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It is necessary to evaluate how large seedling stock, used as an alternative to chemical herbicide for vegetation
management, interacts with the timing of mechanical release (MR) and if use of such stock offers a broader
window of intervention for release than conventional stock. Such a context is present in Quebec (Canada),
where chemical herbicides were banned from use on public lands in 2001. We thus evaluated the impact of delay-
ing MR on the performance of large spruce seedlings established in a gradient of vegetation zones and competition
environments. Fourteen experiments were conducted in Picea glauca or P. mariana plantations in the temperate
hardwood (TH), temperate mixedwood or boreal mixedwood vegetation zones. On each site, we established a
completely randomized block design with 5–8 replicates, each divided into four plots: (1) control; (2) MR applied
the year during which light availability to the planted seedlings averaged 60 per cent of full sunlight (EARLY); (3)
MR at EARLY + 1 year (LATE1); and (4) MR at EARLY + 2 years (LATE2). Vegetation data collected in controls 8
years after MR was submitted to a correspondence analysis to group the sites according to their competing
species dominance. Seedling responses to the timing of MR, 5–8 years after treatment, varied across competing
vegetation dominance, vegetation zone or a combination of both. On sites where intolerant hardwoods were dom-
inant, postponing MR 1 year after light availability had reached 60 per cent of full sunlight had a positive effect on
seedling dimensions, especially in the TH zone. However, the LATE2 treatment resulted in significant stem volume
losses on these sites. Whereas treatment effects were limited on ericaceous dominated sites, MR promoted seed-
ling growth on sites dominated by shrub/herbaceous species, with no difference between EARLY, LATE1 and LATE2.

Introduction

Vegetation management is a key practice of plantation silviculture
(Walstad and Kuch, 1987). Its main goal is to reduce competition
for light, water and nutrients by non-crop species, so that the
planted trees achieve specific survival and growth objectives
(Wagner, 1994). Plantation silviculture aiming at increasing the
yield of wood fibre per hectare is thus dependent upon effective
vegetation management treatments (Wagner et al., 2006;
Newton, 2012; Zhang et al., 2013). As such, the use of chemical
herbicides has proven effective to release planted conifer trees
from competing species (Dampier et al., 2006; Newton, 2012).
However, population concerns about broad scale use of chemicals
in forest (Wagner et al., 1998) have created an increasing pressure
to reduce reliance on chemicals for forestry purposes. As a result,
chemical herbicides were banned for use on public forest lands in
Quebec (Canada) (Thiffault and Roy, 2011)and European countries
are experiencing a similar trend (Willoughby et al., 2009).

In this context, research efforts have been dedicated to the de-
velopment of alternatives to chemical vegetation management
(Thompson and Pitt, 2003). In Quebec, the resulting strategy is
based on the use of large stock seedlings produced in

containers .300 cm3 (Jobidon et al., 1998; Lamhamedi et al.,
1998), planted the year after harvesting activities (Thiffault and
Roy, 2011).After planting, the seedlings are mechanically released
(using motor-manual brushsaws) at a varying age, based on light-
availability thresholds determined experimentally (Jobidon, 1994;
Jobidon, 2000).

Although treatment thresholds are usually reached within the
critical period for release of boreal conifers (Wagner, 2000;
Wagner and Robinson, 2006), the use of large stock seedlings is
expected to interact with the timing of the release; previous
studies have demonstrated that large seedlings better respond
to reduced competitive pressure after release than standard-size
(110 cm3 root-plug) seedlings (Jobidon et al., 2003). Moreover,
the nature of the competing species (e.g. graminoids, shrubs, erica-
ceous species, intolerant hardwoods) is expected to influence
seedling response to release, as these main functional groups
have different effects on resource availability (Balandier et al.,
2006). Finally, bioclimatic conditions (such as precipitation,
length of the growing season and average annual temperature)
might also influence seedling response to release, as they affect
environmental resource availability at the macro scale (Saucier
et al., 2009).
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Our objective was thus to evaluate the survival and growth
responses of spruce seedlings produced as large container stock,
and outplanted on sites presenting various competing vegeta-
tion complex. We aimed at evaluating the effects of retarding
mechanical release (MR), in reference to established light-
availability guidelines developed with conventional-size stock.
We hypothesized that the timing of MR interacts with competing
vegetation composition in influencing seedling survival and
growth. Delaying the release treatment was expected to have
limited effect on northern sites dominated by ericaceous shrubs,
compared with applying the treatment at the required year
based on a light-availability threshold. Dominance by broadleaf
tree competitors was posited to increase the response to delayed
treatments, in reference to current guidelines, as compared with
the response on sites dominated by herbs and small shrubs.

Methods

Study sites

A network of 14 experimental sites (Figure 1) was established between
1996 and 1999 in Quebec, in newly established white spruce (Picea
glauca (Moench) Voss) (12 sites) or black spruce (Picea mariana (Mill.)
B.S.P.) (two sites) operational plantations (less than 3 years after planting).
We only selected plantations that were established using containerized
large stock seedlings (350 cm3). In all cases, seedlings were produced
from seeds of seed orchards or local seed sources, with respect to pedocli-
matic/ecological criteria (Beaulieu et al., 2004; Beaulieu et al., 2009). Stock
quality at planting followed governmental guidelines, which comprise an
extensive list of criteria (e.g. height, diameter, h/d ratio, root system archi-
tecture, stem inclination and sinuosity, multiple leaders, nutritional

status; MRNF, 2005). Seedling dimensions varied across sites at the onset
of the experiment, mainly due to the varying ages of the selected planta-
tions (between 1 and 3 growing seasons since planting). Seedling height
(+ standard deviation) was 38.2+10.8, 64.9+16.4 and 124.3 cm+24.3
in 1-year-old, 2-years-old and 3-years old plantations, respectively. Planta-
tions were selected to cover a broad range of ecological conditions in
Quebec. They were localized in one of the three following vegetation sub-
zones described by Saucier et al. (2009): (1) temperate hardwood (TH); (2)
temperate mixedwood (TM); and (3) boreal mixedwood (BM) (Table 1).
Logging debris was windrowed in most plantations following harvesting
and three of them were submitted to mechanical site preparation prior
planting.

On each experimental site (Table 2), we established a completely rando-
mized block design with 5–8 replicate blocks (depending on sites). Each
block (34×28 m) was divided into four plots (7×28 m) separated by 2 m
buffers. Four release treatments were randomly distributed among plots
within each block:

(1) control (no release);
(2) MR using motor-manual brushsaws, applied in July or August of the

year during which light availability to the planted seedlings averaged
60 per cent of full sunlight (required year; EARLY; see Table 2);

(3) MR using motor-manual brushsaws, applied in July or August of
EARLY + 1 year (LATE1); and

(4) MR using motor-manual brushsaws, applied in July or August of
EARLY + 2 years (LATE2).

On each site, the required year for release (EARLY) was determined using
operational standards and procedures in Quebec, that is by visual assess-
ment of the competing cover across the experimental blocks, with regular
calibration on randomly selected seedlings using a portable Sunfleck cept-
ometer (Decagon Devices, Pullman, WA) after the method described in
Jobidon (1992). Briefly, two readings of instantaneous fluxes of light

Figure 1 Location of the 14 experimental sites in Quebec (Canada). Refer to Tables 1 and 2 for climatic and site descriptions.
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intensity within the photosynthetically active spectral region (PAR; 400–
700 nm), perpendicular to each other, are taken under clear sky conditions
between 10:00 and 14:00 local solar time at the terminal bud of the
seedling. The operation is repeated at mid-height. The four readings are
averaged, and expressed as a percentage of total incoming PAR measured
above canopy (Jobidon, 1992). The use of two perpendicular axes at two
vertical positions along the seedling crown integrates the impact of both
the vertical and horizontal variations in the distribution of the competing
vegetation surrounding the seedling (Jobidon, 1992).Thus, the EARLY treat-
ment was done between 1 and 3 years after planting, depending on sites
(Table 2).

Soil sampling and analyses

Between2000 and 2002,wecollected nine random surface mineral horizon
samples (at a 10 cm depth) in randomly selected control plots of every site.
A gardening shovel was used and samples were composited by three to
obtain three samples per site. The composite samples were submitted to
standard granulometric analyses (Bouyoucos method; McKeague, 1978)
to determine the fractions of sand, silt and clay, and identify soil texture
(Table 2).

Vegetation sampling and seedling measurements
On every site, we established two 0.8 m radius sample plots in control plots
of all blocks. The vegetation sample plots were used to survey competing
vegetation density (by species, excluding mosses and lichens) in mid-July
of the eighth growing season since EARLY.

In each experimental plot (Control, EARLY, LATE1 and LATE2) of every
block, between 15 and 50 seedlings were identified with metal pins for long-
term survival and growth assessment. Tagged seedlings were measured at
establishment for height and ground-level diameter, and 5 and 8 growing
seasons after EARLY. For seedlings ,130 cm in height 8 years after
EARLY, an individual stem volume index was estimated using the volume
of a cone:

VOL8 =p(GLD)2H
12 000

, (1)

where Vol8¼ stem volume index, eight growing seasons after EARLY (dm3);
GLD¼ ground-level diameter (cm); H¼ height (cm).

For seedlings .130 cm in height after EARLY, Vol8 was calculated as the
volume of a truncated cone from ground up to 130 cm, added to the
volume of a cone from 130 cm upwards:

Vol8 = 13p
1200

× (GLD2 + GLD × DBH + DBH2) + p(DBH)2(H − 130)
12000

, (2)

where Vol8¼ as in equation (1); GLD¼ as in equation (1); DBH¼ diameter
(cm) at breast height (130 cm); H¼ as in equation (1).

We calculated seedlings’ relative growth rate (RGR) in height between
5 and 8 growing seasons after EARLY as the rate of increase of the log-
transformed height over time (Hoffmann and Poorter, 2002). The ratio of
height to ground-level diameter (h : d) was computed for each seedling
using dimensions measured eight growing seasons after EARLY.

Statistical analyses

We used vegetation data from the control plots to group the 14 experimen-
tal sites based on their competing species dominance. Species counts were
averaged per experimental plot, and summed by functional group (inspired
from Balandier et al., 2006): trees, ericaceae, ferns, herbs, small shrubs and
tall shrubs. The resulting matrix (six functional groups×14 sites) was sub-
mitted to a correspondence analysis (Khattree and Naik, 2000) using the
CORRESP procedure of SAS 9.2 (SAS Institute, Cary, NC, USA) and the macro-
procedure Corresp.sas of Friendly (2001). CTR and Cos2 values were used to
interpret the resulting axes; sites were grouped into three dominant com-
peting vegetation complex (see section Results).

Table 2 Technical description of the experimental sites

Number on Figure 1 Harvest year Species planted (year) Year of first mechanical
release (EARLY)

Competing vegetation
complex

Soil texture

1 1994 White spruce (1995) 1997 Ericaceous/tall shrubs Loamy sand
2 1996 White spruce (1997) 1998 Trees/intolerant hardwoods Sandy loam
3 1993 White spruce (1995) 1997 Ericaceous/tall shrubs Loamy sand
4 1998 White spruce (1999) 2001 Trees/intolerant hardwoods Sandy loam
5 1995 White spruce (1996) 1998 Trees/intolerant hardwoods Sandy loam
6 1994 White spruce (1995) 1997 Trees/intolerant hardwoods Loam
7 1996 Black spruce (1997) 2000 Ericaceous/tall shrubs Sandy loam
8 1995 White spruce (1996) 1998 Trees/intolerant hardwoods Loam
9 1995 White spruce (1996) 1998 Trees/intolerant hardwoods Loam
10 1995 White and black spruce (1996) 1998 Trees/intolerant hardwoods Loam
11 1996 White spruce (1997) 1998 Trees/intolerant hardwoods Loam
12 1994 White spruce (1995) 1996 Herbs/small shrubs Loam
13 1995 White spruce (1996) 1998 Herbs/small shrubs Clay loam
14 1993 Black spruce (1994) 1996 Herbs/small shrubs Loam

Table 1 Main climatic characteristics of the vegetation zones represented
in the study (adapted from Saucier et al., 2009)

TH TM BM

Mean annual temperature (8C) 2.5–5.0 1.5–2.5 21.5–1.5
Degree-days (≥58C) 1450–1900 1250–1450 1050–1300
Growing season length (days) 145–180 135–160 125–150
Annual precipitations (mm) 900–1000 900–1000 900–1350
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Treatment effects on seedling dimensions and growth were assessed
using analyses of covariance (ANCOVA) based on the experimental
design: a series of similarcompletely randomizedblockdesigns furtherclas-
sified according to the vegetation zone. The vegetation zone (three levels),
release treatment (four levels), and their interaction were considered
as fixed effect factors, and initial seedling dimensions as covariates. Sites,
blocks and all interactions involving blocks were considered as random
effect factors. The MIXED procedure of SAS was used for all analyses (Littell
et al., 2006), except for survival for which the GLIMMIX procedure was used.
Simultaneous contrasts (with adjusted p values) were performed using the
simulation-based approach of the GLIMMIX procedure when fixed factors
were significant according to ANCOVA results (a, 0.05). Because of missing
vegetation zone×vegetation complex combinations (see section Results),
we conducted separate ANCOVA for each competing vegetation complex.

Results

Grouping of experimental sites based on competing species
dominance

The first factorial axis from the correspondence analysis explained
74.6 percent of the total variance in the functional groups×experi-
mental sites matrix. It was strongly associated with one site (Site 7
on Figure 1; CTR¼ 87.1 per cent; Cos2¼ 99.9 per cent) clearly do-
minated by ericaceous species (CTR¼ 88.3 per cent; Cos2¼ 99.8
per cent). This strong association restricted further interpretation,
as other sites and functional groups were skewed around nil
values on this axis. Site 7 (Figure 1) was thus removed from the
matrix, and a new analysis was done. Excluding this site from the
matrix reduced the explanatory power of Axis 1 (to 42.8 per
cent), but distinguished Sites 1 and 3 (Figures 1 and 2) from the
others, as Salixand Alnus species were also associated with positive
values on this axis. The second factorial axis explained an addition-
al 34.7 per cent of the variance, but no ecological interpretation
could be made for this gradient. Axis 3 explained a supplemental
10 per cent of the total variance, and clearly distinguished the ex-
perimental sites dominated by trees, including intolerant species
(positive values on the axis), from those dominated by herbaceous
or small shrubs (negative values on the axis). Theexperimentalsites
were then grouped into one of three categories of dominant com-
peting vegetation for further analyses: ericaceous/tall shrubs,
trees/intolerant hardwoods and herbs/small shrubs (Table 2).

Seedling responses on tree/intolerant hardwood
dominated sites

Seedling height measured 8 years after EARLY was 34 per cent
higher in the TH than in both mixedwood zones (Figure 3A,
Table 3). Although differences between vegetation zones were
not significant 5 years after EARLY, a similar trend had already
emerged by that year (Figure 3A). MR (EARLY, LATE1, LATE2)
increased seedling height compared with control conditions, both
5 and 8 years after EARLY (Table 3, Figure 3B). The LATE1 treatment
resulted in saplings being 8 per cent taller than those growing in the
LATE2 treatment. Similar differences were observed for GLD
between seedlings growing in LATE1 and LATE2 plots, but only in
the TH zone (Table 3, Figure 3C). In the temperate and BMs, all
release treatments (EARLY, LATE1 and LATE2) resulted in seedlings
that were larger than those growing control plots, but with no signifi-
cant difference in GLD between the release treatments (Figure 3C).

The release treatments had a significant effect on stem volume
index 8 years after EARLY (Vol8) (Table 3). In the TH and mixedwood,
Vol8 in LATE1 and LATE2 plots was respectively 52 and 96 per cent
higher than Vol8 in control plots; the LATE1 treatment resulted in
higher values than the LATE2 treatment (Figure 3D). A similar
trend was observed for survival; survival was lower in control
plots than in any of the treated plots (Table 3, Figure 3E). RGR in
height was 34 and 28 per cent higher for released seedling com-
pared with seedlings growing in control plots in the BM and TM
zones, respectively (Table 3, Figure 3F). However, RGR in the
EARLY treatment was 16 per cent lower than RGR in the LATE1
and LATE2 treatments of the BM (Figure 3F). The LATE1 and
LATE2 treatments resulted in seedlings with the lowest h : d ratio,
followed by the EARLY and the control treatments (Table 3,
Figure 3G). The h : d ratio of seedlings growing in LATE1 and LATE2
treatments were significantly different, but only in the TM zone.

Seedling responses on ericaceous species dominated sites

The release treatments had a negative effect on seedling height 8
years after EARLY in the TM (Table 4, Figure 4A): seedlings growing in
control plots were 8 per cent taller than seedlings planted in the
other treatments. We did not find differences for height between
treatments in the TH zone (Figure 4A). However, GLD was signifi-
cantly increased (17 per cent) by the release treatments in the
TH zone, regardless of the application year (EARLY, LATE1 or
LATE2; Figure 4B), whereas we detected no difference between
treatments in the TM (Table 4, Figure 4B). In the hardwood zone,
we measured significant differences in RGR and Vol8 between seed-
lings planted in the released plots and seedlings planted in control
plots (Table 4, Figure 4C and D). Survival averaged 90 per cent
(+6.7), without significant difference between treatments (Table 4).
The h : d ratio was 13 per cent higher for seedlings growing in
control plots, compared with seedlings established in released plots
(Table 4, Figure 4E).

Figure 2 Representation of site and functional group coordinates on the
first and third axes from the correspondence analysis. Refer to Figure 1
and Table 2 for site description and localisation. Site 7 was removed from
the analysis; it was strongly associated with Axis 1 and Ericaceae (see
section Results).
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Figure 3 Vegetation zone, MR timing and their interaction effects on morphology, growth and survival of Picea glauca or Picea mariana seedlings plantedon
trees/intolerant hardwoods dominated sites. TH¼ temperate hardwood; BM¼ boreal mixedwood; TM¼ temperate mixedwood; EARLY¼MR the year
during which light availability to the planted seedlings averaged 60% of full sunlight; LATE1¼MR at EARLY + 1 year; LATE2¼MR at EARLY + 2 years.
Refer to Table 3 for treatment comparisons using a priori contrasts.
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Table 3 ANCOVA results for morphological variables and survival of planted Picea glauca and Picea mariana seedlings, established on tree/intolerant
hardwoods dominated sites in three forest sub-zones of Quebec (Canada)

Source of variation (fixed) ndf ddf1 H8 H5 GLD8 GLD5 Vol8

F P F P F P F P F P

Vegetation sub-zone (V) 2 5.3 10.14 0.015 9.08 0.020 6.32 0.041 8.59 0.022 6.47 0.037
Release treatment (R) 3 186.2 14.64 <0.001 9.52 <0.001 48.10 ,0.001 29.34 ,0.001 24.97 ,0.001
V×R 6 176.8 1.47 0.190 1.20 0.310 3.72 0.002 2.82 0.012 3.36 0.004
H0 1 6318.0 986.13 ,0.001 1307.00 ,0.001 996.14 ,0.001 1206.94 ,0.001 975.75 ,0.001
Contrasts

TH vs BM, TM 1 5.2 12.25 0.030 8.53 0.057
BM vs TM 1 5.5 15.05 0.020 15.44 0.020
EARLY, LATE1, LATE2 vs Control 1 210.2 34.22 <0.001 8.94 0.009
EARLY vs LATE1, LATE2 1 177.1 0.58 0.833 2.69 0.279
LATE1 vs LATE2 1 174.7 9.24 0.009 16.89 <0.001
TH: (EARLY, LATE1, LATE2 vs
Control)

1 163.1 29.05 <0.001 20.34 <0.001 24.30 <0.001

TH: (EARLY vs LATE1, LATE2) 1 158.0 0.66 0.993 1.72 0.853 0.05 1.000
TH: (LATE1 vs LATE2) 1 156.3 12.11 0.006 10.50 0.013 16.00 0.001
BM: (EARLY, LATE1, LATE2 vs
Control)

1 288.6 18.66 <0.001 7.51 0.059 3.03 0.532

BM: (EARLY vs LATE1, LATE2) 1 218.7 3.92 0.363 1.10 0.957 1.30 0.928
BM: (LATE1 vs LATE2) 1 214.5 1.14 0.951 1.14 0.952 1.21 0.939
TM: (EARLY, LATE1, LATE2 vs
Control)

1 134.6 482.24 <0.001 304.85 <0.001 267.00 <0.001

TM: (EARLY vs LATE1, LATE2) 1 128.2 0.92 0.975 0.56 0.995 0.06 1.000
TM: (LATE1 vs LATE2) 1 45.3 0.17 1.000 0.74 0.989 2.02 0.778

Source of variation (fixed) ndf ddf1 RGRH h : d8 Survival8 Survival5

F P F P F P F P

Vegetation sub-zone (V) 2 5.1 0.82 0.492 1.38 0.332 2.01 0.226 3.18 0.126
Release treatment (R) 3 182.1 25.86 ,0.001 58.66 ,0.001 5.33 0.002 4.55 0.005
V×R 6 171.1 4.45 <0.001 3.13 0.006 1.69 0.131 1.36 0.240
H0 1 6966.0 155.39 ,0.001 42.96 ,0.001
Contrasts

EARLY, LATE1, LATE2 vs Control 1 106.8 15.68 0.001 13.10 0.002
EARLY vs LATE1, LATE2 1 101.1 0.19 0.962 0.01 0.999
LATE1 vs LATE2 1 114.8 0.25 0.944 0.74 0.775
TH: (EARLY, LATE1, LATE2 vs
Control)

1 180.2 4.24 0.307 47.33 <0.001

TH: (EARLY vs LATE1, LATE2) 1 132.7 0.19 1.000 8.41 0.039
TH: (LATE1 vs LATE2) 1 131.3 2.34 0.700 5.24 0.193
BM: (EARLY, LATE1, LATE2 vs
Control)

1 355.0 24.90 <0.001 15.44 0.001

BM: (EARLY vs LATE1, LATE2) 1 184.3 14.21 0.002 11.36 0.008
BM: (LATE1 vs LATE2) 1 180.7 2.69 0.608 0.08 1.000
TM: (EARLY, LATE1, LATE2 vs
Control)

1 138.5 173.45 <0.001 483.12 <0.001

TM: (EARLY vs LATE1, LATE2) 1 107.4 0.10 1.000 27.25 <0.001
TM: (LATE1 vs LATE2) 1 108.1 0.28 1.000 9.24 0.025

1Denominator degrees of freedom for the first variable; differ slightly for the other variables.
TH¼ temperate hardwood; BM¼ boreal mixedwood; TM¼ temperate mixedwood; H¼ height; GLD¼ ground-level diameter; Vol¼ stem volume index;
RGRH¼ relative growth rate in height; h : d¼ ratio of height to ground-level diameter; EARLY¼MR the year during which light availability to the planted
seedlings averaged 60% of full sunlight; LATE1¼MR at EARLY + 1 year; LATE2¼MR at EARLY + 2 years; ndf¼ numerator degrees of freedom; ddf¼ de-
nominator degrees of freedom, calculated using Kenward–Roger’s adjustment (Kenward and Roger, 1997). Subscript indicates the number of growing
seasons after EARLY. Bold values are for interpretation.
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Seedling responses on herbaceous/small shrubs
dominated sites

In the BM, seedlings planted in EARLY, LATE1 and LATE2 plots did not
differ significantly for height and GLD (Table 5, Figure 5A and B).
However, seedlings were 10 per cent taller and 17 per cent larger
8 years after EARLY in the released plots compared with the
control conditions (Figure 5A and B). Release also increased RGR
and survival, compared with control plots (Table 5, Figure 5C and
D). The h : d ratio was significantly reduced by MR, compared with
the control conditions (Table 5, Figure 5E).

Discussion
Overall, we observed that vegetation control increased seedling
dimensions and growth, and had marginal effects on survival.
These responses are typical of vegetation management studies
(Wagner et al., 2006), as release treatments reduce the competi-
tion for key environmental resources that interact with seedlings
physiology to affect growth (Balandier et al., 2006). Diameter
responded to release more than height (hence reducing the h : d
ratio in treated plots, compared with control plots), reflecting the
difference between cambial and apical meristems in terms of

Table 4 ANCOVA results for morphological variables and survival of planted P. glauca and P. mariana seedlings, established on ericaceous shrub
dominated sites in two forest sub-zones of Quebec (Canada)

Source of variation (fixed) ndf ddf1 H8 H5 GLD8 GLD5 Vol8

F P F P F P F P F P

Vegetation sub-zone (V) 1 1.0 1.53 0.433 11.08 0.184 0.01 0.928 0.64 0.570 0.07 0.834
Release treatment (R) 3 53.1 1.39 0.257 2.77 0.051 11.69 ,0.001 7.78 <0.001 4.09 0.011
V×R 3 53.1 6.09 0.001 3.02 0.038 5.44 0.003 2.40 0.079 7.45 <0.001
H0 1 2365.0 429.12 ,0.001 532.23 ,0.001 407.91 ,0.001 555.19 ,0.001 423.80 ,0.001
Contrasts

EARLY, LATE1, LATE2 vs Control 1 47.7 <0.001 0.015
EARLY vs LATE1, LATE2 1 48.8 0.613 0.633
LATE1 vs LATE2 1 49.7 0.257 0.374
TH: (EARLY, LATE1, LATE2 vs
Control)

1 41.4 4.12 0.247 0.02 1.000 64.48 <0.001 46.79 <0.001

TH: (EARLY vs LATE1, LATE2) 1 36.2 0.32 0.994 0.08 1.000 7.08 0.063 2.40 0.537
TH: (LATE1 vs LATE2) 1 38.3 0.00 1.000 0.08 1.000 1.28 0.832 0.22 0.998
TM: (EARLY, LATE1, LATE2 vs
Control)

1 56.4 13.32 0.004 9.80 0.017 0.67 0.955 0.96 0.900

TM: (EARLY vs LATE1, LATE2) 1 61.6 0.44 0.987 1.32 0.816 0.21 0.998 0.10 1.000
TM: (LATE1 vs LATE2) 1 65.6 0.42 0.987 1.25 0.834 3.88 0.280 2.13 0.609

Source of variation (fixed) ndf ddf1 RGRH h : d8 Survival8 Survival5

F P F P F P F P

Vegetation sub-zone (V) 1 1 2.64 0.351 94.42 <0.001 0.05 0.858 0.02 0.905
Release treatment (R) 3 42.9 1.71 0.179 28.81 <0.001 1.24 0.303 1.17 0.327
V×R 3 42.9 3.82 0.016 0.52 0.667 3.45 0.021 3.37 0.023
H0 1 2240 30.75 ,0.001
Contrasts

EARLY, LATE1, LATE2 vs Control 1 57.9 75.69 <0.001
EARLY vs LATE1, LATE2 1 45.1 4.75 0.098
LATE1 vs LATE2 1 45.9 5.95 0.055
TH: (EARLY, LATE1, LATE2 vs
Control)

1 56.7 12.53 0.005 2.62 0.503 2.50 0.527

TH: (EARLY vs LATE1, LATE2) 1 51.7 4.49 0.220 0.77 0.941 0.69 0.955
TH: (LATE1 vs LATE2) 1 48.2 0.28 0.996 1.72 0.725 2.13 0.613
TM: (EARLY, LATE1, LATE2 vs
Control)

1 31.5 1.32 0.826 2.22 0.596 2.13 0.617

TM: (EARLY vs LATE1, LATE2) 1 38.8 0.42 0.987 4.41 0.213 4.20 0.237
TM: (LATE1 vs LATE2) 1 44.8 0.81 0.934 0.05 1.000 0.00 1.000

1Denominator degrees of freedom for the first variable; differ slightly for the other variables.
Abbreviations are as in Table 3. Bold values are for interpretation.
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priority for photosynthate allocation (Lanner, 1985). However, h : d
ratios were maintained below 60 on all sites, which is indicative of a
good competitive potential for the large seedling stock monitored
in this study (Jobidon, 2000; Wagner, 2000). Seedling dimensions
increased from the TH zone to the BM, with intermediate values
for seedling planted in the TM. This gradient is likely a result of
the longer growing season (Table 1) and the increased soil fertility
in southern Quebec, compared with the northern regions (Lindgren
et al., 1994; Brais et al., 2009). However, seedling responses to the
timing of MR (year of application) varied across competing vegeta-
tion dominance, vegetation zone, or a combination of both, which
requires distinctive interpretations of treatment effects.

On sites where intolerant hardwoods were the main compet-
ing species, our results indicate that the release of large stock
plantations can be beneficially postponed 1 year after light avail-
ability to the planted seedlings had reached 60 per cent of full

sunlight, especially in the TH zone. The reference guideline used
to define EARLY was developed with standard-size black spruce
seedlings growing in brush competition dominated by herb-
aceous/small shrubs species like red raspberry (Rubus idaeus)
and fireweed (Chamerion angustifolium) (Jobidon, 1994). The
herbaceous/small shrub functional group is characterized by a
relatively low potential height, compared with the hardwood
functional group (Ricard and Messier, 1996; Mitich, 1999). Early
MR thus limits the probability of any resprouts overtopping the
planted seedlings the years following the release treatment. On
the other hand, root suckers and stump sprouts of hardwood in-
tolerant species have a high growth potential, and they can
rapidly reach several meters in height (Jobidon, 1997; Jobidon
and Charette, 1997; Frey et al., 2003). Therefore, the size and
growth potential of the crop trees at the time of release deter-
mines their capacity to avoid further overtopping. We thus

Figure 4 Vegetation zone, MR timing and their interaction effects on morphological, growth and survival variables of P. glauca and P. mariana seedlings
submitted to ericaceous competition. Abbreviations are as in Figure 2. Refer to Table 4 for treatment comparisons using a priori contrasts.

Forestry

160

D
ow

nloaded from
 https://academ

ic.oup.com
/forestry/article/87/1/153/601393 by guest on 20 M

arch 2024



conclude that the LATE1 treatment offered an advantage over the
EARLY treatment on intolerant hardwood dominated sites
because of a higher competitive ability to acquire light for large
nursery stock compared with the standard stock (Jobidon et al.,
2003). This likely limited the effect of competing vegetation on
growth during the growing season between EARLY and LATE1.
Because seedlings were 1 year older – thus bigger at release –
in LATE1 plots compared with EARLY plots, overtopping by vegeta-
tive regrowth from the cut stems of competing hardwoods was
likely reduced.

However, the LATE2 treatment resulted in significant volume
losses on trees/intolerant species sites, compared with the EARLY
treatment. Even height, a variable that is generally non-responsive
to early competition pressure (Wagner, 2000), was reduced in
LATE2 plots, compared with LATE1 conditions. This indicates that
environmental resource availability had reached critical levels for
seedling growth in these plots, especially in the TH zone. Intolerant
broadleaf species have higher growth rates than planted spruce
(Jobidon and Charette, 1997); they rapidly impose limitations to
seedling performance, mainly due to competition for light. As a
result, growth loss of planted spruce competing with northern
hardwoods occur with the first few competitors (Jobidon, 2000).
Although the increased RGR measured in LATE2 plots compared
with the EARLYand LATE1 treatments indicates that seedlings posi-
tively responded to this late reduction in competition pressure,
delaying release beyond the critical period of intervention as per-
manent effects on plantation yield (Wagner and Robinson, 2006;
Cyr and Thiffault, 2009).

MR had limited effects for seedlings planted on sites domi-
nated by ericaceous species. The impact of release on GLD for
seedling planted on ericaceous-dominated sites located in the
TH zone probably results from the removal of the few broadleaf

species that were also present in these plots (Jobidon, 2000),
rather than to the removal of the ericaceous competition. This is
consistent with the lack of treatment effect on GLD for
ericaceous-sites located the TM, where hardwood species were
absent (results not shown). Indeed, MR negatively affected
planted spruce height in this vegetation zone, an unusual effect
of vegetation control. Lavoie et al. (2006) also observed a
decline in spruce growth after mechanical cutting of Rhododen-
dron groenlandicum, an ericaceous species commonly found in
Quebec (Hébert and Thiffault, 2011). Numerous studies have
shown how direct and indirect hindering of nutritional processes
(rather than light competition) appears as the key driver of
planted and natural conifer growth check on ericaceous domi-
nated sites (Yamasaki et al., 2002; Hébert et al., 2010). Moreover,
ericaceous species primarily reproduce through vegetative
growth from buried rhizomes (Mallik, 1993; Hébert and Thiffault,
2011) and cutting their aerial parts stimulates their growth
(Mallik, 1991).

MR promoted seedling growth on herbaceous/small shrubs
dominated sites, but treatment years (EARLY, LATE1 and LATE2)
led to similar results. These observations are in line with those
reported by Fu et al. (2008), who measured similar conifer dimen-
sions at age 10 years regardless the year of release (between
Year 1 and 5). Herbaceous species are strong competitors for
belowground resources (Bell et al., 2000). Moreover, they can
favour the formation of a thick and dense layer over the soil
surface, which delay soil warming (Man et al., 2008) and hence,
root growth (Kaspar and Bland, 1992). Thus, it is not surprising
that controlling these species has beneficial effects on planted
conifer establishment (Wagner et al., 1999; Pitt et al., 2009),
notably by reducing competition for nutrients (Parker et al.,
2012). Also, mechanical control of shrubs and ferns such as

Table 5 ANCOVA results for morphological variables and survival of planted P. glauca and P. mariana seedlings, established on herbaceous/small
shrubs dominated sites in the BM forest sub-zone of Quebec (Canada)

Source of variation (fixed) ndf ddf1 H8 H5 GLD8 GLD5 Vol8

F P F P F P F P F P

Release treatment (R) 3 52.0 8.03 <0.001 3.51 0.021 13.84 <0.001 7.89 <0.001 9.11 <0.001
H0 1 2232.0 778.63 ,0.001 1156.47 ,0.001 651.99 ,0.001 828.52 ,0.001 811.41 ,0.001
Contrasts

EARLY, LATE1, LATE2 vs Control 1 54.0 23.91 <0.001 10.43 0.008 38.44 <0.001 22.56 <0.001 22.18 <0.001
EARLY vs LATE1, LATE2 1 51.5 0.06 0.991 0.12 0.981 2.79 0.271 0.53 0.848 4.37 0.121
LATE1 vs LATE2 1 50.8 0.13 0.976 0.00 1.000 0.22 0.953 0.61 0.818 0.71 0.792

Source of variation (fixed) ndf ddf1 RGRH h : d8 Survival8 Survival5

F P F P F P F P

Release treatment (R) 3 46.7 11.22 <0.001 12.55 <0.001 5.15 0.003 3.73 0.016
H0 1 540.1 87.07 ,0.001 81.03 ,0.001
Contrasts

EARLY, LATE1, LATE2 vs Control 1 48.9 26.94 <0.001 29.92 <0.001 13.76 0.001 9.86 0.008
EARLY vs LATE1, LATE2 1 46.2 4.84 0.093 7.56 0.024 1.54 0.521 0.64 0.805
LATE1 vs LATE2 1 45.3 1.85 0.443 0.08 0.989 0.29 0.929 0.88 0.726

1Denominator degrees of freedom for the first variable; differ slightly for the other variables.
Abbreviations are as in Table 3. Bold values are for interpretation.
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red raspberry, fireweed and Pteridum aquilinum as proven
effective in promoting planted conifer growth (Thiffault et al.,
2012). However, the similar responses obtained across treatment
years for herbaceous/small shrubs dominated sites suggest that
none of the mechanical control treatment (EARLY, LATE1 and
LATE2) was effective in maintaining the cover of grasses and
forbs long enough below the critical threshold of �20 per cent
suggested by Wagner (2000).

Conclusion

This study has a strong inference potential. It is based on data
collected on several thousands seedlings, planted over 5 years
on a large latitudinal and longitudinal gradient, covering three

vegetation zones in Quebec. This replication over space and time
limits the odds that local ecological conditions and particular
annual meteorological events could have affected the results. Fur-
thermore, the vegetation surveys and the associated site classifi-
cation based on non-crop species dominance enable drawing
management implications adapted to specific competition con-
texts. In this regard, our results demonstrate that the performance
of large spruce seedlings is the interacting results of vegetation
zone, competing vegetation dominance and year of MR. On sites
where intolerant hardwoods are the main competing species,
release can be postponed 1 year after EARLY, that is when light
availability to the planted trees reaches 60 per cent of full sunlight
(as measured after Jobidon, 1992), especially in the TH zone.
Delaying the treatment beyond that period affected growth signifi-
cantly. MR has limited effects on seedlings planted on ericaceous

Figure 5 MR timing effect on morphological, growth and survival variables of P. glauca and P. mariana seedlings submitted to herbaceous/small shrubs
competition. Abbreviations are as in Figure 2. Refer to Table 5 for treatment comparisons using a priori contrasts.
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dominated sites; it should be avoided unless intolerant hardwood
species are also present. Finally, MR promotes seedling growth on
sites dominated by shrub/herbaceous species, and there is a
2-year window after EARLY during which the treatment can be
applied without expecting significant losses in growth.

We conducted this study in the context where chemical vegeta-
tion control was banned for use on public lands in Quebec following
several public hearing processes (Thiffault and Roy, 2011). Our ob-
jective was thus not to compare the efficacy of mechanical vs
chemical release in controlling competition, as many studies
have already done so (see Wiensczyk et al., 2011 for a review). As
documented by Thiffault et al. (2012) in a subset of similar ecosys-
tems as those studied here, it can be assumed that an herbicide ap-
plication would have favour seedling diameter and height growth
compared with MR; a chemical treatment would have better
reduced both the above and belowground competition. This ad-
vantage of chemical vs MR would have been particularly useful
on the ericaceous-dominated site (Thiffault et al., 2010). On the
other hand, the relative advantage of using large stock seedlings
compared with conventional stock has also been documented
in various ecosystems (e.g. Jobidon et al., 2003; South and
Rakestraw, 2004; Tsakaldimi et al., 2013). It was thus not included
in the actual study, which focuses on the actual herbicide-free
strategy used in Quebec (early planting of large stock seedlings
followed by MR; Thiffault and Roy, 2011).
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Funding for Open Access charge: Ministère des Ressources naturelles du
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