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Abstract: Glyphosate herbicide is widely used to control bluejoint reedgrass (Calamagrostis canadensis
(Michx.) Beauv.), trembling aspen (Populus tremuloides Michx.), and other competing species in
regenerating white spruce (Picea glauca (Moench) Voss) plantations in Alberta, Canada. In 2004,
we initiated a study to examine the effects of the aerial application of glyphosate herbicide on plant
community diversity and tree growth near Calling Lake, Alberta. Four treatments were applied:
(a) no treatment (control); (b) herbicide application in the first growing season after harvesting;
(c) herbicide application in the third growing season after harvesting; and (d) herbicide application in
the second and fourth growing seasons after harvesting (two treatments). After 11 growing seasons,
species richness was not significantly affected by treatment, while Shannon and Simpson index values
were highest in areas treated with herbicide in the first growing season. Herbicide treatment did
not have a significant effect on the cover of bluejoint reedgrass after 11 growing seasons, but did
significantly reduce trembling aspen and paper birch cover and height. Application of glyphosate in
the second and fourth growing seasons resulted in the greatest reductions to aspen cover and height,
as well as significant increases in spruce diameter at age 11. Simulations with the Mixedwood Growth
Model indicate that all tested herbicide treatments will reduce aspen volume while increasing spruce
volume at age 90, with the largest impacts evident where two treatments were applied.
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1. Introduction

Management of competing vegetation is widely practiced in regenerating Canadian forests
because it has been repeatedly shown to improve survival and growth of planted and naturally
regenerated coniferous trees [1]. Mechanical treatments, herbicide application, cutting or pulling,
and livestock grazing are all commonly used to provide vegetation control in Canadian forests [1].
Aerial herbicide treatments are often the least expensive option [2] and herbicide treatments generally
have been shown to provide more effective reductions in competition and longer duration of control
than alternatives [3]. Glyphosate-based herbicides in particular are used widely in many regions of
Canada because they provide effective control of a range of shrubs, forbs, and grasses, and can be
applied over regenerating and residual conifers at moderate to low rates without causing damage.
However, use of a broad-spectrum herbicide such as glyphosate that has the potential to kill or
suppress many plant species has given rise to concern about potential impacts on plant community
diversity and composition in treated forests, as well as possible larger scale impacts to other organisms,
the ecological services provided by the forest, and long-term forest productivity [4].
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In Alberta’s boreal forests, bluejoint reedgrass (Calamagrostis canadensis (Michx.) Beauv.), trembling
aspen (Populus tremuloides Michx.), and other vegetation are often considered barriers to optimal
growth and survival of white spruce (Picea glauca (Moench) Voss) plantations. Glyphosate herbicide
is a common vegetation management tool that has been demonstrated to improve survival and
growth of young conifers and increase the chances of successfully achieving the province’s mandatory
regeneration standards. In Alberta, a total of 470,000 ha received chemical release treatments during
the 15-year period ending in 2015 [5]. These release treatments primarily involved aerial application of
glyphosate herbicides. In some cases, two treatments, timed 2 or 3 years apart, have been applied to
cutover areas to control competing vegetation in young spruce plantations.

For forestry use in Canada, glyphosate herbicide is currently sold under tradenames such as
Vision® and Vantage®. It is a broad-spectrum herbicide that is absorbed primarily through leaf surfaces
and kills plants by interfering with the synthesis of certain amino acids [6]. Damage to coniferous
species such as white spruce, Douglas-fir, and lodgepole pine is avoided by applying glyphosate in
late summer when active growth of leaves and buds has ceased and the leaves have developed a
waxy cuticle, and also by applying the herbicide at appropriate rates. Broadleaf trees and shrubs,
herbs, and grasses, however, are still effectively controlled by treatment at this time of year and
at these rates. Optimal timing and rates of application have been determined through local field
experiments. Its relatively low toxicity to animals and people, the fact that it does not persist or
move in the environment [6], and its effectiveness have led to the widespread use of glyphosate for
vegetation management in some regions of Canada [7].

While short-term reductions in total vegetation cover are typically observed following herbicide
treatments, several studies show that a single application of glyphosate in boreal spruce plantations
can either increase or have no effect on plant community diversity [8–13]. However, these studies
generally report decreases in woody cover and increases in herbaceous cover following herbicide
treatments. This trend has generally been attributed to the initial reduction in abundance of the
dominant competitive species, such as bluejoint reedgrass and trembling aspen [12,13], which provides
the other species on site a period with low levels of competition.

The timing of herbicide application also appears to affect plant community diversity and
composition, as well as growth of coniferous tree species. Results from studies in eastern Canada
indicate that conifers generally show greater growth responses to early (e.g., site preparation before
tree planting) treatments than to delayed treatments [14,15]. However, a study in Manitoba, Canada,
showed no effects of age of treatment (between 1 and 5 years after planting) on growth of white
spruce, black spruce, or jack pine resulting from a single aerial application [16]. In this experiment,
the response was attributed to the replacement of woody vegetation by herbs and grasses following a
single herbicide treatment [16]. Information on potential impacts of herbicide application timing or
frequency (one vs. two applications) on plant community diversity and conifer survival and growth
in the boreal forests of western Canada is limited, and there are no published studies dealing with
herbicide treatment effects on plant community diversity in Alberta spruce plantations.

In 2004, we initiated this study to examine: (1) the effects of timing of a single glyphosate
treatment on vegetation cover, plant community diversity, and spruce growth; and (2) the effects of two
treatments compared to a single treatment on vegetation cover, plant community diversity, and spruce
growth. Our working hypotheses were that: (1) a single herbicide treatment would cause a temporary
reduction in vegetation cover, but would not reduce plant community diversity, and would increase
spruce growth; (2) two herbicide treatments would provide longer-term reductions in vegetation
cover, would reduce plant community diversity, and would result in larger increases in spruce growth
compared to a single treatment; and (3) timing (age) of treatments would result in different densities of
aspen, with treatments at later ages resulting in lower aspen densities.
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2. Materials and Methods

2.1. Study Site

This study used a randomized block design with each of four treatments replicated between three
and six times across five sites. Five recently harvested areas located west of Calling Lake, Alberta,
(55◦27’36” N 113◦15’0” W) were selected for the study (Figure 1). The five sites are ecologically similar
(with mesic (5) to subhygric (6) soil moisture regimes, medium (C) to rich (D) nutrient regimes) and
located in the Central Mixedwood Natural Subregion. The areas were all characterized as belonging to
the lowbush cranberry Sw (d3) ecosite phase [17] based on preharvest assessments (Table 1). Soils in
all plots are Brunisolic Grey Luvisols.
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Table 1. Description of the five blocks used for the study, based on preharvest assessment information
for the blocks.

Block Elevation (m) Ecosite Phase 1 Soil Moisture Regime Soil Nutrient Regime Soil Drainage Humus Form

175 652 lowbush cranberry Sw Subhygric Medium Imperfectly Moder
178 650 lowbush cranberry Sw Subhygric Rich Imperfectly Moder
185 667 lowbush cranberry Sw Mesic Medium Imperfectly Moder

187a 638 lowbush cranberry Sw Mesic Medium Moderately Well Moder
187b 634 lowbush cranberry Sw Mesic Medium Imperfectly Moder

1 Ecosite classification and characterization follows Beckingham and Archibald [17].

In order to evaluate the impacts of operational aerial herbicide treatments, a minimum treatment
plot size of 2.0 hectares (100 m × 200 m) was required. As a consequence, achieving the desired levels
of replication (minimum of three replicates of each treatment) within a single block was not feasible.
Sites selected for this study were harvested between February 2003 and March 2004. The layout and
assignment of treatment plots was completed in May 2004, and white spruce (1600 stems per hectare
(SPH)) was planted in July of the same year. A single stock type and local seedlot (1 + 0 PSB 412
summer planted stock) was used in all blocks.
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2.2. Treatments

We evaluated four treatments: (a) untreated (control); (b) aerial application of glyphosate in 2004;
(c) aerial application of glyphosate in 2006; and (d) aerial application of glyphosate in 2005 and 2007
(two applications). Due to flooding of some plots after establishment of the study and some plots
receiving patchy treatments, we had three replications for treatments b and d, four replications for
treatment c, and five replications for treatment a.

All treatments involved the application of Vision® (glyphosate) herbicide at a rate of 6.0 L/ha of
product, diluted in 44.0 L of water for a total spray volume of 50.0 L/ha, which is equivalent to 2.1 kg
active ingredient per ha. The herbicide treatment was completed by Western Aerial Applicators using
a Lama helicopter with spray booms fitted with Accuflow nozzles.

2.3. Measurements

We established one 30 m × 30 m monitoring plot near the center of each treatment plot in May
of 2004. Each 30 m × 30 m plot was divided into four 15 m × 15 m quadrants. Thirty-six grid points
were established within each plot with 5.0 m between grid points.

Vegetation assessments (ocular estimates of % cover and modal height estimates for each vascular
plant species) were completed in the northeastern 15 m × 15 m quadrant of each monitoring plot in
midsummer of 2014. Species, % cover, distribution, and modal height were recorded for all species found
within the quadrant, including trees (A), tall shrubs (B1), low shrubs (B2), forbs (C), and graminoids
(grasses, sedges, and rushes) (G). All plants except Salix and Carex species were identified to species.
Species richness (number of species present in each plot), Shannon’s H’, and Simpsons index were
calculated from these quadrants as described by McCune and Grace [18].

To provide data on density and height of all tree species, four 3.99 m radius subplots plots were
established in each plot, with plot centers located at the center of each of the four quadrants of the
main plot. Modal height and number of stems were recorded for germinants, seedlings, and saplings
of each tree species.

At each of the 36 grid points within each monitoring plot (5 m spacing), the closest planted white
spruce seedling was selected and marked in 2004 for measurement. Height, ground level diameter
(GLD), and vigor were measured and recorded for each marked tree in midsummer 2014.

2.4. Data Analysis

Data were analyzed assuming a randomized block design using univariate Analysis of Variance in
SAS V9.3 (SAS Institute, Cary, NC, USA). We used α = 0.10 to indicate statistical significance. Tree and
vegetation responses were analyzed using block and plot as random factors and treatment as a fixed
factor. Normality of data was evaluated graphically prior to analysis, with results indicating that data
transformations were not required. Where analysis of variance indicated significant treatment effects
(p < 0.10), Tukey’s multiple comparisons for differences (HSD; honestly significant difference test) were
used to group treatments. In addition, MRPP (multi-response permutation procedures) was used to
test for differences in species composition between treatments, and indicator species analysis (ISA) was
used to determine the indicator value of each species. These multivariate analyses (MRPP and ISA) were
completed using PC-Ord 6 [19] using Sorensen distance and following Peck [20]. Natural weight was used
for MRPP. For ISA, indicator values were calculated following Equation (1) in Dufrene and Legendre [21].

2.5. Mixedwood Growth Model Simulations of Potential Yield

To estimate the longer-term outcomes of these treatments, we used the Mixedwood Growth Model
(MGM) [22] to predict aspen and spruce volumes in the study plots 90 years post-harvest. We used
number of trees per hectare, average tree height, and standard deviations of height for each species in
each plot to initialize the model. Aspen site index (base age 50) was set to 22 m and spruce site index
(base age 50) was set to 20 m based on average site index values for these ecosites [17].
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3. Results

3.1. Plant Community Responses

In 2014, 77 vascular plant species were observed in the study plots. While small amounts
(<1% cover) of two non-native species (dandelion (Taraxacum officinale L.) and white clover
(Trifolium repens L.)) were found in four and two plots, respectively, all other recorded species were
native to forests of the region.

Species richness ranged from 27.8 (untreated) to 32.7 (2004 treatment) but was not significantly
affected by treatment (Table 2). The 2004 treatment had significantly higher Shannon index values
than the untreated and had significantly higher values for Simpson’s index than the 2006 or
2005 + 2007 treatments. The 2006 treatment had a significantly lower value for Simpson’s index than
the untreated, but did not differ significantly for the Shannon index. The 2005 + 2007 treatment had
significantly lower values for the Shannon and Simpson’s indexes compared to the 2004 treatment,
but did not differ significantly from the untreated or the 2006 treatment.

MRPP results (Table 3) indicated significant differences in species composition between the
untreated and the 2004 treatment but not between the untreated and other treatments. No differences
were evident between the 2004 and 2006 treatments, however, the 2005 + 2007 treatment differed from
both the 2004 and 2006 treatments.

Table 2. Effects of treatments on plant community diversity index values at age 11. Standard deviation
is shown in brackets () beside each mean. Where Analysis of Variance indicates significant treatment
effects (p < 0.10) (indicated in bold), letters are used to indicate differences between treatments
determined using Tukey’s HSD test.

Index Overall Mean p
Treatment

Untreated 2004 2006 2005 + 2007

Richness (S) 30.8 0.1766 27.8 (3.8) 32.7 (5.5) 32.5 (3.1) 31.3 (6.9)
Shannon (H’) 2.61 0.0305 2.57 (0.18) b 2.87 (0.04) a 2.55 (0.22) b 2.54 (0.19) b
Simpsons (D) 0.86 0.0085 0.88 (0.04) ab 0.91 (0.01) a 0.82 (0.07) c 0.83 (0.03) bc

Table 3. Results from multi-response permutation procedures (MRPP) analysis of plant community
data collected in 2014 (* = significant at α = 0.05; ** = significant at α = 0.01).

Observed δ Expected δ Variance of δ Skewness of δ T p A

Overall 0.4724 0.5117 0.0003447 −0.5062 −2.1198 0.028 * 0.0769

Pairwise Comparisons

untreated (a) vs. 2004 (b) −1.9938 0.040 * 0.1010
untreated (a) vs. 2006 (c) −0.7526 0.204 0.0411

untreated (a) vs. 2005 + 2007 (d) −0.8756 0.176 0.0320
2004 (b) vs. 2006 (c) 1.3267 0.935 −0.0583

2004 (b) vs. 2005 + 2007 (d) −3.3040 0.005 ** 0.1156
2006 (c) vs. 2005 + 2007 (d) −2.2280 0.025 * 0.0766

Indicator species analysis (Table 4) suggests that the major differences between treatments were in
cover of paper birch (BETUPAP; Betula papyrifera), cover and frequency of trembling aspen (POPUTRE;
Populus tremuloides), and cover and frequency of woodland horsetail (EQUISYL; Equisetum sylvaticum).
Paper birch abundance was higher in the 2004 treatment than in the other treatments. Trembling
aspen abundance was highest in the untreated, lower in the 2004 treatment, and substantially lower
in the 2006 and 2005 + 2007 treatments. While aspen frequency was 100 percent in the untreated and
the 2004 treatment, it was reduced by the 2006 and the 2005 + 2007 treatments. Woodland horsetail
abundance and frequency was higher in the 2004 treatment compared to other treatments.
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Table 4. Summary of results from indicator species analysis including only species with p < 0.2 for Monte Carlo test results. Full species names are provided in
Appendix A. Species with significant (p < 0.1) indicator values are shown in bold.

Relative Abundance in Group Relative Frequency in Group Indicator Values for Group MONTE CARLO Test Results

Treatment: un 2004 2006 2005 + 2007 un 2004 2006 2005 + 2007 un 2004 2006 2005 + 2007
Indicator Value (IV)

IV from Randomized Groups
Number of Plots: 5 3 4 4 5 3 4 4 5 3 4 4 Mean S. Dev. p

Species
ABIEBAL 7 74 0 19 20 67 0 50 1 49 0 9 49.4 31.5 14.91 0.1494
BETUPAP 14 69 9 8 100 100 100 100 14 69 9 8 69.4 46.6 8.04 0.0038
POPUTRE 67 30 2 1 100 100 75 50 67 30 1 1 67.1 38.1 8.85 0.0012

SALIX 5 50 27 17 40 100 100 25 2 50 27 4 50.1 35.2 11.2 0.123
CORNSTO 0 100 0 0 0 33 0 0 0 33 0 0 33.3 24.8 4.52 0.176
RIBEGLA 0 100 0 0 0 33 0 0 0 33 0 0 33.3 25 4.58 0.1886
ANEMRIP 0 0 0 100 0 0 0 50 0 0 0 50 50 22.8 13.83 0.124
ASTECIL 10 45 33 12 80 100 75 100 8 45 25 12 44.6 37.3 7.69 0.1902
EQUISYL 18 53 17 11 80 100 75 50 15 53 13 6 53.2 37.8 9.84 0.046
HIERUMB 0 0 0 100 0 0 0 50 0 0 0 50 50 22.8 13.83 0.124
LYCOOBS 0 100 0 0 0 33 0 0 0 33 0 0 33.3 25 4.55 0.1832

MAIACAN 29 43 14 14 80 100 75 75 24 43 10 10 42.9 38.3 8.97 0.1742
MERTPAN 20 44 25 11 60 100 75 75 12 44 19 8 43.9 36 8.9 0.1938
POAPAL 0 0 100 0 0 0 50 0 0 0 50 0 50 22.7 13.83 0.1212

Relative Abundance in Group = average abundance of the species in a given group of plots divided by the average abundance of that species across all plots expressed as a %; Relative
Frequency in Group = % of plots in each group where the species is present; Indicator Values for Group = combined values for relative abundance and relative frequency; MONTE CARLO
Test Results = significance of observed maximum indicator value for response (4999 permutations).
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3.2. Vegetation Cover

None of the herbicide treatments had a significant effect on cover of bluejoint reedgrass (p = 0.632)
or woodland horsetail (p = 0.239) in 2014 (Table 5). Paper birch cover was significantly (p < 0.01) higher
in the 2004 treatment compared to the untreated, 2006, and 2005 + 2007 treatments. Aspen cover was
significantly (p < 0.01) reduced by the 2006 and 2005 + 2007 treatments compared to the untreated and
the 2004 treatment, and aspen cover in the 2004 treatment was significantly lower than in the untreated.
This is consistent with results from the indicator species analysis for aspen.

Table 5. Effects of treatments on cover of selected species. Standard deviation is shown in brackets ()
beside each mean. Where Analysis of Variance indicates significant treatment effects (p < 0.10), p values
are shown in bold and bold letters are used to indicate differences between treatments determined
using Tukey’s HSD test (p < 0.10).

Species Overall Mean p
Treatment

Untreated 2004 2006 2005 + 2007

Picea glauca 7.2 0.778 4.8 (2.3) 6.7 (2.9) 6.8 (6.9) 11.2 (7.5)
Betula papyrifera 5.7 <0.01 3.6 (4.0) b 18.3 (10.4) a 2.5 (3.0) b 2.0 (2.0) b

Populus balsamifera 2.7 0.551 6.0 (13.4) 0.0 0.5 (0.6) 3.0 (4.7)
Populus tremuloides 11.0 <0.01 27.0 (5.7) a 12.0 (9.8) b 0.8 (0.5) c 0.5 (0.6) c

Salix spp. 1.6 0.129 0.4 0.5) 3.7 (2.3) 2.0 (2.0) 1.3 (2.5)
Cornus canadensis 3.5 0.813 4.4 (3.7) 4.3 (3.1) 3.3 (4.5) 2.0 (2.0)

Calamagrostis canadensis 27.8 0.632 27.0 (7.6) 21.7 (5.8) 30.0 (16.8) 31.2 (8.5)
Equisetum sylvaticum 1.0 0.239 0.8 (0.4) 2.3 (2.3) 0.8 (0.5) 0.5 (0.6)

Treatment effects on percent cover of each growth form (assessed in four 3.99 m radius subplots
established in each 30 × 30 m monitoring plot) are summarized in Table 6. Significant treatment effects
are evident for deciduous tree cover (A_DEC), and low shrub (B2) cover, but not for the tall shrub (B1),
forb (C), or graminoid (G) cover. The 2006 and the 2005 + 2007 treatments caused significant reductions in
cover of deciduous trees (A_DEC), with mean deciduous cover of 36% in the untreated compared to 7% in
the 2006 and 2% in the 2005 + 2007 treatment. For low shrubs (B2), only the 2005 + 2007 (11%) treatment
had significantly lower cover than the untreated (29%). Treatments did not have significant effects on the
cover of herbs (C) or graminoids (G; grasses, sedges, and rushes).

Table 6. Effects of treatments on the cover of each of the major growth forms for each year of
measurement. Standard deviation is shown in brackets () beside each mean. Where Analysis of Variance
indicates significant treatment effects (p < 0.10), p values are shown in bold and bold letters are used to
indicate differences between treatments determined using Tukey’s HSD test (p < 0.10). Growth forms:
A_Dec = deciduous tree layer; B1 = tall shrubs; B2 = low shrubs; C = Herbs and Forbs; G = grasses, sedges,
and rushes.

Growth Form Overall Mean p
Treatment

Untreated 2004 2006 2005 + 2007

A_DEC 20 0.0017 36 (12) a 27 (8) a 7 (8) b 2 (1) b
B1 3 0.8612 4 (4) 3 (3) 2 (2) 2 (3)
B2 22 0.0071 29 (14) a 22 (12) a 20 (11) ab 11 (6) b
C 32 0.4690 29 (15) 40 (24) 35 (24) 25 (13)
G 29 0.7763 28 (7) 27 (11) 33 (14) 30 (6)

3.3. Aspen Height and Density

Aspen height in 2014 was significantly lower in the 2006 and 2005 + 2007 treatments compared to
the untreated (Table 7). Modal aspen height was approximately 4.5 m in the untreated, compared to
only 1.8 m in the 2005 + 2007 treatment. The 2004 and 2006 treatments resulted in heights that were
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intermediate between these treatments. At age 11, aspen densities were significantly lower in the
2004 treatment than the untreated, and the 2006 and 2005 + 2007 treatments had significantly lower
aspen densities than the untreated and 2004 treatment (Table 7).

Table 7. Effects of treatments on aspen modal height and density in 2014. Standard deviation is
shown in brackets () beside each mean. Where Analysis of Variance indicates significant treatment
effects (p < 0.10), p values are shown in bold and bold letters are used to indicate differences between
treatments determined using Tukey’s HSD test (p < 0.10).

Measurement Overall Mean p
Treatment

Untreated 2004 2006 2005 + 2007

Modal Height (cm) 327.8 0.0078 446.3 (128.0) a 328.8 (129.3) ab 210.0 (128.6) b 181.0 (126.1) b

Density (stems/ha) 5098 <0.0001 11725 (3397) a 5667 (3374) b 1338 (1871) c 150 (397) c

3.4. Spruce Growth and Survival

There were no significant effects of treatments on spruce height (Table 8). However, ground level
diameter (GLD) was significantly larger for white spruce in the 2005 + 2007 treatment compared to
those in the untreated and the 2004 treatments. Spruce HDR (height to diameter ratio) was significantly
lower for the 2006 and 2005 + 2007 treatments compared to the untreated and the 2004 treatment. Spruce
survival averaged 73% across all treatments and there were no significant differences among treatments.

Table 8. Effects of treatments on spruce mean diameter (GLD), height, height:diameter ratio (HDR),
and survival. Standard deviation is shown in brackets () beside each mean. Where Analysis of Variance
indicates significant treatment effects (p < 0.10), p values are shown in bold and bold letters are used to
indicate differences between treatments determined using Tukey’s HSD test (p < 0.10).

Overall Mean p
Treatment

Untreated 2004 2006 2005 + 2007

Spruce GLD (mm) 37.03 0.0531 27.57 (12.34) b 32.73 (13.87) b 37.45 (16.55) ab 51.50 (15.85) a

Spruce Height (cm) 193.1 0.7400 173.8 (68.7) 195.5 (66.4) 182.9 (75.3) 223.2 (69.4)

Spruce HDR 56.2 0.0004 65.5 (12.2) a 63.1 (14.2) a 50.8 (10.8) b 44.1 (7.6) b

Spruce Survival 0.7309 0.2480 0.706 (0.097) 0.833 (0.073) 0.674 (0.092) 0.743 (0.133)

3.5. Yield Implications

MGM predictions of yield at age 90 (Table 9) showed that there was a significant treatment effect
on both spruce and aspen volumes, but not on total (both species) stand volume. Spruce volume was
predicted to be lowest in the untreated, intermediate in the 2004 and 2006 treatments, and largest in
the 2005 + 2007 treatment. In contrast, aspen volume was predicted to be highest in the untreated and
significantly smaller in the 2005 + 2007 treatment than in the untreated and 2004 treatment. Predicted
total volume did not differ significantly (p = 0.1491) between treatments.
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Table 9. Merchantable volume of aspen and spruce (30 cm stump, 13 cm minimum DBH (Diameter at
1.3 m height), and 10 cm minimum top diameter) at age 90 for each treatment based on Mixedwood
Growth Model (MGM) simulations run for each plot. Where Analysis of Variance indicates significant
treatment effects (p < 0.05), bold letters are used to indicate differences between treatments determined
using Tukey’s LSD test.

Treatment Spruce Volume (m3/ha) Aspen Volume (m3/ha) Total Volume (m3/ha)

untreated 159.4 c 298.5 a 457.8
2004 234.2 b 223.0 b 458.2
2006 273.3 b 101.8 bc 375.1

2005 + 2007 326.5 a 3.4 c 329.9
p 0.001 0.0204 0.1491

4. Discussion

Herbicide treatments significantly reduced trembling aspen cover, height, and density, as well as
low shrub cover in this boreal ecosystem. Similar reductions in broadleaf tree cover have been reported
for other northern forests [9,23–26]. Other studies [9,11,27] have also reported reductions in shrub
cover following glyphosate application. In our study, a single application of glyphosate resulted in a
non-significant reduction in low shrub cover, while two glyphosate applications significantly reduced
low shrub cover relative to untreated areas.

The effects of herbicide treatments on trembling aspen increased with age of the regenerating stand
at the time of treatment. Our study showed that one glyphosate application in the third growing season
after harvesting reduced aspen density by 89% and deciduous tree cover by 81% compared to untreated
areas, while application in the first year following timber harvesting resulted in a 52% reduction in
aspen densities and a 25% reduction in deciduous tree cover relative to untreated areas. Two herbicide
treatments reduced aspen density by 99% and deciduous tree cover by 94%. Newton et al. [23] reported
similar results indicating substantial reductions in hardwood tree cover following application of
glyphosate 2 years after harvesting. Results shown in Fu et al. [16] from two sites in northern Manitoba,
Canada, also illustrate similar outcomes. Our study also suggests that two treatments, spaced 2 years
apart, should result in the almost complete removal of aspen in treated areas and will likely lead to early
development of a pure spruce stand. This finding is consistent with results from other studies where
repeated herbicide applications reduced the volume of aspen and other deciduous tree species while
increasing spruce volume [28]. Where two or more herbicide treatments are being applied, it may be
desirable to plan intentional leave areas that do not receive any treatment (skips and patches) in order
to retain some aspen within treated stands. While care should be exercised in the extent of conversion
of regenerating mixed forests to pure young spruce stands due to the potential benefits of deciduous
species on nutrient availability [29] and diversity of habitats, it is also important to prevent the complete
loss of pure spruce types. While planting spruce and applying herbicides offers one successful and
effective approach for achieving this outcome, alternatives that more closely emulate natural succession,
such as leaving significant green tree retention following timber harvesting or carrying out group
shelterwood or selection harvesting, including understory protection [30], should be considered as
potential forest management alternatives for many mixedwood forest sites.

Species richness and the Shannon index did not differ between treated and untreated areas,
indicating the small potential for impacts to plant community diversity resulting from operationally
applied herbicide treatments, which is consistent with findings of several other studies [12,27,31].
Haeussler et al. [13] report the potential for increases in species richness and other diversity indexes
following herbicide treatment, which was also evident in our study when the single treatment applied
in 2004 was compared to untreated areas. Our study further indicates that later herbicide treatments
or two herbicide applications does not result in significant changes in diversity compared to untreated
areas. Increases in the Shannon index resulting from the single early (2004) treatment over values
observed for the untreated and the 2005 + 2007 treatment are consistent with the intermediate
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disturbance hypothesis [4,32], while richness showed a neutral effect. Simpsons’ index had an
intermediate response with no difference between the untreated and the single early treatments,
and a decrease in Simpsons’ index observed with repeated or later treatment.

Overall, survival of the planted white spruce was reasonably high across the study. The slow
diameter response to removal of competition is typical for white spruce in a boreal environment.
However, the benefits of two herbicide treatments were evident, as diameter in this treatment was
nearly double that of the untreated areas 11 years after planting. Other studies have reported consistent
findings; for instance, Comeau [33] reported that spruce diameter increment following triclopyr
herbicide treatment was 1.8 times that of control plots, while triclopyr treatment increased stem
volume index by 1.7 times. Bell et al. [28] reported similar increases in spruce volume ten years after
aerial triclopyr treatment. On similar sites to those examined in this study, Pitt et al. [25] observed
43% gains in diameter 5 years after herbicide treatment.

The lack of a height growth response for white spruce is consistent with other studies that indicate
reductions in height growth of this moderately shade tolerant species are only likely when levels
of overtopping competition are very high [34]. Pitt et al. [25] also observed no significant increase
in average spruce height when treated and untreated sites were compared 5 years after herbicide
treatment. While early herbicide treatments can often lead to stronger growth responses of coniferous
tree species due to an increase in the period of competition-free growth [15], the effects of treatment
timing on deciduous densities and on herbaceous competition may confound this outcome.

Reductions in aspen density following herbicide application are likely to have long-term impacts
on spruce growth. At age 11, aspen were about 150% of the height of spruce in the 2004 treatment,
slightly taller than spruce in the 2006 treatment, and shorter than spruce in the 2005 + 2007 treatment.
In untreated areas, aspen were over 2.5 times the height of white spruce seedlings. The shorter aspen
heights in areas treated with herbicide, in conjunction with lower aspen densities in the 2006 and
the 2005 + 2007 treatments, are expected to lead to greater differences in spruce growth over the
ensuing decades. This expectation was confirmed by the results of the Mixedwood Growth Model,
which predicted spruce volume in the 2005 + 2007 treatment to be over twice that of the untreated
areas (326.5 m3/ha vs. 159.4 m3/ha) at age 90 (Table 9).

The projected effects of glyphosate treatments on aspen yields are consistent with results from
the Fallingsnow experiment [32], with repeated treatments increasing spruce and decreasing aspen
volumes beyond those achieved by a single aerial herbicide treatment. Based on the results of our
study, as well as the work of others, it is evident that, if the forest management objectives are to replace
harvested conifer volumes and restore a conifer-dominated stand by age 90 while maintaining a
component of trembling aspen in the mature stand, treatment in the third year may be ideal, while two
herbicide applications (e.g., in the second and fourth years) creates conditions where spruce can grow
at levels that are close to full potential.

5. Conclusions

Application of glyphosate herbicide did not reduce vegetation species richness or diversity
11 years after planting this boreal site. However, herbicide treatments did result in some changes
to vegetation community composition. Applying glyphosate in the third year after harvesting or in
the second and fourth growing seasons resulted in substantial reductions to trembling aspen cover
and height. Applying glyphosate in the year after harvesting had less impact on aspen than later
treatments, although this treatment did generally result in higher species richness and diversity.

Our results show that glyphosate application can accelerate growth of a regenerating spruce
stand, with two treatments resulting in the best spruce growth. Simulations with the Mixedwood
Growth Model indicate that all herbicide treatments will reduce aspen volume in year 90, with the
delayed and double treatments having the largest impacts. These treatments also resulted in the
greatest increases to estimated spruce volume at year 90. Further studies examining the effects of other
treatment timings and ongoing monitoring of this, and other similar studies, are needed to document
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the long-term impacts of herbicide treatments on plant community diversity and conifer seedling
growth and survival.
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Appendix A

Table A1. Full Species Names for All Species Recorded in 2014 (Nomenclature Follows [35]).

Species Code Species Name

ABIEBAL Abies balsamea (L.) Mill.
ACHIMIL Achillea millefolium L.
ACHISIB Achillea sibirica Ledeb.
ACTARUB Actaea rubra (Ait.) Willd.
AGROTRA Agropyron trachycaulum (Link) Malte
ALNUCRI Alnus crispa (Ait.) Pursh
AMELALN Amelanchier alnifolia Nutt.
ANEMRIP Anemone riparia Fern.
ARALNUD Aralia nudicaulis L.
ASTECIL Aster ciliolatus Lindl.
ASTECON Aster conspicuous Lindl.
BETUPAP Betula papyrifera Marsh.
BROMCIL Bromus ciliatus L.
CALACAN Calamagrostis canadensis (Michx.) Beauv.
CAREX Carex L. species
CIRSARV Cirsium arvense (L.) Scop.
CORNCAN Cornus canadensis L.
CORNSTO Cornus stolonifera Michx.
DESCCES Deschampsia cespitosa (L.) Beauv
DISPTRA Disporum trachycarpum (S. Wats.) B. & H.
ELYMGLA Elymus glaucus Buckl.
ELYMINN Elymus innovatus Beal
EPILANG Epilobium angustifolium L.
EQUIARV Equisetum arvense L.
EQUISYL Equisetum sylvaticum L.
FRAGVIR Fragaria virginiana Duchesne
GALETET Galeopsis tetrahit L.
GALIBOR Galium boreale L.
GALITRI Galium triflorum Michx.
GERABIC Geranium bicknellii Britt.
HERALAN Heracleum lanatum Michx.
HIERUMB Hieracium umbellatum L.
LARILAR Larix laricina (Du Roi) K.Koch
LATHOCH Lathyrus ochroleucus Hook.
LEDUGRO Ledum groenlandicum
LINNBOR Linnaea borealis L.
LONIDIO Lonicera dioica L.
LONIINV Lonicera involucrata (Richards.) Banks
LYCOOBS Lycopodium obscurum L.
MAIACAN Maianthemum canadense Desf.
MERTPAN Mertensia paniculata (Ait.) G. Don
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Table A1. Cont.

Species Code Species Name

MITENUD Mitella nuda L.
PETAPAL Petasites palmatus (Ait.) A. Gray
PICEGLA Picea glauca (Moench) Voss
PINUCON Pinus contorta Loudon
POAPAL Poa palustris L.
POPUBAL Populus balsamifera L.
POPUTRE Populus tremuloides Michx.
POTEANS Potentilla anserina L.
POTENOR Potentilla norvegica L.
PYROASA Pyrola asarifolia Michx.
RANUMAC Ranunculus macounii Britt.
RIBEGLA Ribes glandulosum Grauer
RIBEHUD Ribes hudsonianum Richards.
RIBELAC Ribes lacustre (Pers.) Poir.
RIBEOXY Ribes oxycanthoides L.
RIBETRI Ribes triste Pall.
ROSAACI Rosa acicularis Lindl.
RUBUIDA Rubus idaeus L.
RUBUPUB Rubus pubescens Raf.
SALIX Salix L. species
TARAOFF Taraxacum officinale Weber
TRIEBOR Trientalis borealis Raf.
TRIFHYB Trifolium hybridum L.
URTIDIO Urtica dioica L.
VACCCAE Vaccinium caespitosum Michx.
VACCMYR Vaccinium myrtilloides Michx.
VACCVIT Vaccinium vitis-idaea L.
VIBUEDU Viburnum edule (Michx.) Raf.
VICIAME Vicia americana Muhl.
VIOLREN Viola renifolia A. Gray
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