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Abstract Many second growth forests have poor regeneration and in some spatial and
economic context, such as post-agricultural forests, it may be beneficial to increase tree
diversity. We planted seedlings of yellow birch (Betula alleghaniensis) and bur oak
(Quercus macrocarpa) in strip openings of 3, 6 and 9 m width to control light. Individual
mesh sleeves were used to reduce browsing pressure but they also reduced available light
for seedlings: a large mesh and a small mesh sleeves were tested in each opening.
Available light for seedlings ranged from 5 to 46% of full sunlight. First year growth was
almost non-responsive to all treatments for both species, but birch showed strong responses
during second year. Birches in the large mesh sleeve and the 9 m opening had the largest
height and diameter increments, while those in the small mesh sleeve and the 3 m opening
had the smallest increments. Small mesh sleeves increased the height over stem diameter
ratio for both species. Treatments affected several other morphometric variables of birch
but none of the oak. More time is needed to assert if bur oak can be a candidate species for
enrichment planting. We recommend strip openings of 9 m width and large mesh sleeves,
for protection against deer browsing, while controlling neighbouring competition, to
promote artificial regeneration of hardwood species.
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Introduction

Recolonization of abandoned land by forests is a phenomenon quite frequent and can be
seen in a wide variety of climates (Bouchard and Domon 1997; Buisson et al. 2006; Bowen
et al. 2007). Many of these lands were previously used for human activities, such as
pastures or crops. In these cases, natural regeneration can sometimes lead, through suc-
cession, to healthy ecosystems and tree communities (Benjamin et al. 2005; Bowen et al.
2007). However, succession often will be heavily altered in these post-agricultural forests:
recolonization is limited to wind disperse species and succession is stopped to its first
stage. Many of these forests are surrounded by agricultural fields thus, distance from
mature stand reduces the propagation of new seeds (Butaye et al. 2001; D’Orangeville
et al. 2008) and disturbances from past human activities impede recruitment of new species
(Cramer et al. 2008; Brown and Boutin 2009). This pattern can be seen in many post-
agricultural forests across the world (Butaye et al. 2001; Cramer et al. 2008; D’Orangeville
et al. 2008; Brown and Boutin 2009). Regeneration will often depend on the level of
human disturbance. Lower levels, such as pasture or ancestral farming which have little
impact on the soil, will often follow a natural trajectory without further human intervention
(Benjamin et al. 2005; Cramer et al. 2008). Nevertheless, higher level disturbance, such as
intensive agriculture on large area will almost every time develop to poor communities
with low diversity (Cramer et al. 2008). Low biodiversity makes these forests vulnerable to
disturbances, such as diseases or strong meteorological events (Dey et al. 2012; Sanchez-
Pinillos et al. 2016). Moreover, the habitat may be inadequate for many animal species and
little ecosystem services are provided compared to a more mature forest (Hansen et al.
1991; Bowen et al. 2007). Without human intervention, some forests could take more than
an 100 years before seeing some recruitment of late successional species (Oosting 1942).

Many forests in North America and Europe are second growth forests, and a good
proportion of them are on abandoned agricultural lands. Moreover, these forests are often
close to urban areas (Ramankutty and Foley 1999; Verheyen et al. 1999; Drummond and
Loveland 2010). The abundance and the proximity to our living space of this type of
forests raise the importance of understanding the modalities of seedlings’ early growth for
an efficient management, if we are to keep forested areas and their ecological services.

Therefore, some post-agricultural forests must be managed to increase their resilience
and keep and improve the existing ecosystem services. A direct economic value could be
added by managing with the aim of producing timber over time, which would stimulate
interventions (Benjamin et al. 2008). This is particularly true when targeting forests nearest
urban center and wood transformation industries, due to a lower abundance of forests in
these areas, thus a greater potential for increasing local biodiversity and reduced trans-
portation costs. Such an added value could help preserve forest and reduce their potential
return to agriculture. The choice of which forest should be managed must be weighed
carefully, as some of them represent a transitional stage and offer a somewhat rare habitat
for many species (Bowen et al. 2007).

There are two factors known to be major constraints everywhere on the success of
artificial and natural regeneration of mid to late successional species: light and competition
(van Kuijk et al. 2014; Stanturf et al. 2014). Light levels must be high enough to ensure a
vigorous growth of seedlings while restraining competitive, fast growing, species. Control
of the overstory alone cannot achieve this goal, as there may be strong competition in the
understory as well (Balandier et al. 2006). Therefore, interventions are required to control
that competition (Dubois et al. 2000).
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In recent years, another factor stalling both artificial and natural regeneration has
reached an alarming threshold: deer browsing. This affects mostly North America and
Europe, where deer will eat seedlings, to the point where some species will never reach the
canopy and others will take many more years than they usually do (Kuiters and Slim 2002).
Selective browsing might favour unwanted species and counter measure adds a constraint:
protective sleeves are required around seedlings but they hinder light reception. Even
though there is a light reduction, most type of protection induce an increase in height
growth (Ward et al. 2000; Ponder 2003). However, such effects are reduced when there is
over 55% of the canopy (Walters 1993; DuPlissis et al. 2000). Few studies were available
about the use and effects of shelters under varying canopy and even fewer about the use of
mesh sleeves under canopy openings.

Enrichment underplanting in strip openings is a way of increasing light levels for
planted trees. By using this method, it is possible to increase forest biodiversity while
maintaining part of the environment untouched, thus keeping the ecosystem services
provided and reducing successional setback probabilities (Stanturf et al. 2014). Remaining
trees will provide several benefits, such as shelter against wind, heavy snow and strong sun,
or reduce soil temperature drop during winter (Langvall and Lofvenius 2002; Dey et al.
2012). Deer protections have been used in the past in open areas and a few times in mature
forests in combination with underplanting (Dubois et al. 2000; Pinna et al. 2012). While
there are many papers detailing the effects of protective sleeves on growth of seedlings,
most of them are either about tube shelters and/or in an open area. Tube shelters give little
to no benefits to growth under forested cover, while open areas have different light
environments (Walters 1993; DuPlissis et al. 2000). Low light, induced by canopy is a
condition reducing seedlings’ growth. Browsing pressure makes protections a necessity for
many areas in the northern hemisphere. However, tube shelters, a common type of pro-
tection, are often mentioned to increase establishment and growth of seedlings under high
levels of light (Taylor et al. 2006; Andrews et al. 2010; Mariotti et al. 2015). Mesh sleeves
are another type of protection, less restrictive to light, which have some beneficial effects
on growth (Walters 1993). Tube shelters being too restrictive for use in forests, is there a
forest cover density (i.e. light intensity) under which mesh shelters could be useful to
enhanced seedlings’ early growth?

The aim of this study was to compare seedlings establishment and early growth of two
hardwood species under different light environments, in a post-agricultural forest, using (1)
different width of strip openings and (2) different mesh size of protective sleeves (instead
of tube shelters) against browsing. The two species, yellow birch (Betula alleghaniensis
Britt.) and bur oak (Quercus macrocarpa Michx.), are mid-tolerant species. Yellow birch is
often seen in a gap dynamic in mature forests, whereas bur oak is sometimes seen as
pioneer but also in mature forests (Burns and Honkala 1990). We hypothesize that an
intermediate light level (under 50%, but above 25%PAR), provided by one or few of our
combinations will have the best success: low enough to slow competitors’ growth but high
enough to ensure seedlings’ early development.
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Methods
Study area

Study site was a post-agricultural forest located near Montreal (QC, Canada, 45°40'34”
north, 73°19'19” west), in a sugar maple-hickory (Acer sacharrum—Carya cordiformis)
zone (Grandtner 1966). Mean annual temperature is 6.6 °C and precipitation average
983 mm per year of which 186 fall as snow, with an average of 457 mm during growing
season from may to September (Environment Canada 2010). The soil is loamy sand to sand
with an average pH of 4.9. Fertility is low, but the water table is high, at less than 1 m.
Deer often visit the grounds (7—12/km?), leading to a high browsing pressure (Huot and
Lebel 2012). The stand is composed of red maple (Acer rubrum L.) and grey birch (Betula
populifolia Marbo.), with few trembling aspen (Populus tremuloides Michx.) and black
cherry (Prunus serotina Ehrh.), with a mean age of 26 years old. Seedlings and saplings
were 92 and 89% red maple, respectively, emphasizing the need for a greater diversity. The
most abundant herbaceous species are bristly dewberry (Rubus hispidus L.), blackberry
(Rubus alleghaniensis Porter), Canada mayflower (Maienthemum canadense Desf.) and
broadleaves meadowsweet (Spiraea latifolia Borkh.).

Experimental design

In each of four blocks, one strip of 3, 6 and 9 m width, separated by 6 m of untouched
forest, were randomly positioned with a north/south orientation, during autumn of 2013,
few months before the plantation in the following spring of 2014. Distance between blocks
ranged from 6 to 300 m. In each strip, three sections were assigned a different protection
sleeve. Two commercially available protections were tested: Vexar™> (MasterNet LTD
Mississauga, ON, Canada) (called hereafter “large mesh”) and ClimaNet™P (Nortene
technologies, Lomme, France) (called hereafter “small mesh”). The third type was built
using chicken wire and aimed to be a control maximising light transmission and lessening
physical stress while also protecting the stem. All vegetation was cut down in a 50 cm
radius around seedlings in August, using machetes, for the first two growing season. We
made sure no branches were shading seedlings. Competition was mostly sprouts from
stumps in the strips and shrubs that took advantage of increased light. It reached around
80 cm high the first year and over 1.5 m the second. Any given section had four groups of
two trees, one per species, which were yellow birch and bur oak. Four trees for each
combination of treatments were planted in a line at the center of the opening with a spacing
of 2 m. Bur oaks were bare root seedlings of 2 years while yellow birches were 1 year
seedlings from containers. Mean initial height and standard deviation were 56 4+ 10 cm
and 52 £ 15 cm for yellow birch and bur oak respectively.

Yellow birch is a species common in mature forests of eastern North America. It has a
fast growth when young, which slows later, as it follows a gap dynamic in forests of Acer
saccharum Marsh. and Fagus grandifolia Ehrh. The species has been in decline for many
years now (Ward and Stephens 1997). Bur oak has a slower growth, but usually a longer
lifespan and can tolerate a good range of hydrologic conditions (Abrams 1996). His fruits
are a food source for many animal species. Both species are indigenous in the study area
and are of good economic yield.
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Protectors

Mesh sleeves are tube like shelters of 30 cm in diameter, with walls made of plastic mesh,
similar to a fence. The large mesh sleeves were made of green plastic, with a square mesh
of 2.5 cm per side, while the small mesh sleeves were made of black plastic with a square
mesh of 2 mm per side. The control was a metal square mesh of 2.5 cm per side. The large
mesh and the control were 140 cm high, while the small mesh was 80 cm, but was raised
several times to stay ahead of the top leader until reaching a height of 140 cm. Browsing
by deer (Odocoileus virginianus) occurs mostly under 150 cm, but depends on the density
of deer population (Dubois et al. 2000; Paquette et al. 2006a; Oswalt et al. 2006).

Sampling

We measured photosynthetic active radiation (PAR), from 400 to 700 nm, at 0.05, 0.75,
1.25 and 2 m, year one and year two, using sunshine sensor (BF2 and BF5 Sunshine
Sensor, Delta-T, Cambridge, UK). For each forest measure, another one was taken
simultaneously in an open field nearby. The field was an open space without any obstacle
for at least 100 m in any direction. It allowed the creation of a ratio of PAR (%PAR),
which is a good estimator of total light received during the growing season (Parent and
Messier 1996; Paquette et al. 2007). This measure gives the average %PAR received
during the whole season, but does not give information about daily variations, such as
cloud cover or sun flecks. It does take into account an opening, if there is one. Diffuse light
is increased in an opening, even thought the sun is not shining directly in the sample point.

The light attenuation inside each protector and inside the control was measured in an
open space with quantum sensor (LI-190, LI-COR, Lincoln, Nebraska, USA), using the
overcast method (Parent and Messier 1996). We then applied these light attenuations to the
values measured at 2 m to calculate the %PAR received by seedlings.

Seedlings diameter and height increments were measured on each individual by sub-
tracting year 1 from year 2, while additional measurements were taken on a subsample (2
per treatments and per species, on 3 blocks, n = 108): shoot growth, chlorophyll con-
centration (atLEAF+, FT Green LLC, Wilmington, USA), leaf area, length of secondary
branches, and crown length. Using these variables, several ratios were made to monitor
seedling’s morphology: height/stem diameter (H/D ratio), annual shoot growth/mean
length of secondary branches (extension growth index), height/sum of secondary branches,
leaf area/sum of secondary branches (leaf display), crown length/stem diameter and crown
length/stem length (living crown). Leaf area was calculated with leaf length, using a
regression of leaf blade length with leaf area (Delta-T area meter mk2, Delta T Devices
LTD, Cambridge, UK). The regression was built using 36 and 42 leaves, for yellow birch
and bur oak respectively, from extra seedlings planted between the openings: seedlings
were 3 m away from an opening, on both sides. We made sure to have a wide range of leaf
size to include any size that could be found on the seedlings in the openings.

Environmental variables (light, stand characterization and air temperature) were sam-
pled using six transects made at regular intervals, perpendicular to the openings. Light
measurements taken in transects were only used for comparison between openings and
untouched forest for both year one and year two. They were taken in the forest, 15 m from
each side of a block, in the openings and between the openings, all at a height of 1.25 m.
Stand vegetation was characterized using the point-centered quarter method (Mitchell
2007) (n = 60, tree DBH;30: 8 > 5 cm, seedling DBH;30: 1 cm < 6 < 5 cm). Herbaceous
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vegetation was described using the species with cover superior to 50% on 1 m? square
(n = 60). Air temperature was measured every half hour for 82 days, at a height of 80 cm,
in the middle of the openings from June to August of the second year, using data loggers
(DS1922L, iButton, Maxim integrated, CA, USA) protected from direct sunlight by a green
plastic plate, 20 cm above. We made sure the sensors were always under shaded
conditions.

Analysis

We used a three-way ANOVA to compare growth and light level across treatments, using
protections and opening width as fixed factors and blocks as random factor, and Tukey
HSD for multiple means comparison. Chi square tests were used for survival. Some data
were transformed to reach normality. Linear and logarithm regressions were made using
growth variables and light. Most of the analyses were made with JMP v10.0.0 (SAS
Institute, Cary, USA) but for the regressions (R v3.0.2, R Development Core Team,
Vienna, AUS).

Results
Light distribution under treatments

All openings increased available light compared to the untouched forest, from 5 to 10 times
more light (Table 1). There was a decrease in %PAR from year one to year two, faster in
the smaller openings, reducing by 50% in the 3 m width, 39% in the 6 m width and 22% in
the 9 m width (see measurements at 2 m high, Table 1). Light available for a seedling is
further reduced by the use of protective sleeve. Small mesh allows 34% of the light to get
through while large mesh and control allow 74% (Fig. 1). Vegetation competition reduced
light reaching the ground from 2 m high by 42 up to 75% PAR, from the 3 m openings to
the 9 m openings (Table 1).

Table 1 Average percentage (standard deviation) of light measured in forest, at the center of openings and
between the openings, at multiple heights

Height (cm)  Forest 3 m 6 m 9m Between openings

Year 1  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1

200 - 32(16) 16(7) 54 (200 33(17) 61 (11) 48(@8) -

125 6 (5) 29 (13) - 48 (20) - 57 (13) - 15 (8)
75 - 26 (13) - 49 (22) - 61 (15) - -

5 - - 9 (7 - 11 (10) - 12 (12) -

1 — (5/200)* - - 42 (38) - 64 (23) - 75 (22) -

n= 48 180 180 180 180 180 180 66

«

—” not measured

*This value represents the proportion of light intercepted by vegetation between 200 and 5 cm
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Fig. 1 Mean % of PAR during
growing season inside sleeves
(integrated for the whole sleeve),
for each width of opening. Year
1: opening effect p = 0.0015;
sleeve effect p < 0.0001 Year 2:
opening effect p < 0.0001;
sleeve effect p = 0.0001. Effects
were the same for both years.
Values followed by the same
letter are not significantly
different (alpha = 0.05). Small
mesh (S), large mesh (L), control
©
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Fig. 2 Survival rate of yellow birch and bur oak after two growth seasons under different openings’ width
and protective sleeves. Yellow birch: openings effect p = 0.57, sleeve effect p = 0.0138, interaction
p = 0.1682. Bur oak: openings effect p = 0.4627, sleeve effect p = 0.0457, interaction p = 0.8862. Values
followed by the same letter are not significantly different (alpha = 0.05). Small mesh (light grey), large

mesh (dark grey), control (black)
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Survival

Small mesh sleeves provided yellow birch with a better survival (94%) than the large mesh
(79%) and the control (75%) (Fig. 2). There were no interactions between the opening
width and the sleeves. Survival of bur oak seedlings was slightly lower with the large mesh
(92%) compared to the other (97%) and the control (100%). Openings width had no effect
on survival, for both species (Fig. 2).

Growth

Data from the first year are not shown, as there was much uncertainty during the first
growth season, for both species and all treatments due to stress of transplantation. For each
growth variable analyzed, no interaction has been detected for yellow birch or bur oak
between protective sleeves and openings, for the second year. During that same year,
yellow birch shoot and diameter growth increased with the size of opening, without
affecting the H/D ratio (Table 2). Diameter growth seemed more sensitive to openings than
shoot growth, as differences were significant for all size, while only between the 9 m and
the two others for shoot growth. Small mesh sleeve reduced birch’s growth for the same
two variables in all openings compared to control (Table 2). It also reduced final height
and shoot growth, although it increased the H/D ratio. Treatments had no effect on shoot
growth and final height of bur oak, but larger openings had a greater diameter increment,
for all protections, while small mesh reduced diameter increment and increased H/D ratio,
for all openings (Table 2).

Seedlings morphology and chlorophyll concentration

Treatments had no significant direct effects on bur oak morphology. Opening width and
large mesh sleeve increased chlorophyll concentration for yellow birch. Small mesh
sleeves increased crown length/stem diameter ratio for birch, but reduced the total length
of secondary branches. While treatments had no significant effects on the other ratios,
some were quite close (0.05 < p < 0.1): leaf area, leaf display and number of secondary
branches had a tendency to be decreased by small mesh sleeves while height/total length of
secondary branches was increased by that same protection (Table 3).

Taking only light measurements into account allowed several regressions to be seen,
some that were otherwise not detected: yellow birch increased the length of its secondary
branches (R* = 0.22), total leaf area (R> = 0.156), leaf display (R> = 0.129) and diameter
(R? = 0.318), while bur oak increased its extension growth index (R? = 0.105), total leaf
area (R® = 0.147) and diameter (R> = 0.188) (Table 4).

Temperature
Wider openings meant higher air temperature, close to 5 °C more than in the control forest

in the afternoon. Temperature differences between openings were minimal before 10:30 in
the morning and after 18:00 and reached their highest at 14:00 (Fig. 3).
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Table 3 Effects of opening width and protective sleeve on leaf area, chlorophyll concentration and several
growth variables of yellow birch

Variables Openings (O) Sleeve (P) OxP
Leaf area (mm?) 0.4893 0.0657 0.8317
Chlorophyll 0.0183 0.0334 0.9039
Extension growth index (cm/cm) 0.8204 0.1068 0.7108
Living crown (cm/cm) 0.6309 0.9939 0.3477
Leaf display (cm*cm) 0.8894 0.0510 0.5916
Height/sum of secondary branches (cm/cm) 0.5273 0.0670 0.321

Number of secondary branches 0.8855 0.0913 0.251

Sum of secondary branches (cm) 0.2892 0.0149 0.3836
Crown/stem diameter (cm/mm) 0.8395 0.0280 0.5161

O opening, p sleeve, values in bold have a p < 0.05. The one italicised are between 0.05 and 0.1

Table 4 Regressions between

light and several growth variables Yellow birch Bur oak

el b nd sk .
General
Diameter growth 0.318 0.0001 0.188  0.0001
Morphometric
Mean of secondary branches  0.22 0.0004 - -
Leaf area 0.156  0.0033  0.147  0.0043
Extension growth index - - 0.105  0.0202
Leaf display 0.129  0.0084 - -

28 -
— i IO 9m openings
}) 26 — — — 6m openings
~ 24 A 3m openings
2 Forest (control)
S5 22 1

®

= 20 A

8

E18-
16 {

O o L e o o o e e o o e e LA o o o o e e e NN o e e o o

14:00
15:00 -
16:00 1
17:00 1

Time of the day

Fig. 3 Mean air temperature for 24 h at 80 cm height, by opening, data from June to August 2015
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Discussion
Light levels

Paquette et al. (2006b) in a meta-analysis identified the interval between 25 and 50%PAR
to be best for survival and growth of trees under residual cover. The high end of this
interval has shown better growth results (Beaudet and Messier 1998; Gasser et al. 2010;
Kern et al. 2012). With an optimal growth around 36-46%PAR inside sleeves, our results
support this conclusion for post-agricultural forests when using protective mesh sleeves, in
a temperate climate. Many experiments on different protector types, if not almost all of
them, were made in open areas, either fields or large forest gaps. Therefore, light intensity
was never low, the only reduction being the protector. These experiments showed some
success for mesh sleeves, increasing their height growth (Ward and Stephens 1995; Ward
et al. 2000; Devine and Harrington 2008). Some studies on natural regeneration did have
low light intensity (Beaudet and Messier 1998; Forrester et al. 2014), but ours might be one
of the first to have a wide range of %PAR using protections in a forested environment.

Over time, openings will start closing and change the light environment (Cogliastro
et al. 2006). Canopy closure is faster when comprised of pioneer species than in a more
mature forest (Valverde and Silvertown 1997) and should be considered when planning
enrichment under-planting. Our results show that small openings may allow enough %PAR
for the first year only with protective sleeves, as canopy closes. While small openings are
not a long-term option, there is a setback to wider strip opening: we have demonstrated that
wider strips promote vegetation competition in young post-agricultural forest (Table 1).
Pioneer species allow a greater light input through the canopy (Canham 1988), therefore
competition should thrive compared with a more mature forest (Beaudet and Messier 1998;
Cogliastro and Paquette 2012). Hence, it may require particular care, specifically around
slow growing tree species like bur oak. Bur oak reached its photosynthetic maximum in the
6 and 9 m opening while yellow birch was close to it only in the 9 m opening.

Survival

Light intensity had some influence on survival and growth pattern of both species. What
was less expected is that sleeves were more influential than openings. Proportionally, light
reduction was greater by the small mesh sleeve in a given opening than between the 9 and
3 m openings, which would explain observing effects of sleeves but not openings, for
survival and several growth variables.

The higher survival for yellow birch seedlings in the small mesh sleeve is surprising, as
it greatly reduced light and was not observed with bur oak, even though both species are
mid tolerant to shade (Niinemets and Valladares 2006). However, it has been noticed
during fieldwork (personal observation) that almost no vegetation was able to grow inside
the small mesh sleeve, while the other protection allowed a somewhat stronger competi-
tion. It appears that the %PAR, under the combined shades casted by the seedling and the
small mesh, were low enough to inhibit all growth: 24% of available PAR reaches the
bottom quarter of the sleeve without a seedling inside, while this number increases to 67%
for the large mesh. A difference in survival rate was expected between the openings, as our
range of %PAR was wide, yet none was seen. Competition was stronger with wider
opening and since its control was done late in the growing season, light disparities may
have been reduced to a level were no difference in survival could be seen. Maybe,
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considering that species are of intermediate shade tolerance, our lowest level (11%PAR the
first year and 5% the second) was still high enough to allow survival of most individuals.

Seedlings growth

Decreasing forest cover to sustain seedlings regeneration is a technique often used, but
usually restrained to natural regeneration and uncommon in combination with planting of
deciduous tree species. Therefore, few studies on the growth of underplanted North
American hardwood trees are available for comparison. Nevertheless, we compared our
results to assisted regeneration studies and noticed that the height growth of yellow birch
was greater for the same amount of %PAR, sometimes two to three times yet with an
increased H/D ratio (Lorenzetti et al. 2008; Kern et al. 2012; Yang et al. 2012). Amongst
studies, deer protections are often deficient or lacking and browsing reduces growth and
drains resource storage over time (Kern et al. 2012). Similar growths have been observed
in natural regeneration with the same light conditions (Beaudet and Messier 1998; Ricard
et al. 2003), although they selected older and taller seedlings that were above competitors
and had very few data for high range of %PAR. Protective sleeves may have enhanced
height growth, since we observed the same growth as assisted regeneration, without
choosing the best seedlings, by funnelling the trees towards the top of the sleeve.
Microclimate in tree shelter is known to increase height gain, but its effects are reduced by
ventilating tubes and almost non-existent when using mesh sleeves (Bergez and Dupraz
2000; Devine and Harrington 2008). Another factor of importance affecting growth pat-
terns are mechanical stimuli. Coutand et al. (2008) reported that the absence of mechanical
stimuli increases height growth, at the cost of diameter growth, and that wind rustling
through the leaves could be a sufficient stimulus. Therefore, our protective sleeves may
have allowed enough wind to create mechanical stimulation, but for the small mesh sleeve,
which has a higher H/D ratio. The large diameter of our protections allowed enough room
for some trunk movements.

Growth should vary over a wide range of %PAR (Beaudet and Messier 1998; Ricard
et al. 2003; Paquette et al. 2006b; Lof et al. 2007; Gasser et al. 2010) but we did not see
such changes, even though %PAR had a wide range in our experiment (5-46%PAR). The
proliferation of competition in wider openings might have reduced light disparities, hence
a range of %PAR smaller than what was measured (our light measures were taken above
vegetation). However, weed can provide protection against harsh condition such as snow
and ice storm, a role that may have been taken, in our case, by the protective sleeves, by
providing a physical protection (Close et al. 2009; Puértolas et al. 2010). Protective mesh
sleeves may also affect morphology, by modifying the H/D ratio. In comparison with the
present work, most studies observed a lower H/D ratio for every level of light (Lorenzetti
et al. 2008; Kern et al. 2012), but not all (Beaudet and Messier 1998). Most of them also
had no protective sleeves: the %PAR increases with height inside a protective sleeve,
therefore compelling seedlings toward a faster height growth, detrimental to the diameter.
Several studies reported such results for tube shelters (DuPlissis et al. 2000; Ward et al.
2000; Ponder 2003). Every oak could stand on his own without their protection, while over
75% of the yellow birches could, for each treatment, and only a small curve was visible for
almost a quarter of the yellow birches (data not shown). Yellow birches that completely
toppled without their protection represent less than 2% of total number of birches. Com-
petition may have had a similar effect, as it reduces %PAR close to the ground, but not as
much at the top, adding to the variation of H/D ratio between protective sleeves. Com-
petition also has another effect, by reducing the red/far red ratio (R/FR), which then
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stimulates height growth (Ballaré et al. 1990; Schmitt and Wulff 1993). The advantage of
mesh sleeves in this case is that they trap less FR inside the sleeve (Laliberté et al. 2008),
while it is a condition known to tube shelters (Bergez and Dupraz 2009).

Results for bur oak’s H/D ratio were slightly different from yellow birch because
seedlings grew slower and were smaller, thus affected only by the bottom portion of the
sleeve, where disparities in light reduction were stronger. The large mesh intercepted more
light at its bottom than the control, but less than the small mesh and is thus positioned
between it and the small mesh in terms of H/D ratio. Moreover, yellow birch has a
maximum photosynthesis around 600 pmol m~—2 s~ while it is close to 400 pmol m™> -
s~! for bur oak, meaning it could take advantage of increased light when bur oak could not
(Logan 1970; Hamerlynck and Knapp 1994; Beaudet et al. 2000).

Diameter growth was more sensitive to treatments, for both species. In the larger
opening, larger diameters could be explained by a less constraining light, which allowed
seedlings to increase allocation to diameter and roots instead of crown. Moreover,
increased light is linked with an increase in air temperature and soil temperature, which
may stimulate underground activities such as bacterial communities and mycorrhizas,
favouring root growth (Cheng et al. 2005; Song and Cheng 2010).

While the H/D ratio of yellow birch was high, several variables showed that growth was
sustained, and without too much etiolation. The small mesh sleeves increased the crown/
stem diameter ratio for yellow birches, meaning that with the other protection, which
allows more light, more resources are allocated towards diameter and less toward the
crown, hence the lower H/D ratio. Leaf display correlated to light clearly indicates that
with higher %PAR, height growth is sustained by a stronger photosynthesis potential.
Moreover, photosynthesis per leaf area also increased, as chlorophyll content showed,
hence the larger opening increased overall growth and not only biomass allocation. An
increase in aerial biomass is usually sustained by a more developed root system (Wayne
and Bazzaz 1993).

Canopy is closing relatively fast and thus the transmitted %PAR will follow. However,
seedlings will eventually grow outside of their protection and leave the limited light
environment it represents. Also, light requirement tends to increase with tree age (Messier
and Nikinmaa 2000). Hence, if their height growth is fast enough, it is plausible to think
that the first intervention to open the canopy will be sufficient for the 9 m opening, because
it will maintain a relatively stable %PAR at the crown of trees, during their growth.

Treatments seemed to have little to no effects on the morphometric measurements and
survival rate of bur oak. However, it is a species known to build a strong root system and
2 years may not have been enough to see such development (Bragg et al. 1993; Rebbeck
et al. 2011). Also, shoot dieback is often observed on bur oak, which consequently helps to
increase root to shoot ratio, thus survivability (Johnson et al. 2009). This would explain the
slow growth and the high survival rate seen in this study. Moreover, it may have suffered
more from light competition than yellow birch, which has a faster height growth and will
get outside the influence of neighbouring competition.

Nonetheless, a few growth parameters of bur oak reacted to light, as observed before
(Laliberté et al. 2008). Therefore, its growth could be enhanced with the correct light
environment, although focus could be put elsewhere, as many oak species have been shown
to react more strongly to other variable than strictly light, such as water content and
microsite (Collins and Battaglia 2008).
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Conclusions

Seedlings establishment can be facilitated by the use of protective mesh sleeves under
canopy strip openings. However, several conditions must be met to obtain successful
growth.

1. Mesh sleeves must be permissive to light: we saw only increase in growth with higher
%PAR, with nothing to suggest that high %PAR could be detrimental to seedlings’
growth.

2. Openings of 9 m are a good compromise between increased seedlings’ growth and
stronger competition. Wider openings might increase light induced stress, such as leaf
transpiration, and competition’s growth, thus, loosing the advantage of increased light.

3. For slow growing species, like bur oak, a strict control of competition is necessary to
ensure that seedlings are not overtopped by neighbouring vegetation.

4. The choice of planted species should be carefully thought. Species should have at least
some tolerance to shade, as canopy closure will reduce incident light, as well as a fast
height growth, to reduce the frequency of competition control. For species with slower
growth, a second thinning may be required after few years.

5.  Small mesh sleeves may be adapted for restoration of underplanted yellow birch, as
they increased survival however, the slower growth in these protector is not an option
for wood production and long term survival needs to be studied.
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