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Abstract Over the last century, north-eastern North America has seen the gradual
abandonment of much agricultural land that had become unsuitable for modern practices.
This shift in land-use has released large areas that are now dominated by early-successional
forests with limited mid- and late-successional species regeneration. Enrichment under-
planting, with the partial preservation of the existing vegetation to serve as a shelterwood,
has been proposed to restore the production of valuable timber. The present study reports
mid-term (8—12 year) results from an enrichment planting experiment located at two sites
in the St-Lawrence River Valley, eastern Canada. The objective was to identify the
required frequency of low-intensity thinnings necessary to secure an optimal density of
promising stems of black cherry (Prunus serotina Ehrh.) and red oak (Quercus rubra L.).
Partial thinning treatments were applied during the 3rd and 7th growing seasons and
compared to a single thinning applied at the 7th year. Each thinning treatment increased
available light to 20-30 % in the understory (measured the following year at 2 m from
ground level). The height of red oaks released twice was almost double that of red oaks
thinned only once. The effect on black cherry was less dramatic and significant only at one
of the two sites. A higher intensity or an earlier application of thinning regimes may be
required for black cherry. The early thinning allowed a larger number of planted trees to
react positively to the second thinning. The practice of double thinning over a period of
12 years allowed for the production of a significant number of competitively successful
trees for the landowner.
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Introduction

Enrichment planting aims to restore a cohort of trees not only to replace aging overstorey trees
(McCreary and Tecklin 2005), but also to improve forest composition, ecosystem functions and
increase biodiversity (McComb et al. 1993; Hansen et al. 1991; Johnson et al. 2009), which can
all contribute to increasing the value of otherwise degraded or undervalued forests, and thus
increase the interest for their conservation in the landscape. An enrichment planting strategy
using high-value native timber species may also be part of small-scale carbon offsetting, poverty
alleviation, and conservation projects and opportunities (Paquette et al. 2009). We see
enrichment planting as particularly promising in the specific context of post-agricultural forests.

Over the last century, the northeastern United States and eastern Canada have seen the
gradual abandonment of land that has become unsuitable for modern agricultural practices
(Bouchard and Domon 1997; Smith et al. 2004). This shift in land-use has released large
areas that are now dominated by early-successional forests. Continued anthropogenic
disturbance and isolation within an agricultural matrix may compromise the natural
regeneration of these early-successional forests (D’Orangeville et al. 2008). These lands
were originally forested, converted, and now represent an opportunity for restoration.

Enrichment underplanting, with the partial preservation of the existing vegetation to
serve as a shelterwood, has been proposed (Martinez-Garza and Howe 2003; Gardiner et al.
2004; McCament and McCarthy 2005) to accelerate the return of tree species, as well as to
restore valuable timber production in poor quality forests, such as those growing following
the abandonment of agriculture. This silvicultural system aims to produce a shelterwood,
an environment that is favourable to tree regeneration. Underplanting is an alternative to
other practices such as planting following clear cut, which is less socially acceptable and
which sometimes leads to failure (Schuler and Robison 2010).

The maintenance of a forest vegetation structure may also contribute to avoiding the
successional setback and competition problems associated with more open stands and
clearcuts (Carnevalea and Montagnini 2002; Lieffers and Stadt 1994; Truax et al. 2000;
Balandier et al. 2006). The low value of the post-agricultural forests has often led to their
conversion to single species conifer plantations, sometimes with negative environmental
impacts (Borken et al. 2003; Makino et al. 2007; Aubin et al. 2008).

Among methods of artificial regeneration, enrichment planting is qualified as a more
complex method. This is largely the consequence of unknown outcomes related to the
competitive struggle between planted trees and competitors, in a relatively heterogeneous
physical and biotic environment (Johnson et al. 2009). The shelterwood environment is a
compromise between resource availability on the one hand, and protection from competition,
herbivory, and climatic extremes on the other (Paquette et al. 2006b). Available light for tree
regeneration establishment is increased through thinning (Drever and Lertzman 2003), but not
so much as to promote competition (Carnevalea and Montagnini 2002; Lieffers and Titus
1989), or climatic stress (Agestam et al. 2003; Langvall and Lofvenius 2002; Man and
Lieffers 1999). For enrichment planting applied in young successional forests, we proposed
that a shelterwood can be thinned in several steps that are so gradual, that the regenerated
stand developing beneath it eventually grows up and becomes dominant without major forest
structure transformation. This procedure is similar to the irregular shelterwood described by
Johnson et al. (2009). Thinning and clearing should be applied to release the planted trees
from competition. Understanding the interplay between thinning frequency and enrichment
underplanting regeneration response can result in a possible standardization of the method, to
create successful conditions of survival and growth in post-agricultural forests. On the other
hand, many treatments are perceived to be too labour intensive and costly (Groninger and
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Long 2008). Enrichment underplanting efforts may suffer from insufficient interventions
where they are critical, mostly on mesic sites, where planted trees must compete with
opportunistic species of these aggrading successional forests. Treatments have to show very
high rates of success for these significant investments (Morrissey et al. 2010).

The present study reports mid-term (8-12 year) results from a long-term enrichment
underplanting experiment of common but poorly understood young secondary succession
low quality stands within private rural landscapes. A first paper based on this experimental
design (Paquette et al. 2006a) had provided an analysis of the effect of a release treatment
at year 3 on the growth of red oak (Quercus rubra L.) and black cherry (Prunus serotina
Ehrh.) after 6 years of growth under shelterwood. This study uses the same experimental
design to analyse the effects of two thinnings, at years 3 and 7, in comparison with a single
thinning at year 7. There is a strong incentive for the latter option in order to reduce costs
among regional and national forest management agencies. This paper reports on 12 years
of growth for both tree species. Available light, tree height and released stem densities after
12 years are analyzed with respect to treatments.

Materials and methods
Study sites

Two sites located in the St-Lawrence River Valley region of eastern Canada were selected
for this study. The region has a humid continental climate, with monthly means of 21 °C in
July and —10 °C in January. Mean annual total precipitation is 1,030 mm (of which 18 %
falls as snow), and is well distributed throughout the year (Environment Canada, clima-
tological normals 1971-2000). Stands at both sites share similar till deposits and sandy
loam soil textures (pH 5.2-5.8) with a potential terminal stage of sugar maple-bitternut
hickory communities (Thibault 1985). Both sites originate from recent (ca 1962) agri-
cultural abandonment (pasture), which followed extensive deforestation and high grading.

The St-Chrysostome site (45° 09’ N; 73° 45’ W) is dominated by grey birch (Befula
populifolia Marsh.). Hophornbeam (Ostrya virginiana (Mill.) K. Koch) and white elm
(Ulmus americana L.) are also present, while late successional species are almost absent.
Tall shrubs (Crataegus spp. and Malus pumila Mill.) are also present and form dense
thickets. This 2.5 ha site was deemed to be sufficiently open to be under-planted directly in
the spring of 1998, without prior site preparation.

The Ste-Clotilde site (45° 08’ N; 73° 38’ W) is 3 ha and also mostly composed of grey
birch, but less so than on the St-Chrysostome site because this species was the primary
target of a preparation thinning. It is accompanied by hophornbeam, white ash (Fraxinus
americana L.), hornbeam (Carpinus caroliniana Walt.) and white elm. Shrubs are less
abundant. The Ste-Clotilde site was prepared during fall 1997 by thinning approximately
30 % of the stand’s basal area without creating major openings in the canopy, and pri-
marily targeting early successional species. The residual basal area was 16 m?*/ha, which
was lower than that of the St-Chrysostome site without preparation (21 m*ha), with
comparable stem densities of over 6000 stems/ha and average stand height of 11 m.

Under-planting of black cherry and red oak seedlings

Red oak and black cherry were chosen to restore the potential for high value timber pro-
duction. They are associated species of the climax forest of the region. They have
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respectively an intermediate (Sander 1990) and low tolerance (Marquis 1990) to shade.
Although there is a large body of literature on the regeneration of red oak in North America,
it deals mostly with poorly regenerated mature oak stands in the absence of forest fire. Very
little data is available concerning black cherry in shelterwood environments.

Black cherry and red oak under-planting was carried out in spring 1998 (hereafter year
1) using one-year-old black cherry and red oak containerized seedlings (340 ml) over the
entire area of the two sites. Mean height and diameter at the root collar for black cherry
were 34 cm and 4 mm, respectively, and 27 cm and 6 mm for red oak. Black cherries were
planted in greater numbers than red oaks at both sites (2:1 at St-Chrysostome and 6:1 at
Ste-Clotilde) due to limited supplies of red oaks at the nursery. Trees were planted every 3
meters, on parallel planting lines also spaced at 3 meters. Species were distributed on
alternate planting lines, according to their respective proportions. Inadequate micro-sites
were avoided, due in particular to small depressions with drainage problems, producing an
approximate final density of 900 trees per hectare.

Experimental design and treatments

This study began in 2000, 2 years after the trees had been planted. No other trials of this
kind (hardwoods planted under a shelterwood of intolerant, pioneer species) were available
at the time. This was a great opportunity for evaluative research, as the method was being
proposed and applied by progressive foresters and producers. The research questions
investigated in this study were the same as those of the foresters and policy makers
involved in the project.

On each site we delineated two replication blocks, to account for possible spatial
heterogeneity (Hulbert 1984). Inside these blocks, in early spring of 2000 (year 3),
experimental rectangular plots were delineated so as to contain areas which were
completely planted without interruption and with visually homogenous vegetation
composition. They were scattered over the planted areas of each block, and buffers of at
least 20 m were kept between them. Plots may contain underplanted red oak and black
cherry seedlings, or one of the two: block area, plot number and seedling number per
species are presented in Table 1. Plots were randomly assigned to either “single thinning

Table 1 Block-treatment area, plot number and seedling number per species

Site Block  Thinning Black cherry Red oak
treatment
Total Plots  No. Total Plots No.
area (m?)  no. seedlings area (m%) no. seedlings
St-Chrysostome 1 Years 3 and 7 1,006 2 74 615 1 44
Year 7 436 2 32 1,509 2 110
2 Years 3 and 7 734 1 52 576 1 41
Year 7 728 2 51 435 2 25
Ste-Clotilde 3 Years 3 and 7 870 3 81 102 1 13
Year 7 1,656 6 140 161 1 10
4 Years 3 and 7 572 2 54 132 2 13
Year 7 128 1 8 217 1 20
Total Years 3and 7 3,182 8 261 1,425 5 111
Year 7 2,948 11 231 2,322 6 165
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(year 7)” or “two thinning (years 3 and 7)” treatment. The complete randomized block
design for this study is formed by the four replication blocks (two on each site) and the
two treatments. Red oak and black cherry were analysed separately. Herbivory by white-
tailed deer still occurred, but was reduced by the application of a deer repellent (Deer-
Away, IntAgra Inc., Minneapolis, MN, USA), twice annually (May and October), from
year 3 to 6.

During the third year, on half of the plots, all trees and shrubs (1 cm < DBH < 10 cm)
were cut within a 1-m radius around the planted trees, whereas the herbaceous vegetation
and small woody stems (<1 cm) were cut flush with the ground within a smaller radius
(50 cm), in proportion to their smaller size. Larger trees (>10 cm), within the same one-
meter radius, were devitalized with glyphosate herbicide capsules (E-Z-Ject system,
Waynesboro, MS, USA) and left standing. The remaining plots were left untouched.

At the end of the 7th year on all plots a thinning from above, also centered on the
planted trees and removing approximately 30 % of the total cover (visually estimated), was
carried out without creating large openings. The experimental design compares the effects
of two post-plantation thinning, at years 3 and 7, to a single thinning at year 7.

Light availability

Available light was measured at 2 m from the ground for years 3, 4, 5, 6, 8, 10, and 12
on, respectively, 295, 101, 584, 589, 469, 574 and 592 trees. Light measurements were
used as they integrate the competitive effects of all plants around the seedlings and are
thus accurate descriptors of a seedling’s growing environment (Paquette et al. 2007a).
They also respond to the thinning treatment, accounting for prior heterogeneity and
possible variability in its application, including the presence of devitalized trees that
were left standing.

From years 3 to 6, the instantaneous measurement of seasonal available light (% PPFD)
was made according to the “Overcast” method of Parent and Messier (1996), using two
quantum sensors on a complete overcast day. One sensor was used for in situ measure-
ments below tree canopy while the second was placed in a nearby open field for reference.
Light measurements were taken at each seedling location. Because required light mea-
surement conditions (overcast sky) were difficult to obtain within a short period of time for
such a large number of measurements, we limited the first measurements to only those
plots which were to receive the release treatment in order to obtain pre-treatment values
(year 3). At year 4, especially difficult for light measurements, we measured only a sample
of trees. Measurements were taken for all trees at years 5 and 6.

During the following years (7, 8, 10 and 12), available light (% PPFD) was measured
with an alternative method free of weather constraint we had previously developed that
make use of the BF2 type Sunshine Sensor (Delta-T, Burwell, Cambridge, UK). The
technique match both the well-established “Overcast” method and the accepted reference
of hemispherical image analysis (Paquette et al. 2007a). The sensor comprises seven
quantum sensors under a hemispherical dome with a pattern of clear and opaque areas
(mask) such that at any given moment, in whatever direction the BF2 is oriented, at least
one of the sensors will be in diffuse light (Wood et al. 2003). Only the diffuse signal was
used and the ratio of available light was obtained in the same fashion as with the
“Overcast” method, namely by placing another BF2 in a nearby open area and commu-
nicating by radio.
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Survival, growth and height class density

Initial planted seedling density was estimated to ca 900/ha from the contractors’ report. At
the beginning of the third season (year 2000) we measured tree plot density based on the
surface of each plot measured by GPS and the number of underplanted trees present. These
third year values by plot were used to estimate the fraction of living trees after 12 years.
Mortality during the initial 2 years was excluded to compensate for factors which cannot
be controlled for, such as occasional poor planting technique, poor quality planting stock,
or predation. Among these third year living trees, damaged or diseased trees, as well as a
small number of trees with obvious drainage problems at the microsite level (not identified
at the time of plantation), were excluded from height growth analysis. The number of trees
used for each year growth analysis is shown in Table 3. Height of planted trees was
measured at the end of growing seasons of years 3 through 8, and of years 10 and 12.
From the area of experimental plots and the number of planted trees still alive at year 12
(see Table 1), the density per hectare of trees in each of four height classes (A < 2 m;
2m<B<3m;3m=<C<4m;D >4 m) was determined for each species.

Statistical analysis

The experimental design is composed of four replication blocks (two on each site), two
treatments (single thinning and two thinning) and two species. Sites are thus considered
random effects (Hooper et al. 2002) and eventual differences between sites, or among
them, can be investigated using blocks effects. ANOVA with random effects was used to
test the effect of the release treatments on available light and tree height for each species.
Rank transformations were used for light data to meet assumptions of normality and
homoscedasticity in parametric analyses (Iman and Conover 1979). Analyses were carried
out on SAS software (SAS Institute Inc. 2009).

Results

The effects of the first thinning at year three are reported in details in Paquette et al.
(2006a) which showed that the growth of underplanted trees responded mainly to the
density of the upper canopy layer. The release treatment at year three was successful in
significantly increasing available light for the next 3 years compared with the control (no
early thinning). Planted trees, particularly red oak, responded well to this first thinning
treatment. Also, deer herbivory was not increased by the thinning.

Light

The 30 % thinning of the canopy, done at the end of the 7th year of growth on the total area
of both study sites, has produced an increase in available light measured at 2 m above
ground (mean values ranging from 16 to 33 %) the year following thinning (year 8)
(Table 2; Fig. 1). Overall, this thinning has produced more available light at the Ste-
Clotilde site, with a mean increase of 14 percentage points for plots thinned twice (years 3
and 7) and of 20 percentage points in the case of the single thinning (year 7) (Fig. 1). The
increase at the St-Chrysostome site was respectively of 10 and 12 percentage points of
increased light for the double and the single thinning (Fig. 1). At this site, the lower light
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Table 2 Mean light availability by site, treatment and year, with ANOVA results

Site Thinning treatment Light availability at 2 m (% PPFD)
Year 8 Year 10 Year 12

St-Chrysostome Year 7 16.7 9.9 6.2

Years 3 and 7 22.2 12.6 6.4
Ste-Clotilde Year 7 254 26.9 14.7

Years 3 and 7 33.6 29.2 12.8
ANOVA df P>F P>F P>F
Block® 3 0.0193 0.0059 0.0014
Treatment 1 0.0128 0.2831 0.6072
Block x treatment® 3 0.3984 0.0251 0.6484
Model R? (N) 0.22 (462) 0.44 (567) 0.27 (585)

Available light was rank transformed prior to analysis
PPFD photosynthetic photon flux density
* Random effects

40
30 1
[m]
L
o 204
o
3
10 - T
0 thinning T thinning
3 4 5 6 7 8 9 10 11 12
Years

Fig. 1 Available light (% PPFD) measured at 2 m from ground level at St-Chrysostome (triangle) and Ste-
Clotilde (square). Open symbols refer to the double thinning treatment (years 3 and 7) whereas closed
symbols are used for the single thinning treatment (year 7). Data for year 7 at St-Chrysostome were not
available; an estimation based on regression on the previous two measurements is presented using dotted lines

availability at 2 m can be explained by the presence of more abundant understory vege-
tation than at the Ste-Clotilde site.

This increase in available light is rapidly followed by a gradual reduction at the two
study sites (Fig. 1). In 4 years (from year 8 to 12), the mean light level (at 2 m height)
reaches a comparable level to that measured before the thinning at year 7, and this for both
treatments. Following the last thinning (year 7 cleaning), the difference between the double
thinning and the single thinning was significant only at the year immediately following the
treatment (Table 2).

Height growth

The mean height growth of red oak was increased by the double thinning, as the results
show 3 and 5 years after the last thinning (years 10 and 12) (see treatment effect, Table 3;
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Table 3 Mean height of species by site, treatment and year with ANOVA results

Site Thinning Black cherry height (cm) Red oak height (cm)
treatment

Year 8 Year 10  Year 12 Year 8 Year 10  Year 12

St-Chrysostome Year 7 162 201 239 141 197 257
Years 3 and 7 203 279 356 177 358 480
Ste-Clotilde Year 7 133 161 194 78 161 204
Years 3 and 7 146 186 207 176 292 423
ANOVA df P>F P>F P>F P>F P>F P>F
Block® 3 0.1801 0.0660 0.1437 0.3400 0.2354 0.4659
Treatment 1 0.1492 0.0316 0.1018 0.0631 0.0023 0.0119
Block x treatment” 3 0.1040 0.0847 0.0030 0.2050 0.6381 0.2266
Model R? (N) 0.09 0.16 0.16 0.15 0.27 0.28

(342) (408) (411) (116) (141) (139)

Height was rank transformed prior to analysis
* Random effects

5
Red oak Black cherry
4 4
thinning

g sl thinning
— thinning i
'87 thinning
g 2t
T

1 +

0

2 3 4 5 6 7 8 9 101112 2 3 4 5 6 7 8 9 10 11 12
Years

Fig. 2 Height growth of red oak and black cherry underplanted at St-Chrysostome (triangle) and Ste-
Clotilde (square).Open symbols refer to the double thinning treatment (years 3 and 7) whereas closed
symbols are used for the single thinning treatment (year 7)

Fig. 2). The mean height of black cherry was less affected by the treatments. Only in the
3rd year after the last thinning (year 10) did black cherry have a mean height that was
significantly higher in the double thinning plots (Table 3; Fig. 2). Five years after the last
thinning (year 12), the difference between treatments for black cherry disappeared,
whereas a Block x Treatment interaction was significant (Table 3). This indicates that the
growth of black cherry was superior following the double thinning than to the single
thinning in the blocks of only one of the study sites, the St-Chrysostome site (Table 3;
Fig. 2). Unexpectedly, the site with the highest amount of available light at 2 m
(Ste-Clotilde) produced the slowest growth for black cherry.

From year 8 to 12, and in plots with a single thinning, the mean annual height growth
was 30 cm/year for red oak at both sites, and between 15 and 20 cm/year for black cherry
(Ste-Clotilde and St-Chrysostome sites respectively) (Fig. 2). The double thinning at the
St-Chrysostome site produced a mean annual height growth (from year 8 to 12) of 75 cm/
year for red oak and of 38 cm/year for black cherry (Fig. 2). Mean annual height growth
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was respectively 65 and 15 cm/year for red oak and black cherry at the Ste-Clotilde site
(Fig. 2). Thus, red oak obtained a mean height growth in the double thinning that was
nearly double of that obtained in the single thinning and this for both sites. We observe a
height decrease of red oak immediately following the thinning (Fig. 2) that is associated
with the breakage of some crowns, caused by falling trees during the operation. However,
the subsequent height growth remained strong.

Overall survival and height class density

With an initial density in the 3rd growing season of nearly 835 stems/ha on average for
both tree species combined, on both sites, the survival at the St-Chrysostome site at the
12th growing season is 98 and 96 %, respectively, for black cherry and red oak that
received the double thinning or the single thinning. The survival rate is lower for black
cherry at the Ste-Clotilde site, with 87 and 89 % respectively for the double thinning and
for the single thinning, in comparison with 93 and 97 % for red oak. Treatment type does
not seem to have a major effect on the survival of planted trees after 12 years.

The densities shown in Fig. 3 were obtained following the assumption that red oak or
black cherry trees would have been planted alone. Saplings of 3 m and more in height
(classes C and D) are the most likely to represent future tree stems. At the St-Chrysostome
site, the final density of stem size classes C and D of red oak or black cherry measured at

St-Chrysostome Ste-Clotilde —
600

500 M

400 -

300 -

Tree density /ha

200 A

100 -

ABCD ABCD ABCD ABCD ABCD ABCD ABCD ABCD

Thinning | Year7  Years Year7  Years Year7  Years Year7  Years
treatment 3-7 3-7 3-7 3-7

Red oak Black cherry Red oak Black cherry

Fig. 3 Underplanted tree densities of red oak and black cherry on each site at the end of the 12th year of
growth by treatment (single or double thinning) and height class (A<2m; 2m<B<3m;
3m<C<4m;D>4m)

@ Springer



950 New Forests (2012) 43:941-954

the 12th year of growth was respectively 448 and 433 stems/ha for the double thinning and
129 and 223 stems/ha for the single thinning (Fig. 3). Density of stems in size classes C
and D at the Ste-Clotilde site were 644 and 174 red oak and black cherry per ha respec-
tively for the double thinning, and 106 and 134 stems/ha for the single thinning (Fig. 3).
Comparatively, 61 % of the planted trees at the St-Chrysostome site have a height greater
than 3 m in the double thinning and 25 % are taller than 3 m in the single thinning, against
respectively 38 and 15 % of planted trees at the Ste-Clotilde site. For this site, we observe
that black cherry trees of 4 m and more are particularly few (Fig. 3).

Discussion
Canopy closure dynamics

During the first phase of this experiment (growing season 4—6) reported by Paquette et al.
(2006a), we also observed a rapid canopy closure in the years following thinning. In this
study, the measurements reveal that canopy closure was just as rapid following the second
thinning done in the 7th year, in plots having been thinned only once as well as in those
having been thing twice. The rate of light regime modification in hardwood forests was
found to be more rapid in the first few years following selection cutting (Valverde and
Silvertown 1997; Beaudet and Messier 2002). Following light to moderate thinning, a rapid
height growth of the planted trees is necessary for them to attain a position that provides
favourable light availability and protection from deer browsing. The rapid closure of the
canopy and the objective of obtaining an optimal value of available light between 25 and
50 % [see review by Paquette et al. (2006b)] lead to the planning of more than one thinning
treatment in order to maintain periods during which available light is optimal (Motsinger
et al. 2010). Promoting regeneration development requires active management to
reverse the trend of increasing stand density and limiting light in the understory (Dey et al.
2012).

Favour fast initial height growth

The use of only one late thinning (year 7) has produced trees that are limited in height
(around 2 m high) after 12 years. This growth is below the minimum levels of 30 cm/year
suggested by Johnson (1984) for ensuring the establishment of red oak in shelterwoods. At
this height, a large number of planted trees are still likely to be browsed by deer, which
reduces growth but also the probability of obtaining a straight bole. Survival rate has,
however, remained very good.

The use of two thinning (years 3 and 7) has produced a very good height growth of red
oak in spite of the moderate and sub-optimal (Paquette et al. 2006b) light levels reached
following the second thinning at the St-Chrysostome site. Morrissey et al. (2010) have
presented 5 year results were the larger gap sizes, ranging from 0.4 to 0.024 ha, improved
red oak seedling height and diameter. However, they also underlined the greater numbers
of larger competitors in larger gap sizes and the necessity of silvicultural cleaning
treatments or crop tree release within group openings as crown closure begins. The method
used in this study presents an alternative to creating large gaps, proceeding instead by
repeated moderate and diffuse release treatments. A favourable release treatment effect
was also shown by Povak et al. (2008), with their proposition to control tall understory
saplings for successful red oak regeneration.
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Back cherry reacted less strongly to the thinning than did red oak. According to
Niinemets and Valladares (2006), Humbert et al. (2007), and Baker (1951) black cherry is
slightly less tolerant to shade than red oak. We had proposed in 2006 that light availability
induced by the first thinning was not sufficiently high for black cherry (Paquette et al.
2006a). The addition of a second thinning has produced growth results for black cherry that
are clearly improved at one of the study sites (St-Chrysostome). Perhaps a more vigorous
first thinning would have produced better growth for black cherry. But understory com-
petition may have then become more important. We had, however, measured a favourable
effect of understory density on the growth of black cherry, pointing to an increase in
available light at the top of the seedlings (which would also explain the thicker understory),
and possibly better protection from deer browsing (Paquette et al. 2006a). We add to that a
possible benefit from lateral occupation by small shrubs and trees, as mentioned by Co-
gliastro et al. (2006) for white ash in a shrub community. The literature confirms that a
partial cover is required for the optimal establishment of black cherry, but that full sunlight
is necessary afterwards to ensure continued growth, which can be vigorous (Marquis 1990;
Verheyen et al. 2007). Seedlings and saplings of P. serotina, introduced in Europe, have
been shown to need a considerable amount of light, i.e., 58—-80 and 21-47 % of full light,
respectively (Godefroid et al. 2005). We had noted earlier the lack of response to thinning
of black cherry and noted that “regeneration of this species would be successful under a
more extensive and earlier opening of the canopy, thus taking advantage of reserves
accumulated during early establishment under a shelterwood”. (Paquette et al. 2007b).
Indeed, regeneration of this species is said to be favoured under more intensive distur-
bances (Marquis 1990).

The absence of an effect of the thinning on the growth of black cherry at one of the two
sites (Ste-Clotilde), the one with the highest available light, as well as the lowest survival
rate, could be the result of a microtopography of small mounds and depressions, with a
greater amount of micro-sites with slower drainage. The greater number of black cherries
planted at this site, in comparison with red oaks, may have over-represented them in
locations with poor drainage conditions at this site. Black cherry shows rapid loss in
productivity with increasingly wetter conditions (Marquis 1990), also observed in Belgium
were the species is restricted to the driest areas (Godefroid et al. 2005).

Producing a significant number of free growing trees

For the silviculture of European oaks (Q. robur L. and Q. petraea Matt.), the final objective of
70 stems/ha in stands or in plantations has been proposed (Lemaire 2010). This target aims at
rapidly producing large trees seems to be appropriate for the relatively small areas of private
properties in Eastern Canada and in the north-eastern United States that could undergo
enrichment planting. The double thinning used in this study allows for the possibility of
concentrating the application of future silvicultural treatments (pruning, clearing and selec-
tion) on the stems that were more than 3 m in height (classes C and D) by the 12th growing
season. The quantity of trees offers some insurance to the owner for the potential negative
impact of eventual disturbances, and allows for the pre-selection of high quality future trees.

This study adds valuable information to research on enrichment planting done in
different biomes, northern (Man and Lieffers 1999), temperate (Dey and Parker 1997;
Gordon et al. 1995), continental (Maas-Hebner et al. 2005) and tropical (Montagnini et al.
1997). More specifically, this artificial hardwood regeneration experiment, done in post-
agricultural forests, has contributed to better understand how species interact in different
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physical environments and are able to maintain dominance in changing combinations of
competing vegetation (Dey et al. 2009).

For young and often species-poor stands that have developed following agricultural
abandonment, a successful enrichment underplanting allows the forest structure to be
conserved, the diversification of these stands by the establishment of mid-successional
species, and the increase of their production potential. These results may increase the
interest for the conservation of such stands, and ensure the maintenance of their ecological
benefits to the landscape.

Conclusion

A first early thinning allowed a larger number of planted trees to achieve good growth and
to be able to react adequately to the second thinning. A more vigorous thinning could be
tested for black cherry. The practice of double thinning over a period of 12 years has
allowed for the production of a significant number of competitively successful trees for the
landowner. At their current size, these trees are less prone to deer browsing, can receive
more light and generally have a single straight bole. This success has also allowed for the
enrichment of the dominant species of the stand. We believe that a further cleaning
intervention, as defined by Helms (1998), applied at the sapling stage and designed to free
the favoured trees from those that overtop them, should be made at around year 15.

The present trend to thin late after enrichment underplanting remains strong among
forest owners and managers, because of the costs of planting and the absence of revenues
associated with the thinning of a young stand of intolerant hardwoods. The results pre-
sented here confirm the advantage of thinning early (year 3). A single late thinning (year 7)
was not sufficient to compensate for the gains provided by the early thinning. The selection
of sites with rich soils that are well-drained would maximize the yield on investments. In
such prime conditions, where the closing of the canopy and the development of compet-
itors can be rapid, thinning would be even more necessary. Artificial hardwood regener-
ation success can be accomplished by underplanting high quality seedlings, controlling
competing vegetation and herbivores (see review in this issue by Dey et al. 2012). We
believe these investments would still compare favourably with those required with the
afforestation of recently abandoned agricultural fields with hardwoods.
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