolia Michaux), violets
(Viola spp.), and low sweet blueberry (Vaccinium angustifolium
Ait.) rapidly occupied the site. Low densities of trembling
aspen (Populus tremuloides Michx.) from root suckers also
were present.

Jack pine, red pine, eastern white pine, and black spruce
seedlings were planted in a randomized complete block,
split-plot design with 10 treatments and 4 blocks (replica-
tions) on the site. Each main plot is 28 m x 28 m (0.078 ha)
in size and divided into four 14 m x 14 m subplots, to which
each conifer species was randomly assigned. Thirty trees
(5 rows of 6 trees) of each species were planted on 2 m X
2 m spacing in each subplot. A total of 1200 seedlings of
each species (4800 total) were planted at the start of the ex-
periment. A 2 m wide buffer, without planted trees, was
placed around each subplot. To ensure that the seedlings
were associated with a maximum abundance of herbaceous
vegetation from the start of the experiment, all trees were
planted in the undisturbed areas between the trenches, rather
than on the inside edge of trenches as is typically done. De-
tails about the planting stock used for each tree species are
described in Wagner et al. (1999).

Vegetation treatments

Herbaceous vegetation (grasses, ferns, and forbs) was
controlled in a sequential pattern on each main plot for the
first 5 years after tree planting to provide tree responses for
the weed-free and weed-infested curves used in a CP analy-
sis. Ten vegetation treatments were used: no vegetation control;
annual vegetation control; 1, 2, 3, and 4 years of consecutive
control after planting; and waiting 1, 2, 3, and 4 years after
planting before annual control was initiated.

The treatment sequence began immediately after the trees
were planted in June 1992. Vegetation was controlled using
a broadcast application (by backpack sprayer) of glyphosate
herbicide (Vision®) at 2 kg a.e. (acid equivalent)-ha™' in
93 L-ha™! water. Applications were made at the beginning of
each growing season when vegetation had developed suffi-
cient leaf area to receive the herbicide (generally 2nd to 3rd
week of June). All aspen on the plots were removed in 1992
by treating them with the same glyphosate mixture and man-
ually cutting the stems several weeks after treatment. Be-
cause conifers are susceptible to injury from glyphosate at
that time of year, all trees were protected with paper cups or
plastic bags during herbicide application.
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Variables measured

Tree size (height and root-collar stem diameter) was mea-
sured immediately after planting in spring 1992. At the end
of each growing season (October) for the first 5 years after
planting (1992—-1996) and in the 10th year (2001), the sur-
vival and growth (height and root-collar stem diameter) of
all trees was measured. Height and stem diameter from each
year were used to calculate stem volume (using a cone vol-
ume equation) and height/diameter ratio (HDR). In cases
where trees had multiple stems, the diameter and height of
the largest stem were used.

Vegetation cover for each plant species in the 28 m X
28 m main plots was estimated between late August and
early September each year from 1992 to 1996 and in 2001.
For the 1992-1996 samples, percent cover was visually esti-
mated to the nearest 5% on six 1 m? (0.5 m x 2 m) plots that
were systematically located with a random start from the
corner of each main plot. Because of the larger size of the
planted trees and vegetation in 2001, cover was visually esti-
mated to the nearest 5% on three 4 m? circular plots (1.13 m
radius) that were systematically located in each subplot (12
sample plots per main plot). Species were identified accord-
ing to Newmaster et al. (1998).

Analytical approach
All analyses conducted in this study used the open source
statistical environment, R (R Development Core Team 2005).

Tenth-year growth response

We calculated the survival rate, height, stem diameter at
root collar, mean stem volume of live trees (using a cone
volume equation), rate of multileadering, HDR, and stand
volume per hectare in each subplot for each tree species for
the 10th-year measurements. Each variable was compared
among treatments using a quadratic response-surface,
mixed-effects model that accommodated the split-plot exper-
imental design. ANOVA was used to examine the effect of
tree species, number of years of vegetation control, whether
the control was early (immediately after planting) or late
(one or more years after planting), and the various interac-
tions for each variable. Prior to analysis, residuals from the
model for each variable were examined for homoskedasticity
and normality using diagnostic graphs. Results indicated that
diagnostics were satisfactory for height, diameter, and sur-
vival, but that tree volume, stand volume, and HDR showed
heteroskedasticity and non-normality within the residuals.
Weighted regression was used to correct the problem for
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these variables, which proved satisfactory upon examination
of subsequent diagnostics.

Critical-period analysis

Appropriate methods for calculating the CP continue to be
debated, and better methods are being sought (Cousens 1988;
Hall et al. 1992; Singh et al. 1996; Knezevic et al. 2002). CP
estimation for the 5th-year responses from this study (Wagner
et al. 1999) used nonlinear regression analysis (negative expo-
nential and logistic functions) to derive the weed-infested
curve, weed-free curve, and time of equal interference (TEIL).
Orthogonal contrasts were used to statistically define the be-
ginning and end of the CP along the curves.

Numerous other CP modeling strategies have been tried,
including use of Gompertz and rectangular hyperbola
curves. One approach has arbitrarily identified the CP as the
location on the curve where a 2%, 5%, or 10% decline is ob-
served (Hall et al. 1992; Singh et al. 1996). Alternatively,
multiple range tests have been used to identify the times that
are significantly different from the first or last measure-
ments. This strategy was criticized by Cousens (1988), who
noted that the CP should be dictated by biological rather
than statistical considerations, and suggested that the re-
sponse curves themselves should be used. Cousen’s sugges-
tion, however, still left open the problem of identifying the
model form. Knezevic et al. (2002) provide the most recent
review of alternative approaches and suggest that combina-
tions of ANOVA and nonlinear regression should be used to
derive CP components for agronomic crops.

A nonlinear model form is clearly needed where the quan-
tities of interest (beginning of CP on the weed-infested
curve, end of the CP on weed-free curve, and TEI) are ex-
pressed directly as parameters in the model, and where esti-
mation takes advantage of the underlying structure of the
data. In addition, the model would need to: (1) simulta-
neously fit the weed-free and weed-infested curves, (2) ex-
plicitly parameterize any departures from a norm, and
(3) constrain the weed-free and weed-infested curves to the
temporal bounds of the experiment.

To accomplish this modeling objective, we developed a
new approach using a simultaneous change-point regression
with maximum likelihood estimation. Maximum likelihood
estimates have desirable properties, such as asymptotic effi-
ciency and asymptotic normality (Casella and Berger 1990).
Simultaneous three-segment regressions were fit to the stand
volume per hectare variable for the weed-free and weed-
infested curves using the following:

X 2 xp and weed-free
Xxp; € x < xpp, and weed-free

x < xp and weed-free

X 2 xj, and weed-infested
xp < x < x;p and weed-infested

x < x;; and weed-infested
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where y is the 10-year volume, y, is the 10-year volume for
the 5 years weed-infested treatment, y, is the 10-year vol-
ume for the 5 years weed-free treatment, x is the number of
years of treatment (either weed-free or weed-infested), x;; is
the point on the weed-infested curve where volume growth
decreases, xj, is the point on the weed-infested curve where
volume growth stops decreasing, and x;; and x;, are points
on the weed-free curve where volume growth starts and
stops increasing, respectively (Fig. 1). To permit direct esti-
mation of the CP quantities of interest, the following substi-
tutions were made for xp, and x;:

Xp = X +c

= 1(xp — Xpp) + x5 (t — xp)
i2 =
t— X

where ¢ is the CP and ¢ is the TEL

Maximum likelihood estimation involved maximizing the
joint probability density function for the observations condi-
tional on the model. This process required computing pre-
diction residuals for all observations (weed-free and weed-
infested) within a tree species as a function of the predictor
(time) and response (stand volume per hectare) variables,
and the unknown parameters y,, y,, X, X;;, ¢, and #, based on
the model form above. A residual-generating function, sim-
ply the difference between the observation and prediction,
was embedded within a normal probability density function
with zero mean, and standard deviation included as another
parameter. The natural logs of these probabilities were then
summed, as an objective function, which was then maxi-
mized using the Nelder—-Mead algorithm to produce parame-
ter estimates for all seven parameters (the six above and the
standard deviation of the residuals) and a Hessian matrix.
The residuals were then extracted to construct model diag-
nostics, which indicated that the necessary assumptions, viz.,
that the residuals were normally distributed and had constant
variance, were satisfied. The Hessian was inverted to obtain
approximate standard errors for the parameter estimates.

Parameter estimates from the final change-point models
provided values for the start of the CP, length of the CP, and
TEIL as well as estimates of the standard error for each pa-
rameter, for each of the four tree species.

Vegetation community dynamics

As indicated by analysis of Wagner et al. (1999), annual
herbicide treatments applied during the first 5 years of the
experiment had a dramatic effect on the cover of woody and
herbaceous vegetation. The temporal differences in the cover
of competing plant species produced substantial differences
in the early growth of the four conifer species. The question
of interest in year 10 was how the longer-term composition
and abundance of the vegetation community was influenced
by the variety of herbicide treatments that were applied dur-
ing the first 5 years of the experiment.

In addition to examining total cover among the treatments
for the first decade, we used principal components analysis
(PCA) of species class coverage among the 10 treatments
and four blocks. Ten species classes were used for this anal-
ysis based on common life form: conifer, hardwood, tall
shrub, shrub, grass, forb, fern, sedge, lichens, and moss. We
did not standardize the variables, because the units (percent-
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Fig. 1. Idealized example of simultaneous change-point regres-
sion used to describe weed-free and weed-infested curves with
key components of the critical period. CP is the critical period
(2.5 years long in example), TEI is the time of equal interfer-
ence (occurring in year 2 in example), y; is the 10-year volume
for the 5 years weed-infested treatment, y, is the 10-year volume
for the 5 years weed-free treatment, x;; is the point on the weed-
infested curve where volume growth decreases, x;, is the point
on the weed-infested curve where volume growth stops decreas-
ing, and x;; and xp, are the points on the weed-free curve where
volume growth starts and stops increasing, respectively.
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age cover) are common to all classes. The analysis identified
three components of particular interest: shrub, moss, and
fern cover, which were examined further.

Tree growth versus vegetation abundance and
composition

The final question of interest was how differences in the
abundance and composition of the vegetation community
produced by the 10 treatments over time specifically influ-
enced stand volume growth during the first decade. Before
conducting this analysis, bivariate correlation among six of
the relevant species class variables (hardwood, tall shrub,
shrub, herbaceous, conifer, and moss) was used to determine
whether colinearity would complicate using any of them as
predictors in a model. Results indicated that there was no
correlation among the species class variables that might
present a problem.

We used a difference modeling approach to examine how
annual volume growth (m3-ha~!-year™! at the subplot level)
during the first 10 years was influenced by conifer species,
age, annual cover for each of six vegetation classes (herba-
ceous, moss, hardwood, conifer, shrub, and tall shrub), and
the interactions. Linear and quadratic terms for age were in-
cluded to track changes in average annual growth. The initial
model was limited by strong heteroskedasticity, non-normal
residuals, and autocorrelation of residuals in time. To correct
these problems, an alternative model was developed where
the sum of vegetation cover was grouped into “woody”
(hardwoods, tall shrubs, and shrubs) and ‘“herbaceous”
(grasses, ferns, forbs, and sedges) classes, and a growth pe-
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riod variable (“development”) was added to separate volume
growth occurring early (years 1-5) or later (years 6-10) in
the decade. The resulting interaction term between the
woody, herbaceous, and development variables permitted
testing whether the influence of woody and herbaceous veg-
etation changed as a function of stand maturity. The assump-
tions necessary for fitting this model form were satisfied.

Results

Tenth-year survival and growth

Mean survival was 69%, 62%, 75%, and 71% for jack
pine, red pine, white pine, and black spruce, respectively,
across treatments (calculated from Table 1). Survival de-
clined an additional 3% for jack pine, 4% for red pine, 10%
for white pine, and 11% for black spruce relative to the Sth-
year measurement. Results from the response surface analy-
sis indicated that survival in year 10 was not affected by the
number of years of vegetation control (p = 0.282) or whether
the treatments were delayed after planting (p = 0.370), but
did differ among conifer species (p = 0.003) (Table 2).

In contrast with results from the 5th year, tree height in
the 10th year increased with increasing numbers of years of
vegetation control (p < 0.001) and if the treatments were ap-
plied earlier rather than later (p = 0.012). Jack pine (401 cm)
and red pine (328 cm) were taller than white pine (209 cm)
and black spruce (258 cm) (p < 0.001). The relatively short
stature of white pine was likely due to infections by white
pine weevil (Pissodes strobi Peck) and white pine blister
rust (Cronartium ribicola) that were observed to cause poor
health in many of the surviving trees. An ANOVA on rates
of multiple leaders indicated that black spruce had the high-
est rate of multiple leadering (35%) followed by white pine
(13%) (p < 0.001). The proportion of multiple leaders in-
creased with longer periods of vegetation control (p < 0.001)
for black spruce. Multiple leaders were found on about half
of the spruce with 4 or 5 years of vegetation control compared
with only 8% for spruce on untreated plots. Multiple leadering
was evident in only 1% of jack pine and 3% of red pine.

Stem diameter and volume continued to be the most sensi-
tive variables to levels of vegetation control. Stem diameter
was 39%, 56%, 66%, and 76% larger for jack pine, red pine,
white pine, and black spruce, respectively, with 5 continuous
years of vegetation control than with no vegetation control
(Table 1). Individual tree volume was more responsive, with
99%, 210%, 227%, and 289% higher volumes for jack pine,
red pine, white pine, and black spruce, respectively, with
5 years of vegetation control than no vegetation control. Re-
sults from the ANOVA (Table 2) indicated that both stem di-
ameter and individual tree volume varied by conifer species
(» < 0.001) and were influenced primarily by the number of
years of vegetation control (p < 0.001) rather than whether
the timing of application was earlier or later (p = 0.808).
The shape of the effect for years of vegetation control was
quadratic for both stem diameter (p < 0.001) and volume
(p = 0.033).

The HDR also was sensitive to the treatments, decreasing
quadratically as the number of years of vegetation control
increased (p < 0.001). HDR values were highest for black
spruce (likely related to multileadering), similar for jack and
red pine, and lowest for white pine (likely due to weevil in-
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fection) (p < 0.001). The timing of vegetation control also
was important (p < 0.001), indicating that lower HDR values
were produced with delayed vegetation control.

By combining the stem volume of individual trees with
survival, we examined the influence of the treatments on to-
tal stand volume, which provides the most useful response
variable for assessing growth and yield effects. Total stem
volume production varied among conifer species (p < 0.001)
with highest productivity for jack pine, less for red pine, and
least for white pine and black spruce (Tables 1 and 2). Stand
volume was 117%, 208%, 224%, and 343% higher for jack
pine, red pine, white pine, and black spruce, respectively,
with 5 years of vegetation control than with no vegetation
control (Table 1). Stand volume increased linearly with num-
ber of years of vegetation control (p < 0.001) and the slope
of the relationship varied by species (p < 0.001). Stand vol-
ume was not affected by timing of herbicide application (p =
0.993).

Critical period

Results from the change-point regression of 10-year stand
volume produced a set of segmented, linear weed-free and
weed-infested “curves” for each conifer species (Fig. 2). Pa-
rameter estimates derived from the models provided quanti-
tative estimates for the start of the CP, length of CP, and
TEI as well as estimates of the standard error for each pa-
rameter (Table 3).

The weed-infested “curves” were continuously linear for
the entire 5-year period for jack pine, red pine, and black
spruce (Fig. 2). For white pine, however, the weed-infested
“curve” was level from O to 1.8 years, declined abruptly, and
was level through year 5. The weed-free “curves” were con-
tinuously linear for the entire 5 years for white pine and
black spruce. For jack pine, however, the weed-free “curve”
increased from year O and was flat after 2.6 years. The
weed-free “curve” for red pine was level from O to 1 year,
increased to 3.3 years, and then was flat through year 5.

The parameter estimates from these models indicated that
the start of the CP was at the time of planting (when x; is
negative) for all conifers except white pine, whose CP began
at 1.8 years (Table 3). The length of the CP (calculated as
CP + x;, if x; is negative) was 2.6 years for jack pine,
3.3 years for red pine, 4.2 years for white pine, and 6.3 years
(or the whole 5-year period) for black spruce. The TEI was
1.7, 2.0, 2.1, 2.9 years for jack pine, red pine, white pine,
and black spruce, respectively.

Change points for the weed-free curves of white pine and
black spruce, and the weed-infested curves of jack pine, red
pine, and black spruce were estimated beyond the time range
of the treatments and appear in the graphs as orphaned line
segments at edges of the plotting area (Fig. 2). The presence
of these orphaned line segments may reflect an inadequacy
of the segmented regression model. However, a biological
interpretation also may be possible. For example, the or-
phaned line segments on the right side of the weed-free
curves suggest that additional yield gains may have been re-
alized with additional years of vegetation control. Orphaned
line segments on the right side of the weed-infested curve
suggest that additional yield losses may have resulted from
exposure to weeds beyond 5 years. The only explanation for
orphaned line segments on the left side of the weed-infested
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Table 1. Tenth-year survival, height, stem diameter at root collar, mean stem volume of live trees, stand volume per
hectare, and height/diameter ratio (HDR) for jack pine, red pine, white pine, and black spruce under 10 patterns of
herbaceous vegetation control during the first 5 years after tree planting.

Survival Height Root-collar Mean tree Stand volume
Treatment (%) (cm) diameter (mm) volume (cm?) (m*ha™) HDR
Jack pine
0 68.3 370.1 77.1 8 347 8.9 49.1
1 76.6 411.7 92.7 13 060 15.1 459
12 59.2 4453 107.5 18 159 16.1 422
123 70.8 417.0 110.7 17 973 19.5 37.9
1234 71.4 413.6 111.5 18 087 19.5 37.6
12345 75.8 410.3 107.0 16 571 19.3 39.0
2345 58.0 405.3 107.6 16 556 14.6 38.1
345 70.0 378.5 100.9 13752 14.5 37.9
45 74.2 384.7 97.9 13 443 15.2 39.9
5 64.2 377.2 91.6 11731 13.1 414
Red pine
0 50.0 259.0 62.6 4243 3.7 42.1
1 71.7 276.0 68.5 5201 5.6 40.9
12 65.0 332.1 87.6 9708 9.8 38.2
123 70.8 386.6 95.6 13 089 14.4 41.0
1234 73.3 382.2 99.3 13 749 15.5 38.9
12345 57.5 353.5 97.7 13 155 11.4 36.3
2345 62.2 363.4 96.6 12713 12.1 38.1
345 60.8 329.5 90.1 9798 9.1 36.7
45 51.7 298.1 81.1 7 641 6.1 36.7
5 58.3 302.9 81.6 7732 7.2 37.5
White pine
0 78.0 184.5 43.0 1394 1.7 44.5
1 75.8 191.1 49.7 1985 2.4 39.8
12 68.3 223.4 61.2 3501 4.1 37.0
123 65.0 234.9 68.3 4304 4.3 35.8
1234 85.0 202.7 61.5 3041 3.9 344
12345 79.2 237.2 71.3 4561 5.5 34.8
2345 79.9 227.5 68.4 4279 5.3 344
345 69.0 208.5 66.3 3754 4.1 324
45 70.0 183.8 554 2 341 24 34.1
5 76.7 191.4 53.3 2410 3.0 36.3
Black spruce
0 70.0 202.1 38.2 1279 1.4 55.9
1 71.7 236.1 45.6 2359 2.6 60.9
12 66.7 251.8 52.1 3092 32 50.9
123 65.8 294.1 59.4 4077 4.2 51.2
1234 67.5 276.4 60.7 3912 4.2 47.5
12345 80.8 288.0 67.2 4979 6.2 442
2345 69.2 297.3 66.9 5068 5.3 453
345 69.2 241.1 58.8 3255 3.7 42.4
45 74.2 248.0 59.4 3443 3.9 42.6
5 70.0 248.9 54.1 3057 3.1 47.5

Note: Values are mean of four blocks. Treatment codes indicate year in which vegetation control was applied after planting (e.g.,
0 = no treatment; 1 = year 1 only; 12 = years 1 and 2; 123 = years 1, 2, and 3, etc.).

curve would be model inadequacy, because there is no pos-
sible biological explanation. We do not consider this limita-
tion to be a significant shortcoming of segmented regression
for modeling the CP.

Vegetation community dynamics
The sequence of total vegetation cover produced by the
weed-free and weed-infested treatments over the 10 years is

presented in Fig. 3. The pattern for the first 5 years was re-
ported by Wagner et al. (1999). The question explored here
was how the treatment sequences, which end in year 5, in-
fluenced future vegetation development. It is clear from
Fig. 3 that repeated herbicide treatments had a suppressing
effect on vegetation development through the 10th year. An
ANOVA of the treatment effects on total cover in year 10
indicated that this suppression was statistically significant (p
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Table 2. Probability values for experimental factors and interactions in sequential ANOVA of response surfaces for

variables in Table 1.

Root-collar Mean tree Stand

Factor Survival Height diameter volume volume HDR

Intercept <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Species 0.003 <0.001 <0.001 <0.001 <0.001 <0.001
Years 0.282 <0.001 <0.001 <0.001 <0.001 <0.001
Years? 0.345 0.061 <0.001 0.033 0.344 <0.001
Timing 0.370 0.012 0.925 0.808 0.993 <0.001
Species x years 0.948 0.001 0.132 <0.001 <0.001 0.081
Species x years’ 0.186 0.507 0.256 0.119 0.483 0.042
Species x timing 0.276 0.220 0.012 0.020 0.036 0.057
Years x timing 0.557 0.950 0.196 0.638 0.390 0.001
Years® x timing 0.844 0.006 0.031 0.023 0.084 0.078
Species x years X timing 0.871 0.864 0.646 0.592 0.402 0.717
Species x years® x timing 0.164 0.774 0.679 0.441 0.406 0.303

Note: Factors are the following: intercept, regression model intercept; species, tree species; years, number of years of vegetation
control; years®, quadratic effect of years; timing, whether treatment was applied immediately after planting or delayed.

< 0.001). Interestingly, subplots containing jack pine had
slightly higher cover among the treatments than the other
conifers (p < 0.001).

Results from the PCA revealed interesting differences in
vegetation development through year 10, depending on the
specific treatments that were applied (Fig. 4). The first two
components accounted for 92% of the variation, and were
dominated by fern, moss, and shrub cover variables. There-
fore, we focused on the response of these three life forms.
The mean cover for the shrub, fern, and moss species rela-
tive to one another is shown in Fig. 4. The trajectories of the
four blocks, which are assumed to be independent, were
remarkably consistent, indicating that the effect of the herbi-
cide treatments on the plant community were quite consis-
tent over the 10 years.

It is clear from these trajectories that untreated plots had
high shrub and fern cover, and low moss cover (Fig. 4). A
single herbicide application, whether early or late, substan-
tially reduced shrub cover, increased fern dominance, and
produced low moss cover. Two herbicide applications re-
duced both shrub and fern cover, and increased cover of
mosses. Increasing the number of herbicide applications sys-
tematically reduced shrub and fern cover, and progressively
increased moss cover. In the 10th year of the study, plots
that were treated 5 continuous years had very low shrub and
fern cover, and high moss cover.

Despite substantial differences in the total cover of vege-
tation among treatments, species richness of higher plants in
year 10 declined only somewhat as number of years of her-
bicide application increased. Fifty-one species were identi-
fied on untreated plots, while 43 species were found on plots
that had been treated for 5 continuous years.

Tree growth versus vegetation abundance and
composition

Results from the difference models quantified how annual
stand volume growth (m*ha'year!) during the first
10 years varied with age, conifer species, total vegetation
cover each year, whether the vegetation cover was woody
(hardwoods, tall shrubs, and shrubs) or herbaceous (grasses,

ferns, forbs, and sedges), development period (years 1-5
versus 6—10), and the interactions of these factors (Table 4).

Annual volume growth increased with age, with both lin-
ear (p < 0.001) and quadratic (p < 0.001) terms being signif-
icant. Volume growth varied among conifer species (p <
0.001), and the linear and quadratic trajectories also varied
among conifers (p < 0.001). Growth differed between earlier
(1-5 year) and later (6-10 year) development stages (p =
0.001), and beyond that was accounted for by the linear and
quadratic age terms.

Total vegetation cover strongly reduced volume growth
(p < 0.001) each year, but the effect did not differ whether
the cover was woody or herbaceous (p = 0.683). The effect
of total cover on volume growth varied with developmental
stage (p = 0.004), but the effect of woody and herbaceous
cover on volume growth did not differ with developmental
stage (p = 0.054).

Discussion

Results from this study indicated that the influence of
vegetation control during the first few years after planting
had a substantial influence on the productivity of young co-
nifer stands for the first decade. Volume production increased
more than two-fold for all four conifer species, if herbaceous
vegetation was controlled for only the first 2 years after
planting (Table 1; Fig. 2). Although there were substantial
differences in the absolute productivity and shade tolerance
among the four conifer species studied, the relative volume
growth losses due to interspecific competition were similar
among species. The volume gains from vegetation control in
this study were consistent with those found in 60 of the longest-
term studies in northern forests and other forest types around
the world (Wagner et al. 2006). Increases in per hectare vol-
ume growth provided by vegetation management and other
silvicultural practices will be important to increase wood
production on a shrinking global forest and help conserve
land for biodiversity (Borlaug 2000; Wagner et al. 2004).
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Fig. 2. Predicted weed-free (solid line, solid circles) and weed-infested (dotted line, open circles) curves of 10-year stand volume
(m3-ha™') for jack pine, red pine, white pine, and black spruce based on change-point regression model. Change points for some curves
were estimated outside the plotting area for some graphs and appear as orphaned line segments at those graph edges. These orphaned
line segments suggest that the asymptote for the weed-free or weed-infested curve has not yet been reached. Values for CP and TEI

for each tree species are shown in Table 3.
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Table 3. Summary statistics for critical-period prediction using segmented regression and maximum likelihood
model.
Species X; SE(x;) CP SE(CP) TEI SE(TEI) Sy RMSE
Jack pine -0.972 1.83 3.61 2.11 1.69 0.301 5.02 4.06
Red pine -1.970 1.68 5.28 1.96 1.96 0.198 4.80 3.13
White pine 1.830 7.34 4.20 7.68 2.09 3.840 1.91 1.55
Black spruce -0.316 640 6.6 1.3 x 10° 293 0.297 1.69 1.14

Note: x;, start of the critical period (years); CP, length of critical period (years); TEL time of equal interference (years). Estimated
standard errors (SE) for each parameter are in the same units. s,, standard deviation of the stand volume; RMSE, conditional stan-

dard deviation of residuals. When x; is negative, the critical period starts at planting and concludes at CP + x;.

Critical-period interpretations in Sth and 10th years

A primary objective of this study was to determine
whether the CP and related components assessed in the 5th
year of this study (Wagner et al. 1999) changed as the stands
develop over time. While interpreting the CP based on early
tree growth responses clearly has value for understanding
the temporal interactions of interspecific competition in
young stands, the CP only has silvicultural value if it is cor-
related with substantial changes in long-term stand develop-
ment and productivity. The weed-free and weed-infested

curves in the 10th year were similar to those derived in the
5th year (Fig. 2; Wagner et al. 1999). Thus, general patterns
of stand development established immediately after the veg-
etation treatments ended in year 5 were largely maintained
through the 10th year after planting for all four conifer spe-
cies.

Although we used a different analytical approach to derive
the weed-free and weed-infested curves in the 10th year, the
general shapes for most of the curves were maintained. The
weed-free curves for jack and red pine did not change, indi-
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Fig. 3. Total vegetation cover resulting from treatments used to
produce the weed-free and weed-infested curves over 10 years.
Cover was calculated as the sum of cover for individual species
and thus could exceed 100%. Treatment labels indicate years
when herbicide application was applied.
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cating that no additional volume gains were achieved by ex-
tending vegetation control beyond 2 and 3 years after
planting for jack and red pine, respectively. The nearly lin-
ear weed-free curves for white pine and black spruce ob-
served in the 5th year were maintained through the 10th
year, indicating that additional volume gains were achieved
by repeated herbicide applications for all 5 years after plant-
ing for both species. Therefore, the shade-tolerant conifers
(white pine and black spruce) appeared to continue benefit-
ing from a longer period of vegetation control than the intol-
erant species (jack pine and red pine).

Negative exponential models provided the best description
of the weed-infested curves in the 5th year, and the slope of
the curves was equal for all four conifer species (Wagner et
al. 1999). In the 10th year, similar negative linear relation-
ships were found for jack pine, red pine, and black spruce.
Therefore, significant volume reductions for these species,
when vegetation control was not initiated immediately after
planting, were still true in year 10. The weed-infested curve
for white pine was the only one of the eight weed-free and
weed-infested curves that departed substantially from that
derived in year 5. Results in the 10th year indicated that no
volume loss occurred by delaying the start of vegetation
control until the 2nd year after planting. Interpretations of
growth responses for white pine in this study, however,
should be interpreted with caution. Substantial increases in
variation among blocks between years 5 and 10 were evi-
dent, and were likely the result of weevil and blister rust in-
fections that now appear to be confounding interpretation of
interspecific competition effects.

Jack and red pine at year 10 were consistent with model C
(early period) of the archetypal CP patterns described by
Wagner et al. (1996). Black spruce appears to be following
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Fig. 4. Shrub, moss, and fern cover in the 10th year resulting
from 10 vegetation control treatments. Shrub, fern, and moss
cover accounted for 92% of the variation in a principal compo-
nents analysis comparing vegetation communities among treat-
ments. The three graphs show changes in shrub, moss, and fern
cover relative to one another. The mean response among the four
blocks is shown in black. The first digit of the treatment label is
the number of years of repeated vegetation control, and the sec-
ond letter refers to whether the vegetation control was initiated
earlier (E) or later (L) during the 5-year period. The gray lines
show the patterns exhibited by each of the four blocks.
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model A, where growth losses are proportional to the num-
ber of years that trees are associated with vegetation. White
pine followed model A or E (later period) depending on the
influence of the weevil and blister rust.

The TEI in year 10 was 1.7, 2.0, 2.1, 2.9 years for jack
pine, red pine, white pine, and black spruce, respectively
(Table 3). The TEI calculated in year 5 using a different
method was 1.4, 1.7, 1.9, and 1.8 for jack pine, red pine,
white pine, and black spruce, respectively. The only substan-
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Table 4. ANOVA table describing effects on mean annual stand volume growth (m*ha~!-year™!) during
the first decade from woody (hardwoods, tall shrubs, and shrubs) and herbaceous (grasses, ferns, forbs,
and sedges) vegetation cover, conifer species (conifer), and whether the growth occurred during years

1-5 or 6-10 (development) over time (age).

Source Numerator df Denominator df F P

Intercept 1 585 477.1 <0.001
Age 1 585 10 176.6 <0.001
Age? 1 585 42.8 <0.001
Conifer 3 585 313.0 <0.001
Development 1 159 10.5 0.001
Total cover 1 585 107.1 <0.001
Woody vs. herbaceous 1 585 0.2 0.683
Age x conifer 3 585 81.6 <0.001
Age? x conifer 3 585 14.1 <0.001
Total cover x development 1 585 8.2 0.004
Woody vs. herbaceous x development 1 585 3.7 0.054

tial difference in estimated TEI between years 5 and 10
among the species was for black spruce. The increase in TEI
of just over 1 year for black spruce likely resulted from an
increased separation in volume production among treatments
that included 3, 4, and 5 years of continuous vegetation control.

As discussed by Wagner et al. (1999), the TEI has practi-
cal value for forest managers because it can be used to deter-
mine whether earlier or later control measures are more
effective. The TEI values for the 10th year indicate that 1.9,
1.5, and 1.4 years of vegetation control were required after
the TEI for jack pine, red pine, and white pine, respectively,
to produce the same volume as 1 year of vegetation control
before the TEIL. Thus, beginning vegetation control immedi-
ately after planting was more efficient than delaying treat-
ments until later years. For black spruce, however, the 10th-
year TEI indicated that 1 year of vegetation control before
the TEI was only 72% as effective as 1 year of control after
the TEIL

Analytical approach to determining critical period

We introduced a new statistical approach for modeling the
weed-free and weed-infested curves, and simultaneously es-
timating the beginning and end of the CP, as well as the TEI
(Fig. 1). Simultaneous three-segment regression was able to
adequately describe the weed-free and weed-infested curves
for all four conifer species. This approach provides an addi-
tional analytical method for CP determination to those rec-
ommended by Knezevic et al. (2002).

In addition to providing precise quantitative estimates for
all components of the CP and simultaneously using all ex-
perimental data, the standard errors provided for each re-
gression parameter allow calculation of confidence intervals
for all estimates, and can therefore include use of the accept-
able yield loss (AYL) approach commonly used in CP calcu-
lations for agronomic crops. Thus, use of segmented
regression models can address both biological and statistical
considerations at the same time, satisfying some criticisms
of Cousens (1988) regarding CP analyses.

Contrast with other critical-period studies in planted
forests

Since 1992, when this study was initiated, two other CP
studies have been established in different forest systems

around the world. Results from these works are now provid-
ing an early indication of whether the results presented here
will hold for other forest systems.

In 1996, Adams et al. (2003) established a CP study with
Eucalyptus globulus (Tasmanian blue gum) and the intro-
duced grass Holcus lanatus L. (Yorkshire fog grass) in
Tasmania. Because of high growth rates and the relatively
continuous growing season, the CP treatments were spaced
approximately 6 months apart for the first 24 months after
planting. As with results from this study, there was no period
after planting when association with grass did not reduce the
diameter growth of Eucalyptus. The weed-infested curves
had a similar negative exponential shape as those observed
in year 5 of this study. The weed-free curve had a similar
shape to those in this study, but leveled off 20 months after
planting. Grass interference reduced height and diameter
growth to 52% and 40%, respectively, of that observed for
weed-free trees at 2 years.

In 2000 and 2001, a CP study was installed on three
coastal Oregon sites and includes four conifer species:
Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco), west-
ern hemlock (Tsuga heterophylla (Raf.) Sarg.), western red
cedar (Thuja plicata Donn ex D. Don), and grand fir (Abies
grandis (Dougl. ex D. Don) Lindl.) (Vegetation Management
Research Cooperative 2005). Annual herbicide treatments
for up to 5 years after planting are being examined as with
our study. Fourth- and fifth-year results from the Oregon
study indicated a rapid decline in stem volume with a 1- or
2-year delay in vegetation control after planting for all four
tree species. Therefore, results from the Oregon and
Tasmanian studies also suggest that any delay in vegetation
control after planting reduces the volume growth of young
stands. Results from the oldest Oregon sites also suggest that
the CP is at least 3 years long after planting and that in-
creases in Douglas-fir, hemlock, cedar, and grand fir volume
growth, as with jack and red pine in our study, levels off af-
ter 3 or 4 years of continuous vegetation control.

In comparing the results of this study with other CP stud-
ies, it should be noted that tree seedlings in this study were
planted into dense grass to ensure that a high level of
interspecific competition was experienced by tree seedlings
from the beginning of the study. The establishment of CP
studies on forest sites, where postharvest vegetation recovery
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has been suppressed using site-preparation treatments, may
produce results different from those presented here. For ex-
ample, delaying the onset of interspecific competition from
effective site-preparation treatments could reduce the influ-
ence of treatments applied immediately after planting and
therefore increase the relative importance of later treatments
when vegetative competition was higher. This difference
could shift the CP and TEI to the right and possibly influ-
ence the length of the CP.

Influence of repeated herbicide applications on
vegetation dynamics

The influence of vegetation management treatments on
the composition and diversity of forest plant communities
has been a question of concern (Sullivan et al. 1998;
Haeussler et al. 1999; Miller et al. 1999; Schabenberger and
Zedaker 1999). Most investigations into the effects of vege-
tation control on the diversity of plant communities have
focused on the effect of one-time site-preparation or compe-
tition release treatments intended primarily to reduce the
density of shrub and hardwood species. Overall, the diver-
sity of early-successional plant communities, as indicated by
species richness and diversity indices, has not been substan-
tially reduced from such treatments (Sullivan et al. 1998;
Haeussler et al. 1999; Miller et al. 1999; Boateng et al.
2000). The influence of more intensive vegetation manage-
ment regimes, however, particularly those involving ex-
tended control of herbaceous vegetation using herbicides,
has not been documented.

Results from this study demonstrated that repeated herbi-
cide applications had a substantial influence on the plant
community not only during the sequence of treatments, but
for at least 5 or more years after treatment (Fig. 3). Total
cover at year 10 decreased as the number of repeated treat-
ments increased. Despite this reduction in abundance, how-
ever, species of all vegetation classes (conifer, hardwood, tall
shrub, shrub, grass, forb, fern, sedge, lichens, and moss)
were represented in all treatments during the 10th year. Spe-
cies richness of higher plants was somewhat lower in plots
that were treated for 5 continuous years (43 species) relative
to untreated plots (51 species). Our PCA of the vegetation
community revealed that the primary difference produced by
repeated herbicide applications was the proportional shift in
the abundance of shrubs, ferns, and mosses. This analysis
also revealed that vegetation responses to the treatments
were very consistent among the blocks over the 10 years.

An analysis of species diversity resulting from these treat-
ments in year 5 by Wagner and White (2002) indicated that
both the Shannon—Weiner and Simpson diversity indices in-
creased over time as herbicide treatments were repeatedly
applied. This unexpected result was attributed to the re-
peated herbicide treatments increasing species evenness
more than they reduced species richness, thus leading to in-
creased diversity values when using these indices. As a
result, the Shannon—Weiner and Simpson diversity indices
were determined to be unsuitable metrics of diversity in
plant communities exposed to intensive vegetation treatments.

Interspecific competitive effects on volume growth
Our analysis of how changes in the vegetation community
influenced annual volume growth over the decade revealed
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that total vegetation cover in a given year was among the
most important variables accounting for variation in annual
volume growth of each conifer species (Table 4). Volume
growth increased primarily with the number of years of her-
bicide treatment, and was less strongly influenced by
whether the treatments were applied earlier or later. Sepa-
rating the influence of treatment timing versus duration was
somewhat confounded, however, because large numbers of
repeated treatments also had to be applied early in the pe-
riod.

Although the array of treatments in this study produced
different amounts of woody and herbaceous vegetation
(Fig. 4), we found no difference in the competitiveness of ei-
ther class of vegetation on the volume growth of the four co-
nifer species (Table 4). This lack of difference was likely
due to the low abundance of tall shrubs (primarily Prunus
pensylvanica, Prunus virginiana, and Salix spp.) relative to
the abundance of slower-growing shrubs (primarily
Vaccinium angustifolium, Diervilla lonicera, Lonicera hir-
sute, and Amelanchier sanguinea) that were apparently no
more competitive than associated herbaceous species (pri-
marily grasses and ferns). Several studies have compared the
relative competitiveness of woody and herbaceous plants
(Perry et al. 1993; Richardson et al. 1993, 1996; Wagner and
Radosevich 1998; Bell et al. 2000). In some cases, herba-
ceous species were found to be more competitive than
woody species (Zutter et al. 1986; Morris et al. 1993;
Wagner and Radosevich 1998). In cases where vegetation
dynamics have been followed over time, herbaceous plants
have been shown to be more competitive immediately after
establishment and then become relatively less competitive as
woody species dominate the stand (Richardson et al. 1993,
1996; Bell et al. 2000; Miller et al. 2003).

Acknowledgments

We thank John Winters and Ago Lehela (Ontario Forest
Research Institute) for their excellent field support and Tom
Noland (Ontario Forest Research Institute) for administrative
support. This research was originally initiated by the Vegeta-
tion Management Alternatives Program (VMAP) and the
Ontario Ministry of Natural Resources. The 10th-year mea-
surements were supported by Agricultural Research Institute
of Ontario. Support from the United States Department of
Agriculture Forest Service, Northeastern Research Station,
Durham, New Hampshire, is gratefully acknowledged. Sup-
port also was provided by the University of Maine’s Cooper-
ative Forestry Research Unit (CFRU) and Maine
Agricultural and Forest Experiment Station, Orono, Maine
(MAFES No. 2833).

References

Adams, PR., Beadle, C.L., Mendham, N.J., and Smethurst, P.J.
2003. The impact of timing and duration of grass control on
growth of a young Eucalyptus globulus Labill. plantation. New
For. 26(2): 147-165.

Bell, EW., Ter-Mikaelian, M.T., and Wagner, R.G. 2000. Relative
competitiveness of nine early successional species of boreal for-
est plants associated with seedlings of jack pine and black
spruce. Can. J. For. Res. 30: 790-800.

© 2006 NRC Canada



Wagner and Robinson

Boateng, J.O., Haeussler, S., and Bedford, L. 2000. Boreal plant
community diversity 10 years after glyphosate treatment. West.
J. Appl. For. 15(1): 15-26.

Borlaug, N.E. 2000. The green revolution revisited and the road
ahead. Special 30th Anniversary Lecture, The Norwegian Nobel
Institute, 8 September 2000, Oslo, Norway.

Casella, G., and Berger, R.L. 1990. Statistical
Brooks/Cole Publishing, Pacific Grove, Calif.

Cousens, R. 1988. Misinterpretations of results in weed research
through inappropriate use of statistics. Weed Res. 28: 281-289.

Haeussler, S., Bedford, L., Boateng, J.O., and Mackinnon, A.
1999. Plant community responses to mechanical site preparation
in northern British Columbia. Can. J. For. Res. 29: 1084-1100.

Hall, M.R., Swanton, C.J., and Anderson, G.W. 1992. The critical
period of weed control in grain corn (Zea Mays). Weed Sci. 40:
441-447.

Hewson, R.T., and Roberts, H.A. 1973. Effects of weed competi-
tion for different periods on the growth and yield of red beet. J.
Hortic. Sci. 48: 281-292.

Knezevic, S.Z., Evans, S.P., Blankenship, E.E., Van Acker, R.C.,
and Lindquist, J.L. 2002. Critical period for weed control: the
concept and data analysis. Weed Sci. 50: 773-786.

Miller, J.H., Boyd, R.S., and Edwards, M.B. 1999. Floristic diver-
sity, stand structure, and composition 11 years after herbicide
site preparation. Can. J. For. Res. 29: 1073-1083.

Miller, J.H., Zutter, B.R., Zedaker, S.M., Edwards, M.B., and
Newbold, R.A. 2003. Growth and yield relative to competition
for loblolly pine plantations to midrotation — a Southeastern
USA. regional study. South. J. Appl. For. 27(4): 237-252.

Morris, L.A., Moss, S.A., and Garbett, W.S. 1993. Competitive in-
terference between selected herbaceous and woody plants and
Pinus taeda L. during two growing seasons following planting.
For. Sci. 39: 166-187.

Newmaster, S.G., Lehela, A., Uhlig, PW.C., McMurray, S., and
Oldham, M.J. 1998. Ontario plant list. Ontario Forest Research
Institute, Ontario Ministry of Natural Resources, Sault Ste. Ma-
rie, Ont. For. Res. Inf. Pap. 123.

Nieto, H.J., Brondo, M.A., and Gonzalez J.T. 1968. Critical peri-
ods of the crop growth cycle for competition from weeds. PANS
(c), 14(2): 159-166.

Perry, M.A., Mitchell, R.J., Zutter, B.R., Glover, G.R., and
Gjerstad, D.H. 1993. Competitive responses of loblolly pine to
gradients in loblolly pine, sweetgum, and broomsedge densities.
Can. J. For. Res. 23: 2049-2058.

R Development Core Team. 2005. R: A language and environment
for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria.

Richardson, B., Vanner, A., Davenhill, N., Balneaves, J., Miller,
K., and Ray, J. 1993. Interspecific competition between Pinus
radiata and some common weed species — first-year results.
N.Z. J. For. Sci. 23: 179-193.

Richardson, B., Vanner, A., Ray, J., Davenhill, N., and Coker, G.
1996. Mechanisms of Pinus radiata growth suppression by some
common forest weed species. N.Z. J. For. Sci. 26: 421-437.

Rowe, J.S. 1972. Forest regions of Canada. Can. For. Serv. Publ.
No. 1300.

inference.

2485

Schabenberger, L.E., and Zedaker, S.M. 1999. Relationship be-
tween loblolly pine yield and woody plant diversity in Virginia
Piedmont plantations. Can. J. For. Res. 29: 1065-1072.

Singh, M., Saxena, M.C., Abu-Irmaileh, B.E., Al-Thahabi, S.A.,
and Haddad, N.I. 1996. Estimation of critical period of weed
control. Weed Sci. 44: 273-283.

Sullivan, T.P., Wagner, R.G., Pitt, D.G., Lautenschlager, R.A., and
Chen, D.G. 1998. Changes in diversity of plant and small mam-
mal communities after herbicide application in a sub-boreal
spruce forest. Can. J. For. Res. 28: 168-177.

Vegetation Management Research Cooperative (VMRC). 2005.
Critical period threshold study: Effects of up to 5 years of con-
secutive weed control and delayed weed control on Douglas-fir
and other PNW conifer species. In Vegetation Management Re-
search Cooperative 2004-2005 Annual Report, College of For-
estry, Oregon State University, Corvallis. pp. 7-14.

Wagner, R.G. 1994. Toward integrated forest vegetation manage-
ment. J. For. 92(11): 26-30.

Wagner, R.G., and Radosevich, S.R. 1998. Neighborhood approach
for quantifying interspecific competition in coastal Oregon for-
ests. Ecol. Appl. 8: 779-794.

Wagner, R.G., and White, A.S. 2002. Influence of repeated distur-
bance on the diversity of early successional plant communities
in a northern forest ecosystem. /n Proceedings of the 4th Inter-
national Conference on Forest Vegetation Management, 17-21
June 2002, Nancy, France. Compiled by H. Frochot, C. Collet,
and P. Balandier. Institut National de la Recherche
Agronomique, Champenoux, France. pp. 85-87.

Wagner, R.G., Noland, T.L., and Mohammed, G.H. 1996. Timing
and duration of herbaceous vegetation control around four
northern coniferous species. N.Z. J. For. Sci. 26(1/2): 39-52.

Wagner, R.G., Mohammed, G.H., and Noland, T.L. 1999. Critical
period of interspecific competition for northern conifers associ-
ated with herbaceous vegetation. Can. J. For. Res. 29: 890-897.

Wagner, R.G., Newton, M., Cole, E.C., Miller, J.H., and Shiver,
B.D. 2004. The role of herbicides for enhancing forest produc-
tivity and conserving land for biodiversity in North America.
Wildl. Soc. Bull. 32(4): 1028-1041.

Wagner, R.G., Little, K.M., Richardson, B., and McNabb, K. 2006.
The role of vegetation management for enhancing productivity
of the world’s forests. Forestry, 79: 57-79.

Weaver, S.E., and Tan, C.S. 1983. Critical period of weed interfer-
ence in transplanted tomatoes (Lycopersicon esculentum):
growth analysis. Weed Sci. 31: 476-48]1.

Woolley, B.L., Michaels, T.E., Hall, M.R., and Swanton, C.J. 1993.
The critical period of weed control in white beans (Phaseolus
vulgaris). Weed Sci. 41: 180-184.

Zimdahl, R.L. 1988. The concept and application of the weed-free
period. /n Weed management in agroecosytems: ecological ap-
proaches, Edited by M.A. Altieri and M. Liebman. CRC Press,
Inc., Boca Raton, Fla. pp. 145-155.

Zutter, B.R., Gjerstad, D.H., and Glover, G.R. 1986. Effects of in-
terfering vegetation on biomass, fascicle morphology and leaf
area of loblolly pine seedlings. For. Sci. 32: 1016-1031.

© 2006 NRC Canada



Copyright of Canadian Journal of Forest Research is the property of NRC Research Press and its
content may not be copied or emailed to multiple sites or posted to a listserv without the copyright
holder's express written permission. However, users may print, download, or email articles for
individual use.



