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The objectives of this study were to (1) quantitatively summarize the early yield responses of black spruce (Picea mariana (Mill.)
B.S.P.) to forest vegetation management (FVM) treatments through a meta-analytical review of the scientific literature, and (2)
given (1), estimate the rotational consequences of these responses through model simulation. Based on a fixed-effects meta-
analytic approach using 44 treated-control yield pairs derived from 12 experiments situated throughout the Great Lakes—St.
Lawrence and Canadian Boreal Forest Regions, the resultant mean effect size (response ratio) and associated 95% confidence
interval for basal diameter, total height, stem volume, and survival responses, were respectively: 54.7% (95% confidence limits
(lower/upper): 34.8/77.6), 27.3% (15.7/40.0), 198.7% (70.3/423.5), and 2.9% (−5.5/11.8). The results also indicated that early and
repeated treatments will yield the largest gains in terms of mean tree size and survival. Rotational simulations indicated that FVM
treatments resulted in gains in stand-level operability (e.g., reductions of 9 and 5 yr for plantations established on poor-medium
and good-excellent site qualities, resp.). The challenge of maintaining coniferous forest cover on recently disturbed sites, attaining
statutory-defined free-to-grow status, and ensuring long-term productivity, suggest that FVM will continue to be an essential
silvicultural treatment option when managing black spruce plantations.

1. Introduction

The underlying objective of intensive forest management
(IFM) is to increase the intrinsic productivity of the forest
land base via the application of an integrated silvicultural
regime involving the application of various temporal-spatial-
specific treatment matrices encompassing intensive site pre-
paration (e.g., mechanical scarification), plantation esta-
blishment including the use of genetically improved stock,
eliminating competing vegetation via mechanical, chemical,
or biological control mechanisms, continuous and active
protection from insects and pathogens, and density man-
agement (e.g., maximizing product quality and quantity via
initial spacing, precommercial thinning, and/or commercial
thinning). At the forest level, these stand-level increases
in productivity when translated into accelerated rates of de-
velopment can be used to offset future wood supply deficits
or increase the annual allowable cut through the annual
allowable cut effect [1]. Although numerous case studies of
individual experiments have clearly demonstrated the bene-

fits of IFM treatments, collective summaries documenting
the response of boreal species are limited. Consequently, as
part of a larger quantitative synthesis regarding yield res-
ponses of boreal conifers to IFM treatments (e.g., tree impro-
vement [2], forest fertilization [3], density management
[4]), the objectives of this study were to (1) quantitatively
summarize the early yield responses of black spruce (Picea
mariana (Mill.) BSP) to forest vegetation management
(FVM) treatments through a meta-analytical review of the
scientific literature, and (2) given (1), project rotational out-
comes of these responses employing a modified variant of the
comprehensive growth, yield, and wood quality simulator,
CROPLANNER [5, 6].

FVM has been defined as the practice of preferentially
allocating the finite environmental resources (e.g., solar
radiation, nutrients, and water) of a given site towards the
selected crop tree species and away from noncrop species via
the suppression, reduction, or elimination of the unwanted
competitors, in order to realize specified silviculture and/or
forest management objectives (sensu Walstad and Kuch [7];
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Wagner et al. [8]; Bell et al. [9]). FVM can increase the
likelihood of successful plantation establishment and assist in
attaining statutory-defined free-to-grow status. Conversely,
without FVM, forest managers may have difficulty in real-
izing their stand-level timber management objectives given
the negative effect of herbaceous and woody competitors
on the growth and survival rates of various crop species.
Historically, the dominant means for controlling competing
vegetation in Canada has been through the use of herbicides
(e.g., aerial applications of glyphosate [10]). However, con-
cern regarding the potential negative impacts of herbicide
applications on wildlife habitat and biodiversity has resulted
in numerous studies exploring various alternatives (e.g.,
[11–16]). Furthermore, the use of chemical herbicides has
been prohibited in some regions (e.g., Canadian province
of Quebec), and resistance to their use has been growing
elsewhere (e.g., Europe [17]). Consequently, the focus of this
study was to document the yield consequences of reducing
or eliminating interspecific competitors on black spruce,
irrespective of the actual control mechanism employed.

2. Method

2.1. Quantifying Early Yield Responses to FVM Treatments.
Based on a meta-analytical approach, the analysis consisted
of 4 sequential steps. Firstly, electronic databases were sys-
tematically searched for relevant publications using various
keywords and phrases (e.g., combinations and permutations
of the following terms: vegetation management treatments;
black spruce, plantations; mechanical, chemical and biologi-
cal release; brushing; herbicide, Vision; Roundup; glypho-
sate; Canadian Boreal and Great Lakes—St. Lawrence Forest
Regions). These databases consisted of (1) SilverPlatter Web-
SPIRS (Ovid Technologies Inc., USA) which included Agri-
cola, Biological Abstracts, CAB Abstracts, and TreeCD, (2)
NRCan Forestry Library Catalogue (Natural Resources
Canada), and (3) Science Direct Database and Scopus (Else-
vier Science B.V.). Furthermore, the World Wide Web was
similarly searched using Google Web Search and Google

Scholar (Google Inc., CA, USA). Secondly, the identified
studies were assessed for their specific applicability in terms
of locality (Great Lakes—St. Lawrence, and/or Boreal Forest
Regions of Canada), stand-type (upland black spruce), treat-
ments (mechanical, chemical, or biological), yield parame-
ters assessed (basal stem diameter, total stem height, total
stem volume, and survival), and publication date (<2011).
Thirdly, a subset of applicable studies was selected and their
results summarized via the calculation of the grand mean
effect size (response ratio) and associated 95% confidence
intervals for each yield variate (Table 1). The responses asso-
ciated with the maximum dosage of a specific chemical treat-
ment (e.g., glyphosate, hexazinone, sulfonylurea, combina-
tion of 2,4-D, mecoprop, and dicamba) or the maximum
removal for a specific mechanical treatment (e.g., brush-
ing, clipping, extraction) were used. Fourthly, the linear asso-
ciation between effect size and the individual experimental
factors, that is, number of annual sequential treatments
(TN ), initial year of treatment application relative to the
year of seedling establishment (TI (yr)), and length of the
observation period relative to the year of seedling establish-
ment (TL (yr)), was examined through graphical and cor-
relation analyses.

Computational formulae based on a meta-analytic ap-
proach were used throughout (Hedges and Olkin [31]; Hed-
ges et al. [32]). Specifically, the grand mean response ratio
(L
∗
j ) of the jth yield variate ( j = 1 (basal diameter), 2 (total

height), 3 (stem volume), and 4 (survival)) was calculated
using the mean logarithmic response ratio of the jth yield
variate within the kth experiment (Lj(k)) along with the reci-
procal of the total unconditional variance estimate of Lj(k)

(w∗j(k)), according to (1).

L
∗
j = EXP

⎡
⎣
∑nj(k)

k=1 w
∗
j(k) · Lj(k)

∑nj(k)

k=1 w
∗
j(k)

⎤
⎦, (1)

where

Lj(k) =
∑nj(k)

i=1 Ljk(i)

nj(k)
where Ljk(i) = loge

(
Rjk(i)

)
, Rjk(i) = 100 ·

(
T jk(i) − Cjk

C jk

)
,

w∗j(k) =
(
vj(k) + σ̂2

j

)
, where

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

σ̂2
j =

[∑nj(k)

k=1 wj(k)

(
Lj(k)

)2 −
(∑nj(k)

k=1 wj(k)Lj(k)

)2
/
∑nj(k)

k=1 wj(k)

]
−
(
nj(k) − 1

)

∑nj(k)

k=1 wj(k) −
∑nj(k)

k=1 w
2
j(k)/

∑nj(k)

k=1 wj(k)
,

vj(k) =
∑nj(k)

i=1

(
Ljk(i) − Lj(k)

)2

nj(k) − 1
,

(2)

where Ljk(i) and Rjk(i) are the logarithmic (loge(%)) and ari-
thmetic (%) relative response of the jth yield variate within
the kth experiment associated with the ith experimental
factor set (time of treatment, number of treatments applied,
and type of treatment), respectively, nj(k) is the total number

of response ratios observed for the jth yield variate within
the kth experiment, T jk(i) is the mean value of the jth yield
variate within the treated plots within the kth experiment
associated with the ith experimental factor set, Cjk is the
mean value of the jth yield variate within the untreated
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Table 1: Relative yield responses and associated experimental details ordered by number of sequential treatments (TN ), initial year of treat-
ment application relative to the year of seedling establishment (TI (yr)); and length of the observation period relative to the year of seedling
establishment (TL (yr)).

Ta
N Ta

I Ta
L Relative responseb

Source and treatment details(n) (yr) (yr) RD RH RV RS

(%) (%) (%) (%)

1 −1 4 73 43 339 10

Tables 1 and 2 and Figures 1, 4(b), and 6(b) as reported by Pitt et al. [18]; mean res-
ponses based on bareroot and container stock-types combined results; treatment =
hexazinone (Velpar L) at 4 kg ai/ha (liquid formulation); effectiveness = reduction
of 20% and 1% in herbaceous and woody vegetation cover, respectively, relative to
untreated control plots, at time of last remeasurement.

1 −1 4 67 60 — 8

Tables 1 and 2 and Figures 1(a,b) and 4(b,d) as reported by Reynolds and Roden
[19]; mean responses based on spring and fall combined results; treatment =
hexazinone (Velpar L) at 2 kg ai/ha (liquid formulation); effectiveness = reduction
of 44% in red raspberry (Rubus idaeus L. var. strigosus (Michx.) Maxim.) (major
competitor) cover, relative to untreated control plots, at time of last remeasurement.

1 −1 4 57 48 — 29

Tables 1 and 2 and Figures 1(a,b), and 4(b,d) as reported by Reynolds and Roden
[19]; mean responses based on spring and fall combined results; treatment =
hexazinone (PRONONE 10 G) at 2 kg ai/ha (granular formulation); effectiveness =
reduction of 38% in red raspberry (major competitor) cover, relative to untreated
control plots, at time of last remeasurement.

1 −1 4 31 43 — 26

Tables 1 and 2 and Figures 1(a,b) as reported by Reynolds and Roden [20]; mean
responses based on spring and fall combined results; treatment = sulfonylurea
(Metsulfuron (ESCORT)) at 72 g ai/ha (liquid formulation); effectiveness =
reduction of 47% in red raspberry (major competitor) cover, relative to untreated
control plots, at time of last remeasurement.

1 −1 5 100 63 — 48

Tables 2 and 3 as reported by Wood and von Althen [21]; mean responses based on
bareroot and container stock-types combined results; treatment = glyphosate
(Roundup) at 2 kg ai/ha (liquid formulation); effectiveness = reductions of 20% and
25% in herbaceous and woody vegetation cover, respectively, relative to the
untreated control plots, at time of last remeasurement.

1 0 5 87 35 — −5

Tables 1 and 2 and Figures 2(b,d) as reported by Reynolds and Roden [19]; mean
responses based on spring and fall combined results; treatment = hexazinone
(Velpar L) at 2 kg ai/ha (liquid formulation); effectiveness = reduction of 44% in
red raspberry (major competitor) cover, relative to untreated control plots, at time
of last remeasurement.

1 0 5 53 25 — −27

Tables 1 and 2 and Figures 2(a,c) as reported by Reynolds and Roden [19]; mean
responses based on spring and fall combined results; treatment = hexazinone
(PRONONE 10 G) at 2 kg ai/ha (granular formulation); effectiveness = reduction of
38% in red raspberry (major competitor) cover, relative to untreated control plots,
at time of last remeasurement.

1 0 5 47 23 — −38

Tables 1 and 2 and Figures 2(a,b) as reported by Reynolds and Roden [20];
treatment = sulfonylurea (Sulfometuron (OUST) at 300 g ai/ha (liquid
formulation); effectiveness = reduction of 57% in red raspberry (major competitor)
cover, relative to untreated control plots, at time of last remeasurement.

1 0 5 20 — — −15

Tables 1 and 2 and Figure 1(a) as reported by Reynolds and Roden [20]; treatment
= sulfonylurea (Metsulfuron (ESCORT) at 72 g ai/ha (liquid formulation);
effectiveness = reduction of 47% in red raspberry (major competitor) cover, relative
to untreated control plots, at time of last remeasurement.

1 0 5 35 15 112 —

Table 1 as reported by Sutherland et al. [22] and Figure 1(d) as reported by
Sutherland and Foreman [23]; treatment = hexazinone (Velpar L) at 3.1 kg ai/ha
(liquid formulation); effectiveness = initial reduction of competing vegetation at
time of treatment; however, based on a vegetation index metric (height × cover),
competition (red raspberry and trembling aspen (Populus tremuloides Michx.)
increased 40%, relative to the untreated control plots, at the time of last
remeasurement.
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Table 1: Continued.

Ta
N Ta

I Ta
L Relative responseb

Source and treatment details(n) (yr) (yr) RD RH RV RS

(%) (%) (%) (%)

1 0 5 26 19 109 −9

Tables 1, 2, 3, and 4 as reported by Jobidon et al. [24]; results for chemical
treatment at the Flynn experimental site; treatment = glyphosate (Vision) at
1.5 kg ai/ha (liquid formulation); untreated control plots dominated by red
raspberry (63–75% cover) at time of establishment.

1 0 5 42 27 204 −4

Tables 1, 2, 3, and 4 as reported by Jobidon et al. [24]: results for manual treatment
at the Flynn experimental site; treatment = physical removal via hedge clipper;
untreated control plots dominated by red raspberry (63–75% cover) at time of
establishment.

1 0 5 27 13 93 0

Tables 1, 2, 3, and 4 as presented Jobidon et al. [24]; results for chemical treatment
at the Joncas experimental site; treatment = glyphosate (Vision) at 1.6 kg ai/ha
(liquid formulation); untreated control plots dominated by red raspberry (24–45%
cover) at time of establishment.

1 0 5 24 14 86 3

Tables 1, 2, 3, and 4 as reported by Jobidon et al. [24]: results for manual treatment
at the Joncas experimental site; treatment = physical removal via machete; untreated
control plots dominated by red raspberry (24–45% cover) at time of establishment.

1 0 5 45 20 104 2

Tables 1, 2, 3, and 4 as reported by Jobidon et al. [24]; results for chemical
treatment at the Pilote experimental site; treatment = glyphosate (Vision) at
1.6 kg ai/ha (liquid formulation); untreated control plots dominated by red
raspberry (71–79% cover) at time of establishment.

1 0 5 40 23 99 13

Tables 1, 2, 3, and 4 as reported by Jobidon et al. [24]: results for manual treatment
at the Pilote experimental site; treatment = physical removal via brush cutter;
untreated control plots dominated by red raspberry (71–79% cover) at time of
establishment.

1 0 5 67 41 — 12

Tables 2 and 3 as reported by Wood and von Althen [21]; mean responses based on
bareroot and container stock-types combined results; treatment = glyphosate
(Roundup) at 2 kg ai/ha (liquid formulation); effectiveness = reductions of 10% and
42.5% in herbaceous and woody vegetation cover, respectively, relative to untreated
control plots, at time of last remeasurement.

1 0 5 68 38 273 5

Table 2 and Figures 1, 4(a), and 6(a) as reported by Pitt et al. [18]; mean responses
based on bareroot and container stock-types combined results; treatment =
hexazinone (Velpar L) at 4 kg ai/ha (liquid formulation); effectiveness = reduction
of 20% and 1% in herbaceous and woody vegetation cover, respectively, relative to
untreated control plots, at time of last remeasurement.

1 0 5 17 13 69 2

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 10% in
herbaceous vegetation cover relative to the untreated control plots at the time of
last remeasurement (n., nil competition from woody species).

1 0 10 15 7 — 7

Table 2 as reported by Jobidon and Charette [26]; results for Squatec experimental
site; treatment = manual removable via pulling of all vegetation within 60 cm of
subject trees; principal competitor species were removed (red raspberry and
fireweed).

1 0 10 49 40 — 20

Table 4 as reported by Jobidon and Charette [26]; results for Lake Anna
experimental site; treatment = mechanized manual removable via brush cutter of
all vegetation within 60 cm of subject trees; principal competitor species were
removed (shade intolerant deciduous trees).

1 0 10 79 52 — 11
Table 4 as reported by Jobidon and Charette [26]; results for Lake Anna; treatment
= manual removable via pulling of all competing vegetation; principal competitor
species were removed (shade intolerant deciduous trees).
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Table 1: Continued.

Ta
N Ta

I Ta
L Relative responseb

Source and treatment details(n) (yr) (yr) RD RH RV RS

(%) (%) (%) (%)

1 0 11 78 18 — −10

Figures 3, 5, and 7 as reported by Wood and Mitchell [27]; results for Bragg
experiment; mean responses based on bareroot and container stock-types
combined results; treatment = glyphosate (Roundup) at 2.5 kg ai/ha (liquid
formulation); effectiveness = reductions of 97% in competing vegetation
(principally trembling aspen), relative to the untreated control plots, at time of last
remeasurement.

1 0 15 67 48 240 —

Figure 1 as reported by Robinson et al. [28]; mean response of brush control
treatment relative to untreated control plots; treatment = glyphosate (Roundup) at
2.2 kg acid equivalent/ha (liquid formulation) on bladed scarified sites;
effectiveness: at the time of the 15 yr post-treatment assessment, the treatment had
eliminated the noncrop hardwood species.

1 1 5 31 10 — −11

Tables 2 and 3 as reported by Wood and von Althen [21]; mean responses based on
bareroot and container stock-types combined results; treatment = glyphosate
(Roundup) at 2 kg ai/ha (liquid formulation); effectiveness = reductions of 5% and
35% in herbaceous and woody vegetation cover, respectively, relative to untreated
control plots, at time of last remeasurement.

1 1 11 51 8 — −7

Figures 3, 5, and 7 as reported by Wood and Mitchell [27]; results for Bragg
experiment; mean responses based on bareroot and container stock-types and
spring and summer seasonal results combined; treatment = glyphosate (Roundup)
at 2.5 kg ai/ha (liquid formulation); effectiveness = reductions of 98% in competing
vegetation (principally trembling aspen), relative to the untreated control plots, at
time of last remeasurement.

1 2 10 87 46 246 —

Textual description and Figure 1 as reported in Pitt et al. [29] for Corrigal
experimental site; annual directed foliar application of 1.58 or 2% liquid solution of
glyphosate (Vision); effectiveness: at the time of the 10 yr remeasurement the
average of all treatments had reduced the cover of deciduous woody tree species to
less than 10%, tall shrub species to 2%, and low shrub species to 20%.

1 2 11 38 25 — 5

Figures 3, 5, and 7 as reported by Wood and Mitchell [27]; results for Kenogaming
experiment; mean responses based on bareroot and container stock-types and
spring and summer seasonal results combined; treatment = glyphosate (Roundup)
at 2.14 kg ai/ha (liquid formulation); effectiveness = reductions of 76% in
competing vegetation (principally trembling aspen), relative to the untreated
control plots, at time of last remeasurement.

1 2 11 33 11 — −19

Figures 3, 5, and 7 as reported by Wood and Mitchell [27]; results for Lampugh
experiment; mean responses based on bareroot and container stock-types and
spring and summer seasonal results combined; treatment = glyphosate (Roundup)
at 2.14 kg ai/ha (liquid formulation); effectiveness = reductions of 94% in
competing vegetation (principally trembling aspen), relative to the untreated
control plots, at time of last remeasurement.

1 3 10 87 8 126 —

Textual description and Figure 1 as reported in Pitt et al. [29] for Hele experimental
site; treatment = glyphosate (Vision) at 1.7 kg ai/ha (liquid formulation);
effectiveness: at the time of the 10 yr remeasurement the average of all treatments
had reduced the cover of deciduous woody tree species to less than 10%, tall shrub
species to 2%, and low shrub species to 20%.

1 4 5 24 3 69 −1

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 20% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).

2 0, 1 5 59 21 228 −6

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 21% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).
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Table 1: Continued.

Ta
N Ta

I Ta
L Relative responseb

Source and treatment details(n) (yr) (yr) RD RH RV RS

(%) (%) (%) (%)

2 3, 4 5 40 −1 117 1

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 92% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).

3 0, 1, 2 5 82 31 336 −4

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 44% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).

3 2, 3, 4 5 79 −2 270 −8

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 93% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).

3 0, 2, 4 5 126 26 471 —

Table 1 as reported by Sutherland et al. [22] and Figure 1(d) as presented in
Sutherland and Foreman [23]; treatment = hexazinone (Velpar L) at 3.1 kg ai/ha
(liquid formulation) in year 0 followed by chemical tending in years 2 and 4 using
glyphosate (Vision) at 1.78 kg ai/ha (liquid formulation); effectiveness = reduction
of 96% in combined herbaceous and woody vegetation (principally red raspberry
and trembling aspen; vegetation measure based on height × cover index), relative to
untreated control plots, at time of last remeasurement.

4 0, 1, 2, 3 5 109 22 426 −8

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 57% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).

4 1, 2, 3, 4 5 79 15 270 −5

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 94% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).

4 −1, 0, 1, 2 14 93 43 125 12

Figures 13, 14, 15, and 16 as reported by Robinson et al. [28]; results for the
scarified but unfertilized plots only; treatment = glyphosate (Vision) at 2 kg ai/ha
(liquid formulation); effectiveness = approximate reduction of 100% in herbaceous
and woody vegetation cover, relative to the untreated control plots, 3 years
post-planting.

5 0, 1, 2, 3, 4 5 213 96 — 20

Tables 2 and 3 as reported by Wood and von Althen [21]; mean responses based on
bareroot and container stock-types results combined; treatment = annual
application of glyphosate (Roundup) at 2 kg ai/ha (liquid formulation);
effectiveness = reductions of 90% and 100% in herbaceous and woody vegetation
cover, respectively, relative to the untreated control plots, at time of last
remeasurement.

5 0, 1, 2, 3, 4 5 108 22 420 12

Table 1 and Figure 2 as reported by Wagner et al. [25]; treatment = glyphosate
(Vision) at 4 kg ai/ha (liquid formulation); effectiveness = reduction of 96% in
herbaceous vegetation cover, relative to the untreated control plots, at the time of
last remeasurement (n., nil competition from woody species).

5 2, 3, 4, 5, 6 10 87 46 246 —

Textual description and Figure 1 as reported in Pitt et al. [29] for Corrigal
experimental site; annual directed foliar application of 1.58 or 2% liquid solution of
glyphosate (Vision); effectiveness: at the time of the 10 yr remeasurement the
average of all treatments had reduced the cover of deciduous woody tree species to
less than 10%, tall shrub species to 8%, and low shrub species to 20%.
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Table 1: Continued.

Ta
N Ta

I Ta
L Relative responseb

Source and treatment details(n) (yr) (yr) RD RH RV RS

(%) (%) (%) (%)

5 3, 4, 5, 6, 7 10 87 8 126 —

Textual description and Figure 1 as reported in Pitt et al. [29] for Hele experimental
site; annual directed foliar application of 1.58 or 2% liquid solution of glyphosate
(Vision); effectiveness: at the time of the 10 yr remeasurement the average of all
treatments had reduced the cover of deciduous woody tree species to less than 10%,
tall shrub species to 2%, and low shrub species to 20%.

6 −1, 0, 1, 2, 3, 4 5 221 95 — 22

Tables 2 and 3 as reported by Wood and von Althen [21]; mean responses based on
bareroot and container stock-types results combined; treatment = annual
application glyphosate (Roundup) at 2 kg ai/ha (liquid formulation) including
pre-planting treatment; effectiveness = reductions of 90% and 100% in herbaceous
and woody vegetation cover, respectively, relative to the untreated control plots, at
time of last remeasurement.

Note, all selected studies were located within the Great Lakes - St. Lawrence or Boreal Forest Regions [30].
aNumber of sequential treatments (TN ); Initial year of treatment application relative to the year of seedling establishment (−1 = year before planting (e.g.,
chemical site preparation); 0 = year of seedling establishment; 1, 2, . . ., 7 years after seedling establishment, resp.; (TI )); and Length of the observation period
relative to the year of seedling establishment (TL).
bRk = 100 · (Tk − Ck)/Ck where Rj is the relative response (%) of the kth yield variate (D = basal stem diameter; H = total stem height; V = total stem
volume; and S = survival), Tk is the mean value of the kth yield variate within the treated population, and Ck is the mean value of the kth yield variate within
the untreated control population.

plots within the kth experiment, vj(k) is variation due to
sampling of the jth yield variate within the kth experiment,
wj(k) is equal to the inverse of vj(k), and σ̂2

j is the among-
study variation associated with the jth yield variate. The 95%
confidence intervals for L

∗
j were first calculated according to

(3) and then reexpressed in arithmetic terms:
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j − zα/2 · SE
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)
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)
=
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∗
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,
(3)

where zα/2 is the 97.5% point of the standard normal distri-
bution, and SE(L

∗
j ) is the standard error of the weighted

mean associated with the jth yield variate. Note that the var-
iance in response among treatments within an individual ex-
periment was used as a surrogate measure of sample varia-
tion (vj(k)) given the lack of studies reporting treatment-
specific sample variation. Consequently, the resultant mean
values and the associated confidence limits represent the
average collective response of black spruce over a range of
FVM treatments.

2.2. Modeling Long-Term Yield Responses. Responses to FVM
treatments were assumed to follow a Type I growth response
pattern (sensu [33]): a temporary increase in growth rate
that advances the stage of stand development but does not
change the inherent productivity of a site. Consequently, an
approach analogous to the technique used to account for
genetic worth effects in growth and yield projections was
employed (i.e., genetic worth effect is quantified as the tem-
porary and instantaneous increase in mean dominant height
growth at the specified selection age which is thereafter
proportionally discounted until rotation age [34]). Thus the
FVM treatment effect was defined as the temporary and

instantaneous increase in mean dominant height growth
(VE; %) at a specified effect age (VA; yr) which thereafter pro-
portionally declined until rotation age. Mathematically, the
following script describes the computation:

If VE > 0, then for t = VA,

Ĥ′
d(t) = Ĥd(t) +

(
VE

100

)
Ĥd(t),

otherwise when t > VA,

Ĥ′
d(t) = Ĥd(t) +

(
VE

100
−
((

VE/100
RA −VA

)
(t −VA)

))
Ĥd(t),

(4)

where Ĥd(t) is the dominant height (m) at time t as predict-
ed by the site-based height-age function, Ĥ′

d(t) is the treat-
ment-adjusted dominant height (m) at time t, and RA is the
rotation age (yr). Furthermore, in order to account for the
effect of FVM treatments on survival, the annual mortality
rate during the pre-crown closure period within the untreat-
ed stand was adjusted according to the following computa-
tional script:

If SE > 0 then for t < TCC,

M(t) = N̂(t)

(
1−

(
1.0

1 + SE/100SA

))
,

(5)

where SE is the grand mean survival response (%) occurring
at a specified effect age (SA; yr), TCC is the age of the untreat-
ed stand at crown closure, N̂(t) is the model-based predicted
density (stems/ha) at time t within the control stand, and
M(t) is the annual increase in the mortality rate (stems/ha/yr)
at time t.

These modifications to the height and survival compu-
tations were then incorporated within the CROPLANNER
decision-support model [5, 6]. Briefly, CROPLANNER is the
algorithmic analogue of the structural stand density man-
agement model (SSDMM) which was developed for black
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spruce and jack pine stand-types through the expansion of
the dynamic stand density management diagram modelling
framework. Structurally, the model consists of a number of
functional and empirical quantitative relationships, which
collectively represent the cumulative effect of various under-
lying competition processes on tree and stand yield parame-
ters. The temporal dependency of these processes is governed
by the intensity of competition and site quality as expressed
by relative density index and site index, respectively. Hence,
the site-specific mean dominant height-age function largely
governs the rate of stand development. Thus embedding the
anticipated Type I response pattern within this function was
considered a logical approach to modeling the effects of FVM
treatments on growth. For a complete analytical description
of the approach used in the development and calibration of
the modular-based SSDMMs, refer to [5, 6].

3. Results

3.1. Early Responses and Their Correlation to Experimental
Variables. Results from 12 experiments were used in the cal-
culation of the grand mean response ratios and associated
95% confidence intervals. The author(s) of these studies were
as follows: Wood and von Althen [21], Reynolds and Roden
[19, 20], Wood and Mitchell [27], Jobidon and Charette [26],
Jobidon et al. [24], Pitt et al. [18], Wagner et al. [25], Suther-
land et al. [22], Sutherland and Foreman [23], Robinson et al.
[28], Pitt et al. [29], and Fu et al. [35]. Experimentally, the
studies differed in terms of the number of sequential treat-
ments applied, initial year of treatment application relative to
the year of seedling establishment, and length of the observa-
tion period relative to the year of seedling establishment:
TN = 1.9 (min/max = 1/6), TI = 0.4 yr (−1/4), and TL =
6.7 yr (4/15). The mean percentage response for basal dia-
meter, total height, stem volume, and survival across all
experiments was, respectively, 66.9 (min/max/n = 14.9/
220.9/44), 29.3 (−1.6/96.0/43), 208.1 (68.6/470.7/25), and
2.5 (−37.7/47.6/37). Table 1 summarizes the characteristics
of the selected studies in terms of their experimental design,
type and number of sequential treatments applied, time of
initial treatment relative to seedling establishment, duration
of response period, effectiveness of the treatments, and mean
responses observed.

The mean effect size and associated 95% confidence
intervals for basal diameter, total height, stem volume, and
survival were, respectively, 54.7% (95% confidence limits
(lower/upper): 34.8/77.6), 27.3% (15.7/40.0), 198.7% (70.3/
423.5), and 2.9% (−5.5/11.8). Hence, FVM treatments re-
sulted in significant (P ≤ 0.05) early gains in mean tree size.
Linear correlation analysis revealed the following significant
(P ≤ 0.05) associations: (1) mean effect size for diameter
(product-moment correlation coefficient (r) = 0.74) and
volume (r = 0.48) increased with increasing TN , and (2)
mean effect size for height (r = −0.53) and survival (r =
−0.38) decreased with increasing TI . These results suggest
that early and repeated FVM treatments will yield the largest
gains in terms of mean tree size and survival.

3.2. Long-Term Effects on Yield Outcomes and Stand Operabil-
ity Status. The lower and upper limits of the 95% confidence
interval for the mean percent gain in height growth (VE) and
the corresponding mean effect age (VA), along with the mean
percent gain in survival (SE) and the associated mean effect
age (SA), were used as input to the modified CROPLANNER
model. A conventional silvicultural regime applicable to
the upland black spruce stand-type was simulated: planting
2100 seedlings per hectare on a scarified site was modeled
over a 75-year rotation for a poor-medium quality site
(site index = 14 [36]), and a 50-year rotation for a good-
excellent (site index = 18 [36]) quality site. The objective
underlying the FVM treatment was to reduce the time to
operability status as defined by site-specific piece-size and
merchantable volume productivity thresholds: 15 stems/m3

and 150 m3/ha for the lower site quality, and 10 stems/m3 and
200 m3/ha for the higher site quality. Three regimes were
assessed on each site: (1) Regime 1 consisted of an untreated
control stand in which the short-lived competitors (e.g., eri-
caceae plants, herbaceous forbs, shrubs, and small trees) were
assumed to be eventually shaded out once crown closure
status was achieved and hence the post-closure succession
pattern followed that of monospecific plantation; (2) Regime
2 was subjected to an FVM treatment in which the response
was assumed to follow the patterns described by the afore-
mentioned scripts using the results from the meta-analysis;
specifically, the (i) height growth increase was defined by
the lower limit of the 95% confidence limit, that is, VE =
15.7%, which took effect at the specified VA of 7 yr, and (ii)
survival increase was defined by the mean value derived from
all the studies (SE = 2.9%; SA = 7 yr); (3) Regime 3, similar to
Regime 2, was subjected to an FVM treatment in which the
(i) height growth response was defined by the upper limit of
the 95% confidence limit, VE = 40.0%, taking effect at the
specified VA of 7 yr, and (ii) survival increase was defined by
the mean value derived from the studies (SE = 2.9%; SA =
7 yr).

The resultant mean volume-density trajectories for each
regime within the context of the CROPLANNER-based gra-
phic are illustrated in Figures 1 and 2 for plantations situat-
ed on poor-medium and good-excellent site qualities, respec-
tively. Although the graphics can be used to derive estimates
of density, mean volume, total volume, quadratic mean
diameter, basal area, and mean live crown ratio, for any age
on a given trajectory via graphical interpolation, they are
presented so that the general stand development implications
of FVM treatments can be visualized and interpreted within
the context of the widely used stand density management
diagram. Contrasting the two diagrams reveals that the
trajectories progressed through the size-density space at
a greater rate on the good-excellent site than on the poor-
medium site, irrespectively of treatments. The divergent
mean volume-density trajectories among the regimes during
the pre-crown closure period (i.e., portion of the trajectories
that are below the crown closure line) are indicative of the
greater mortality rate arising from interspecific competition
effects within the control stands. Similarly, this differential in
survival rate is carried forward until rotation age as evident
from the separation of the control and treated trajectories
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Figure 1: Seventy-five year temporal size-density trajectories for upland black spruce plantations situated on low-medium quality sites (site
index = 14): Regime 1—no FVM treatment applied; Regime 2—FVM treatment with an expected effect of a 15.7% height gain at age 7; and
Regime 3—FVM applied with an expected effect of a 40.0% height gain at age 7. Graphically, illustrating the (1) isolines for mean dominant
height (Hd; 4–20 m by 2 m intervals), quadratic mean diameter (Dq; 4–26 cm by 2 cm intervals), and mean live crown ratio (Lr; 35, 40, 50,
. . ., 80%), and (2) crown closure line (lower boundary of the size-density space as delineated by the lower left diagonal solid line) and the
self-thinning rule (upper boundary of the size-density space as delineated by the upper right diagonal solid line).

during the post-crown closure period. In accordance with
the Type I response pattern assumed in the model, all three
regimes approached equivalence in terms of their size-den-
sity trajectories and associated yield-based productivity indi-
ces at rotation, as inferred from the approximate convergence
of the size-density trajectories. However, it was evident from
the annual progression within the trajectories that the treated
regimes experienced an acceleration in the rate of their devel-
opment during the post-treatment period.

Figure 3 illustrates the predicted mean dominant height
development with the FVM treatment effect incorporated.
Based on the Type I response pattern, (1) height growth
underwent an instantaneous acceleration at the specified
effect age (7 yr) which then declined for the remaining por-
tion of the rotation, and (2) from the point of treatment until

rotation age, the productivity as measured by site height was
always greater within the treated stands than that within the
untreated stands. This increase in the rate of stand develop-
ment resulted in crown closure occurring approximately 5 yr
earlier within the treated stands, than within the control
stands. Over the rotation, the effect of the increase in the rate
of stand development and survival was to increase site occu-
pancy and volumetric production, which translated into a
substantial reduction in the time to operability status. Specif-
ically, examining the temporal dynamics of the piece size-
age (Figure 4) and the merchantable volume-age (Figure 5)
relationships derived from the modified CROPLANNER
model, indicated that the operability thresholds for the treat-
ed and control regimes were attained at (1) ages 39 and 45
for the 15 stems/m3 piece size threshold, respectively, and
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Figure 2: Fifty-year temporal size-density trajectories for upland black spruce plantations situated on good-excellent quality sites (site index
= 18): Regime 1: no FVM treatment applied; Regime 2: FVM treatment with an expected effect of a 15.7% height gain at age 7; and Regime
3: FVM applied with an expected effect of a 40.0% height gain at age 7. Graphical denotations are given in Figure 1.
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Figure 3: Type I response pattern as reflected in the mean dominant height-age relationship for poor-medium (a) and good-excellent (b)
site qualities: Regime 1: no FVM treatment applied (solid line); Regime 2: FVM treatment with an expected effect of a 15.7% gain at age 7
(long-short dash line); and Regime 3: FVM applied with an expected effect of a 40.0% gain at age 7 (long-short-short dash line).
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Figure 4: Type I response pattern as reflected in the piece size-age
relationship for poor-medium (a) and good-excellent (b) site quali-
ties. Regime denotations are given in Figure 3. Note that the inter-
section of the horizontal dotted line denoting the specified oper-
ability criterion with a production curve indicates the earliest age at
which the piece size operability criterion is attained.

at ages 45 and 54 for the 150 m3/ha merchantable volume
thresholds, respectively, on the poor-medium quality site
(Figures 4(a) and 5(a), resp.), and (2) ages 33 and 37 for the
10 stems/m3 piece size threshold, respectively, and at ages 37
and 42 for the 200 m3/ha merchantable volume thresholds,
respectively, on the good-excellent quality site (Figures 4(b)
and 5(b), resp.). Thus relative to the untreated control
stands, the earliest time that the treated stands reached the
specified piece size and merchantable volume thresholds was
approximately 9 yr less on the poor-medium site (earliest
time at which both operability criteria were realized: 45 yr
for the treated stands versus 54 yr for the control stand),
and approximately 5 yr less on the good-excellent site (37 yr
for the treated stands versus 42 yr for the control stand).
These operability improvements suggest that substantial re-
ductions in economic rotation lengths are possible with the
application of early and repeated FVM treatments.
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Figure 5: Type I response pattern as reflected in the merchantable
volume-age relationship for poor-medium (a) and good-excellent
(b) site qualities. Regime denotations are given in Figure 3. Note
that the intersection of the horizontal dotted line denoting the
specified operability criterion with a production curve indicates the
earliest age at which the merchantable volume operability criterion
is attained.

4. Discussion

Competition from interspecific herbaceous and woody com-
petitors during the early stages of plantation development
may involve a continuum ranging from a resource depletion
to a preemption process (sensu [37]). The resource depletion
process is a symmetrical relationship in which all species
compete for belowground resources (e.g., all competitors
acquire an equal share of the available nutrients and moisture
on a per-unit size basis). Conversely, the resource preemption
process is an asymmetrical relationship in which the larger-
sized competitors acquire a greater size-proportional share
of the aboveground resources than smaller-sized competitors
(e.g., larger-sized competitors acquire a greater share of the
solar-based resources than smaller-sized competitors on a
per-unit size basis). FVM treatments are an effective method
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of minimizing the detrimental effects of these competition
processes on the crop tree population via the selective elim-
ination of interspecific competitors. However, the duration
of the effect is dependent on the effectiveness of the FVM
treatment applied in terms of reducing both the herbaceous
and noncrop woody competitors. Based on a collective re-
view of studies in the Pacific Northwest, Lake States, and
Ontario, Wagner [38] suggested that removing interspecific
woody competitors may only secure an increase in the order
of 20–30% of early crop tree volume growth potential and
hence achieving the remaining 70–80% will also require
effective control of the herbaceous vegetation.

The results of this study indicated that relative to untreat-
ed control stands, mean basal diameter, total height, stem
volume, and survival within treated stands, increased by
54.7%, 27.3%, 198.7%, and 2.9%, respectively. These res-
ponses correspond to the maximal treatment reported in
the selected studies and consequently represent the best-case
scenario, irrespective of the control mechanism employed.
These empirical results are in accordance with the scientific
consensus regarding the general effectiveness of FVM treat-
ments on conifers [8, 39]: effective removable of competing
vegetation results in initial increases in growth. The results
also indicated that early and repeated treatments yielded the
largest gains. The generalized responses are consistent with
those reported in individual experiments which did not meet
the selection criteria employed in this study. For example,
Hoepting et al. [40] reported on 15 yr results for a set of
Ontario-based black spruce plantations which were repeat-
edly treated from age 1 to 5 yr following planting. The best
treatment, consisting of a single direct foliar application of
2 kg ai/ha of glyphosate, resulted in significant (P ≤ 0.05)
gains in basal diameter and total height of 50% and 30%, res-
pectively, over untreated control plantations.

Although results from long-term empirical experiments
have yet to provide a clear picture in regards to the perman-
ency of FVM gains, the modelling approach as applied in
this study, provided insight into a plausible range of yield
outcomes at rotation under a conventional silvicultural re-
gime. Results from some of the older black spruce experi-
ments are starting to provide a preliminary perspective on
the longer-term consequences of FVM treatments. Cyr and
Thiffault [41] reported 22 yr post-treatment results for black
spruce plantations which were mechanically released in the
second year of their development. Results from this exper-
iment indicated that the initial diameter and height gains
observed at 5 yr post-treatment were still significant (P ≤
0.05), although diminished in magnitude, by age 22. Signif-
icant (P ≤ 0.05) survival gains (21.5%) were also evident;
however they were not detected at the 5 yr post-treatment
assessment. A similar pattern of decline was also reported
by Hoepting et al. [40]. Collectively, these results suggest
that untreated and treated plantations follow different
developmental trajectories and thus support the modelling
assumptions employed in this study. Specifically, in contrast
to untreated control stands, FVM-treated stands exhibit an
initial acceleration in growth which dissipates in magnitude
over time.

Modelling has been used to project the consequences of
yield gains arising from FVM treatments given the general
lack of long-term experimental response data. The efforts
have involved the employment of process-based and empiri-
cal models (e.g., benchmark yield curves [42]; forest vegeta-
tion simulator [43]). The approach utilized in this study con-
sisted of modifying the CROPLANNER simulation model
in order to account for changes in height growth and sur-
vival arising from FVM treatments through adjustments to
the height growth and mortality elements of the model.
These modifications were consistent with the postulated
long-term effects of FVM treatments: a temporary increased
in the rate of stand development and a reduction in the
occurrence of suppression-related mortality during the pre-
crown closure stage of stand development. Specifically, under
the assumption that the response in height growth follows
a Type I pattern after FVM treatments are applied, the
site-based height-age function was modified accordingly.
Although empirical-based results from long-term experi-
ments for boreal species are currently insufficient in regards
to empirically testing this assumption, early remeasurement
data [41] and rotation length observations from other forest
regions [44] do not contradict the hypothesis that FVM
treatments result in an instantaneous increase in growth
which dissipates over time.

The modeling approach proposed in this study is similar
to procedure employed by South et al. [45] to project long-
term yield gains of loblolly pine (Pinus taeda L.) arising from
FVM treatments. A graphical age-shift adjustment was made
to the volume-age production curve in which the treated
stand artificially advanced along the function for a speci-
fied number of years. This adjustment reflected the FVM
treatment-induced acceleration in the rate of stand develop-
ment which effectively resulted in a reduction in the time
required to attain a specified volume threshold. Supporting
empirical data consisting of 20 yr remeasurement data deriv-
ed from 11 FVM studies revealed that the percentage dif-
ference in merchantable volume production between control
and treated stands declined with age.

In addition to the Type I response in which the carrying
capacity of a site is not increased due to treatment, Type
II and III responses patterns in which carrying capacity
increases and decreases, respectively, have been postulated
for some specific species and site conditions. Richardson [44]
hypothesized that radiata pine (Pinus radiata D. Don) may
exhibit a Type II pattern in situations where a competitor
which is tolerant to low light conditions and competes aggre-
ssively for below ground resources (i.e., symmetric competi-
tion for moisture and nutrients) remains in the control stand
until rotation. This ultimately could result in the degradation
of site quality and result in a decline in the carrying capacity
of the untreated control stand, relative to the treated stand.
Conversely, a Type III pattern could conceivably arise in cases
where a light intolerant competitor rapidly establishes itself
on a control site and acquires the below ground resources
that would normally be lost to leaching. Subsequently at the
time of crown closure, the competitor could release these
conserved nutrients upon decomposition, resulting in an
increase in the rate of stand development. Thus in this situa-
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tion, productivity may actually increase in the untreated
stand relative to the treated stand. However, irrespective of
these theoretical alternative response patterns, the existing
empirical evidence largely supports the applicability of the
Type I response pattern for modeling the yield consequences
of FVM treatments (e.g., [41, 44]).

The modelled increase in survival until the point of
crown closure for the treated stands assumes that the benefit
of avoiding mortality of the crop tree species will only last
until crown closure occurs. Considering that the principal
competition on boreal sites has been characterized as consist-
ing of short-lived ericaceae species (e.g., Kalmia angustrifolia
L., Labrador tea (Rhododendron groenlandicum (Oeder) K.
A. Kron and Judd), and blueberries (Vaccinium spp.)) which
compete symmetrically for below-ground resources, and
herbaceous forbs (e.g., fireweed (Epilobium angustifolium
L.), small shrubs (e.g., red raspberry (Rubus idaeus L.), and
small trees (e.g., mountain maple (Acer spicatum Lamb.),
beaked hazel (Corylus cornuta Marsh.), and pin cherry
(Prunus pensylvanica L. F.)) which compete asymmetrically
for above-ground resources [16, 46], this was a reasonable
assumption. Given that long-term experimental results are
lacking to test this assumption and early survival gains re-
ported during the pre-crown closure period are often charac-
terized by considerable variation in terms of their magnitude
and duration (e.g., [29, 41, 47]), the use of a constant but
developmental-limited mortality rate (until crown closure)
to account for survival differences, was considered a prudent
approach.

The CROPLANNER simulation model used in this study
does not explicitly account for the potential effect of compet-
ing vegetation on succession patterns within untreated
stands. Basically, the model assumes that once crown closure
is achieved, the competitors will be eventually shaded out
and the untreated stand will return to a mostly monospecific
condition (e.g., >90% black spruce in terms of basal area).
Consequently, this assumption is only realistic if the popu-
lation of competitors is comprised of short-lived ericaceous
species, herbaceous forbs, small shrubs, and (or) small trees.
Conversely, if woody competitors remained within the con-
trol plantations following crown closure (e.g., ≥10% of the
basal area composed of interspecific woody competitors,
such as trembling aspen (Populus tremuloides (Michx.)) and
white birch (Betula papyifera (Marsh.)), then the uses of the
model would result in an under estimation of the effects the
FVM treatments. Bell et al. [42] attempted to project the
long-term effects of FVM treatments on black spruce volume
productivity using observed differences in net merchantable
volume, diameter, density, and species composition between
treated and control stands at 10 yrs post-treatment, in com-
bination with a set of empirical benchmark yield curves. The
assumption that species composition remained static from
age 10 to a rotation age (60 yr) was implemented. The results
suggested that the large differences in species composition
at year 10 greatly influence the merchantable yield out-
comes at year 60: the preferred net merchantable conifer vol-
ume on the treated plots was 152% (minimum–maximum:
−55 to 670%) greater than that projected for the control plots

(n, values derived from the Nipigon Hele and Nipigon Cor-
rigal experiments as reported in Table 7 of Bell et al. [42]).
Similarly, Homagain et al. [43] employed the forest vegeta-
tion simulator in combination with a bucking algorithm to
project 70 yr rotational effects of FMV treatments, in order to
conduct a cost and benefit analysis for these same two experi-
ments. Although the projection period differed by only 10
years between the studies (60 yr in Bell et al. [42] versus
70 yr in Homagain et al. [43]), the estimated merchantable
yields were different. Homagain et al. [43] reported that the
net merchantable preferred conifer volume on the treated
plots was only 29% (minimum–maximum: 22–41%) greater
than that projected for the control plots (n, values derived
from the Nipigon Hele and Nipigon Corrigal experiments as
reported in Table 3 of Homagain et al. [43]). These differe-
nces highlight the variation in outcomes that can arise when
using different modeling approaches and assumptions. The
approach utilized in this study, in which FVM treatment
effects are explicitly modelled in terms of height and survival
gains based on a Type I response pattern, represents an alter-
native approach to modeling the long-term effects of FVM
treatments. Nevertheless, although modeling provides a pla-
usible range of outcomes to FVM treatments, the rotational
consequences of FVM treatments will not be fully ascertained
until remeasurement data from long-term experiments be-
come available.

5. Conclusion

The results and associated inferences of this study clearly
illustrated the important role FVM treatments can play in
minimizing the negative yield consequences of interspecific
competition on black spruce. Consequential gains in basal
diameter, total height, stem volume, and survival were evi-
dent within the initial post-treatment period and when, pro-
jected over the rotation, resulted in gains in stand-level oper-
ability. However, the modelling assumptions used in these
long-term projections still require empirical validation and
hence these rotational effects should be considered tentative.
Remeasurement data derived from long-term experiments
are required to fully understand the growth response pattern
and the magnitude of the yield gains possible through FVM
treatments. Irrespective of the evolving shift from phytocidal
chemicals to various nonchemical treatment alternatives [17,
47], the challenge of maintaining coniferous forest cover on
recently distributed sites, attaining statutory-defined free-to-
grow status, and ensuring long-term productivity, suggests
that FVM will continue to be an essential silvicultural treat-
ment option.
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