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Abstract: Competitive exclusion can lead to a loss of species diversity within small forest gaps. Thus,
it poses a potential concern for mixed species regeneration following strip-cut harvesting in the
species rich interior moist forests of British Columbia. In this study, we compare nine tree species
widely used in reforestation for their growth rates along a light/gap-position gradient in 50 m wide
east-west oriented strip-cuts. Data after 15 growing seasons reveal that a crossover of species’ growth
patterns along the light gradient can be linked to their shade tolerance ranking, and competitive
hierarchy processes can be observed between species. The growth of two shade-intolerant (lodgepole
pine and ponderosa pine), and two moderately tolerant (Douglas fir and white pine) species did
surpass the growth of other more tolerant species under high light conditions in this study. Thus,
we conclude that maintaining shade-intolerant species within 50 m wide strip-cuts is feasible, but
species need to be planted in locations that suit their light requirements.

Keywords: shade tolerance; mixed conifer regeneration; competitive hierarchy; gap-partitioning;
species coexistence; strip-cuts and light gradient

1. Introduction

Forests of the interior cedar hemlock (ICH) bio-geoclimatic zone in British Columbia
are known for their complex stand structure and high species diversity. These forests can
support up to 14 commercial tree species in a single stand, including very tolerant species
such as western hemlock (Tsuga heterophylla (Raf.) Sarg.), and very shade-intolerant conifers,
such as lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm. Ex S. Wats.),
western larch (Larix occidentalis Nutt.), and broadleaf species, such as paper birch (Betula
papyrifera Marsh) and trembling aspen (Populus tremuloides Michx.). The majority of these
forests occur in valley bottoms to mid-elevation in accessible locations, and are therefore
valued by nearby communities for aesthetics and recreation, in addition to serving as a
souce of readily accessible lumber [1,2].

Over the past four decades, forest management practices have been shifting toward
a management approach where multiple economic, ecological, and social objectives are
considered simultaneously. Under this approach, non-timber forest management objectives
such as biodiversity and wildlife habitat, watershed properties, visual quality for recreation,
and climate change resilience are included in forest management planning [3]. Shelter-
wood, selection or patch-cut harvesting, has the potential to meet many of these objectives,
improving visual quality over clear-cutting, and can often be economically profitable while
still providing ecological services [3]. One concern with these alternatives to clear-cut
harvesting is the maintenance of species diversity after harvesting. Specifically, canopy
openings created by these harvesting methods are often not sufficient to support regenera-
tion of a mixture of shade tolerant, moderately tolerant, and intolerant species. In uniform
shelterwood systems, where 25 to 50% of basal area is uniformly removed throughout the
stand, conditions may not be suitable for regeneration of intolerant and moderately tolerant
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tree species due to the shade cast by the retained canopy [1]. However, group selection,
patch-cut or strip-cut methods could be a possible solution [3-5]. In these systems, a small
clear-cut is created in the canopy which leads to the creation of a light gradient inside the
opening, with the southern edge receiving a higher proportion of diffuse light than the
center or northern portion of the gaps, which typically receive a greater portion of direct
sunlight in northern forests [6,7].

Strip-cut gaps are usually small in size (usually <1 ha), but the variability in light
conditions that exists within these gaps can cause species to grow at different rates at
different gap-positions depending on their tolerance to shade. Shade-intolerant species
typically grow faster than shade-tolerant species in high light environments. In contrast,
shade-tolerant species grow faster than intolerant species in light-limited environments.
This trade-off in growth rates across the light gradient can cause species to be excluded or to
differentiate into stratified mixtures, thus allowing a diverse group of species to coexist in
temperate and tropical forests [8-10]. However, some exceptions to this generalization have
been reported, with some studies reporting shade-intolerant species growing consistently
better at all light environments, including low light [11-13] or growing poorly in the high
light environments due to root competition from adjacent edge trees [4,14]. Consequently,
an examination of species competitive hierarchy processes across the range of their shade
tolerance can contribute to understanding the potential for mixed species regeneration
within strip-cut gaps.

Furthermore, light is not the only growth limiting factor inside a gap. Previous studies
have reported that soil moisture, nutrient availability, or temperature affect light-growth
relationships, particularly in high light areas such as at the center or northern edge of
gaps [15,16]. Therefore, for a more comprehensive understanding of mixed species’ re-
generation in small-sized gaps, studies have also examined species’ gap—position—growth
relationship [4,14,17]. This relationship can reveal critical information about species’ niche
overlap (i.e., the lack of competitive hierarchy) within openings; thus, competitive eradica-
tion of a few species by others can be predicted [10,18]. Finally, the gap—position-growth
relationship might be used as a tool in selecting a range of suitable species for strip-cut
regeneration, and in guiding decisions on planting species at appropriate positions within
the gap.

In this study, we present results from an experiment designed to inform mixed species
reforestation and optimal planting positions in 50 m wide east-to-west oriented strip-cuts
of ICH forests of British Columbia. Our primary objective is to identify shade intolerant
species with sufficient growth rates in small openings. Specifically, we quantify growth rates
over a light gradient for nine candidate species for reforestation, as well as growth rates
over a north-south transect, which might further indicate species appropriate planting
locations (i.e., within gap-partitioning). Finally, based on volume data at the end of
15 growing seasons, we aim to infer whether mixed species reforestation is feasible based
on competitive hierarchy along the light gradient, or alternatively a gap-position gradient
from the gap edge.

2. Methods
2.1. Study Area and Species

The study site is located on a level area in a valley bottom, 50 km south of Nakusp,
British Columbia (Lat. 49°57' N, Long. 117°53’ W, 550 m elevation), representing common
site conditions for the interior cedar-hemlock of British Columbia [19]. The forest on site
is an even-aged mature mixed species stand consisting of 53% Douglas fir, 25% western
redcedar, 15% western larch, and 5% lodgepole pine and paper birch, with other species
(including trembling aspen, balsam poplar (Populus balsamifera L. subsp. trichocarpa T. &
G. ex Hook.), and western white pine (Pinus monticola Dougl. ex D. Don.) comprising the
remainder. The dominant species are about 35 m tall, and the stand density is approximately
650 stems/ha. Climate conditions for the ICH zone are temperate, characterized by warm
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and relatively moist summers (~14 °C and ~150 mm) and cool and moist winters (—5 °C,
~400 mm).

We test nine species with a range of shade tolerance commonly occurring in the
ICH, namely Douglas fir (Pseudotsuga menziesii (Mirb.) Franc.), Engelmann spruce (Picea
engelmannii Parry ex Engelmann), western redcedar (Thuja plicata Donn ex D. Don in
Lamb), western hemlock, western white pine, ponderosa pine (Pinus ponderosa (Dougl. ex
P. & C. Lawson), lodgepole pine, subalpine fir (Abies lasiocarpa (Hook) Nutt.), and paper
birch. Niinemets and Valladares [20] provide the following tolerance classification of
these species: lodgepole pine, ponderosa pine, and paper birch are classified as the most
intolerant, whereas Douglas fir and white pine as are defined as moderately tolerant, and
western hemlock, western redcedar, subalpine-fir and Engelmann spruce as highly shade
tolerant species (Table 1).

Table 1. Comparative tolerance to main stress factors and key silvics of the 9 Interior Cedar Hemlock
(ICH) tree species planted in strip-cut experiment.

Tolerance Ranking ! Silvical Characteristics 2
Suitability for  Suitability for Potential for Potential for
Tree Species Shade Drought Shelterwood Selection Natural Regen.  Natural Regen.

Systems System at Low Light in the Open
lodgepole pine 1.48 4.21 M L L H
paper birch 1.54 2.02 L L L H
ponderosa pine 1.64 4.32 M L-H L H
Douglas fir 2.78 2.62 L-H L-H L-H H
white pine 2.97 242 M L-M H L
Engelmann spruce 4.53 2.58 M M L H
western redcedar 4.73 2.23 M H M H
subalpine fir 4.83 2.02 M H H L
western hemlock 4.96 1.17 M H H H

Notes: ! Numeric quantification of stress tolerance on the scale of 0 (no tolerance) to 5 (high tolerance) after
Niinemets and Valladares [20]. 2 Silvical characteristics are taken from Klinka and Chourmouzis [21]. Silvical
characteristics of paper birch are from Weetman and Vyse [22] and Haeussler et al. [23]. The interpretative classes
are, L = low, M = intermediate, and H = high.

2.2. Experimental Design

Strip-cut harvesting in the mixed conifer stand took place during the winter of 1994 to
1995. The area was planted in the spring of 1995. Two small openings (<1 ha) were created
with a size of 50 m x 150 m each, with the long axis oriented east to west (Figure 1, only
one opening is shown). In total, 10 species were planted in rows with 3 replications that
were positioned randomly, for a total of approximately 1000 individuals. In analyses, we
used nine species and excluded western larch. Due to the poor survival of this species,
there were insufficient number of larches available for measurement.

Trees were planted in single-species, north-south oriented rows, with each row 90 m
long extending 20 m into the uncut stand south and north of the edge of each harvested
block. Species rows were allocated randomly in an east-west direction, with three replica-
tions (three rows per species) in each block. Row-to-row spacing was 2.6 m and within each
row seedlings were planted at a 3 m spacing. A 20-m wide unplanted buffer was main-
tained on both the east and west sides of each block. In total, approximately 1000 seedlings
were evaluated in this study after approximately 20% mortality after 15 growing seasons.
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Light sensors Planted row of trees

1

> 150 m

Figure 1. An illustration of the general experimental layout for one strip-cut, showing a 50 m x 150 m
clearing surrounded by uncut stands, planting rows and placement of light sensors.

2.3. Light Measurements

To capture the north-south light gradient, 12 custom photodiode-based sensors were
installed at 5, 15, 22.5, 27.5, 32.5, and 37.5 m north and south of the gap center along a north-
south transect of each opening at the end of June 2007 (see Figure 1 for sensor locations). A
detailed description of the sensors can be found in Fielder and Comeau [24]. Sensors were
installed at a 1.5 m height above the ground and were connected to Campbell Scientific
CR10X dataloggers for the continuous measurement of light. We continuously recorded
photosynthetically active photon flux density (PPFD) below the canopy from 1 July to
30 September 2007, subsequently converted to % transmittance relative to above canopy
PPFD, following protocols described in detail by Hossain and Comeau [7]. To estimate light
at each seedling, a Gaussian peak function was fitted to describe the relationship between
% PPFD and distances from the southern forest edges in meters (d) (Figure 2, Equation (1)).
(4222

% PPFD = ae 0° 1)

50 -

40 -

30 -

20 -

Light transmittance (%)

0 10 20 30 40 50 60 70 80 90
Distance along N-S transect (m)

Figure 2. Non-linear curve describing light transmittance as a function of distance from the furthest
point under the south canopy. Here, N = 22, rmse (root mean square error) = 10.89, Pseudo R? = 0.69.
All parameters (a = 49.78, b = 55.02, ¢ = 18.29) are highly significant (p < 0.001). Black dashed line
indicates forest edges.
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Log (volume) ~ intercept + species + gap-position + gap-position? + species x gap-position+ species

2.4. Tree Measurements

All live trees were measured in September 2009 after 15 growing seasons in the field.
We measured stem diameter at 5 cm above the ground (D5), diameter at 1.3 m breast
height (dbh), and height. The survival rates of the planted seedlings were generally around
60-70%. This analysis focuses on growth rates of surviving trees, and dead seedlings were
excluded from growth and volume calculations. In addition, a small number of trees (<1%)
that were in poor condition were also excluded from the analysis (trees with severe lean,
animal damage, diseased, or insect infested) to reduce the influence of extraneous factors.
All live trees and light sensor locations were mapped, and the distance of each tree from
the south end of the row was calculated. Stand edges were mapped to provide an exact
demarcation of the openings’ boundaries measured from the stems of edge trees. This
allowed each individual tree to be related to the surrounding north and south edges of
the cut-blocks.

For quantitative analysis, we used growth represented by total stem volume since
planting. To derive volume equations, a sample of 48 trees (2 trees randomly selected
within approximately 5 m of each of the 12 light sensor locations) of each species were
selected from the two cut-blocks. To ensure representation of the full-size range of trees,
the random samples were augmented by a selection of the four largest trees of each species.
Stem volume of these trees was then determined by measuring diameter at intervals going
from the ground to the top of the tree, with the first measurement positioned at 5 cm.
Subsequently, trees <2 m were measured in 25 cm intervals up the stem, and trees >2 m
were measured in 50 cm intervals. To develop species-specific stem volume equations, we
used a modified Honer’s equation [25] (Equation (2) in Pitt et al. [26]).

2.5. Data Analysis

The total volume (cm?) of each tree was regressed against light calculated from the
Gaussian peak function to examine light-growth relationships for each of the 9 selected
species. To determine species differences in the relationship between stem volume and light,
we tested if slopes of the light-growth relationships were statistically different between
species, using a mixed effect linear model implemented with the /mer() function of the
Im4/ImerTest packages for the R programming environment [27]. Further, we used the
VarCorr() function to extract variance components from the Imer() object. The model had the
following form, with species differences represented by the interaction term Equation (2):

Log (volume) ~ intercept + log(light) + species + log(light) x species + (1| Row/Block) 2)

To determine the best positioning of species in the clearcut, we further modeled
growth as a function of gap-position (distance) from the southern edge of the cut-block,
using mixed effect analysis with rows within blocks specified as random effects. Here the
relationship is not a linear response as in Equation (2), therefore, we use an equivalent
quadratic model as shown in Equation (3):

x gap-position® + (11 Row/Block) @)

Log transformation was applied to total volume in Equation (3), and log-log transfor-
mations for both light and volume were applied in Equation (2) to meet the assumptions of
normality and equality of variance and for linearization of the relationships. Mixed effect
models were used to account for nesting of planted rows within each strip-cut and also
to account for variation between the two strip-cuts. All analyses were completed using R
statistical software [27].
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3. Results
3.1. Species-Specific Light-Growth Response

The analysis reveals rank reversals among species in growth performance along the
light gradient, with a significant light by species interaction term (Table 2). Experimental
design factors (block and rows) were specified as random effects and explained less than
3% of the total variance in the experiment. In contrast, light, species, and their interactions
accounted for 51%, 10%, and 4% of the total variance, respectively (data not shown).
When plotted, a crossover pattern emerges between species’ light-growth relationships
(Figure 3a). Figure 3a also reveals that more shade-tolerant species (namely, Engelmann
spruce, western redcedar, subalpine fir and western hemlock) exhibit a shallower slope
than less tolerant species (i.e., ponderosa pine, lodgepole pine, paper birch, and Douglas
fir). In order for intolerant species to be viable in mixed species plantations, they need
to surpass the more shade tolerant group under high light levels and our results clearly
indicate this to be true for two pine species, lodgepole, and ponderosa pine. Demonstrating
a higher competitive potential, these two species achieved the highest ranks at high light
conditions (Figure 3a, maroon, and blue line). Another shade-intolerant species, paper
birch, also showed a steeper slope than other more tolerant species but failed to surpass
the growth of the tolerant competitors (Figure 3a, green line). In contrast, moderately
shade-tolerant Douglas fir also crossed ranks, and marginally emerged on top of the shade-
tolerant species at the highest light level (Figure 3a, lime line), consistent with observations
of the ability of this species to grow in mixture with shade-tolerant species. However, the
second moderately tolerant species, white pine, did not behave as expected, and parallels
the growth of shade-tolerant species, showing a low competitive potential under high light
conditions (Figure 3a, purple line). Back-transformation of the data into their original units
also illustrates similar trends (Figure 3b).

Table 2. Analysis of Deviance table (Type III Wald chisquare tests) of the mixed-effect regression
model (Equation (2)) describing the effect of light on growth responses of 9 species.

Parameters Chi Square DF p Value
Intercept 2.99 1 0.083
Log (Light) 68.12 1 <0.001
Species 47.22 8 <0.001
Log (Light) x species 43.41 8 <0.001
12 5 (a) 40 5 (b)
10 + 32
p
£ 5 - A
N> _g 24
(] —
E 6 )
2 S
[ S 16 o
4 o
2 >
4
2 8 1
—
0 0 - —
r T T T T 1
1 2 3 4 0 10 20 30 40 50
Log light transmittance (%) Light transmittance (%)
—— lodgepole pine Douglas fir —&— western redcedar
—a— paper birch —— white pine subalpine fir
—m— ponderosa pine —=— Engelmann spruce western hemlock

Figure 3. Growth responses of 9 species to the light gradient on a log-log scale (a), and back-
transformed to original units for light and volume (b). Plots for individual species with their
corresponding data points are shown in Figure A1.
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3.2. Growth Response in Relation to Gap-Positions

Analysis of growth as a function of the gap-position reveals a highly significant
interaction term (Table 3), suggesting that the rate at which species reached their highest
growth (peak) differed among them, along with the location within the gap where that
peak occurred. The results provide some indication of within-gap partitioning by species.
For example, as a first group (Figure 4b, Group-1), two highly shade-intolerant species,
lodgepole and ponderosa pine, peaked somewhat north of the gap center, at around 30 m
(Figure 4b), close to the location of the maximum light level (or ecological center of the
gap, at 30 m). The second group, consisting of Douglas fir, white pine, subalpine fir, and
western hemlock showed intermediate productivity and among them, the two moderately
tolerant species (Douglas fir and white pine) peaked north of the center (around 30 m)
whereas the highly shade-tolerant western hemlock peaked south of the center (around
24 m), a shaded location within the gap. And the third group consisted of a mixture of
shade tolerantand intolerant species (Engelmann spruce, western redcedar and the shade-
intolerant broadleaved species, paper birch), for which, the peak of the growth or optimum
niche also occurred north of the gap center (around 29 m, Figure 4b).

Table 3. Analysis of Deviance table (Type III Wald chisquare tests) of the mixed effect regression
model (Equation (3)) describing species” growth (log-volume) response to changing gap environments
(gap-position).

Parameters Chi Square DF p Value
Intercept 1.18 1 0.278
Species 60.53 8 <0.001
Gap-position 4591 1 <0.001
Gap-position® 41.84 1 <0.001
Species x gap-position 44.84 8 <0.001
Species x gap-position? 40.39 8 <0.001
12 - 60 - (b)
10 - 50 4
&
e 8 A S 40 4
< S
o Z
E 6 A o 30 -
=) S
[S) =]
> S
2 4 4 > 20 A
-
2 - 10 -
0 - : 0 - :
0 10 20 30 40 50 0 10 20 30 40 50
Distance from the south edge of the gap (m) Distance from the south edge of the gap (m)
—— lodgepole pine Douglas fir —A— western redcedar
—aA— paper birch —— white pine subalpine fir
—m— ponderosa pine  —=— Engelmann spruce western hemlock

Figure 4. Fitted growth-gap-positions regression curves for log transformed volume (a) and original
units (b). All fits are statistically significant (p < 0.001). Panel b shows results after back transformation
to original. Dashed brown line indicates the gap-center. Plots for individual species with their
corresponding data points are shown in Figure A2.

3.3. Edge Influence

Generally, all species suffered growth reduction in proximity to the gap edges, but
they differed in the magnitude of reduction. For shade-intolerant species, due to their
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poor adaptation to shade, a strong south edge influence was expected. However, only two
highly shade-intolerant species, ponderosa pine and paper birch (volume reductions were
97% and 96%, respectively, Table 4), conformed to this expectation. However, lodgepole
pine, a shade-intolerant species did not; this species suffered about 83% growth reduction,
which is less than two moderately tolerant species, Douglas fir (92%) and white pine (87%)
(Table 4). At the north edge, shade-intolerant species are expected to suffer less reduction
in growth due to the abundance of light, and two shade-intolerant species, lodgepole and
ponderosa pine met this expectation (only 61% and 76% growth reductions, respectively),
but despite being highly shade intolerant, paper birch seemed to suffer substantial (87%)
growth reduction near the north edge. These results indicate the importance of considering
suitable planting locations for species based on their tolerance of shade and edge effects.

Table 4. Species volume at different gap positions and percent growth reductions relative to the peak
(in parenthesis). Edge positions are measured observations within 5 m distance from the gap edge.
The bottom row reports light transmittance as percentage of the open.

Volume (dm?®) and Growth Reductions (%)

Species South Edge Peak North Edge
lodgepole pine 8.3 (—83%) 50.1 19.6 (—61%)
paper birch 0.5 (—96%) 10.7 1.4 (—87%)
ponderosa pine 1.8 (—97%) 56.2 13.4 (—76%)
Douglas fir 1.6 (—92%) 19.5 3.7 (—81%)
white pine 2.1 (—87%) 16.2 3.5 (—78%)
Engelmann spruce 2.1 (—75%) 8.3 3.6 (—57%)
western redcedar 0.7 (—94%) 115 1.1 (—=90%)
subalpine fir 2.2 (—85%) 15.1 3.5 (=77%)
western hemlock 4.9 (—70%) 16.5 2.8 (—83%)
Light level (%) 18 50 37

Shade-tolerant species are expected to be less impacted by a south-edge proximity.
However, despite being shade tolerant, western redcedar seemed to be impacted by prox-
imity to the south edge (94% volume loss). This species is also subject to a strong north
edge influence (about 90% growth reduction). For the other species, both edges seem to
exert a moderate to weak influence on their growth (Table 4).

4. Discussion
4.1. Mixed Species Regeneration Appears Feasible

Species rank reversals along the light gradient indicate that a competitive hierarchy
would make mixed species plantations feasible in strip-cuts in this region. It is not sur-
prising that, when a large number of species are growing in intimate mixtures within a
narrow range of light (2.5-49%), they will overlap in their growth responses. Previous
studies have reported similar results [9,28,29]. Light-growth relationships indicate niche
sharing as all species in this study grew best at the highest light levels. Despite this, es-
tablishing intolerant species such as ponderosa pine and lodgepole pine in mixture with
shade-tolerant species is possible due to their rapid growth which enables them to remain
in the upper canopy for several decades. The likelihood of shade-intolerant species grow-
ing in intimate mixtures with shade-tolerant species increases with canopy disturbance
and with faster growth of shade-intolerant species at high light, whereas the likelihood
decreases when the growth rate of shade-tolerant species surpasses that of the intolerant
species [30-32]. Furthermore, Gravel et al. [33] point out that when growing in mixtures,
a faster-growing shade-intolerant species cannot be competitively excluded by a slower-
growing shade-tolerant species until the height of the tolerant species surpasses that of the
intolerant ones.

Though highly shade-intolerant paper birch showed accelerated growth with increas-
ing light, its failure to crossover the growth of more shade-tolerant species might be limiting
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for its coexistence. The silvics of this species also suggest that paper birch usually does not
do well in small clearcuts or in mixtures unless it dominates the shade-tolerant species [34].
Thus, planting this species in a suitable gap-position is of paramount importance if this
species is to grow in mixtures with other species in such 50 m wide strip-cuts.

4.2. Species Exhibited Some Evidence of Within Gap-Partitioning

The relationship between growth and light clearly indicates a growth hierarchy for
two highly shade-intolerant species (ponderosa and lodgepole pine) and also indicates
the possibility of coexistence for moderately shade tolerance species, Douglas fir, at high
light levels. However, the gap—position—growth relationship provides more information
regarding two moderately tolerant species, Douglas fir and white pine. These two species
(white pine marginally) achieve a higher competitive rank over other species that are more
shade tolerant, namely, western hemlock and subalpine fir (see Figure 4b, lime, orange,
purple and indigo lines within the second grouping of species). This enables these two
species to coexist with other more shade-tolerant species within the strip-cuts. Moreover,
species’ growth optima also differed within the gap, evidence of within gap-partitioning.
Although competitive hierarchy is strong in the data (Figure 4), this weak exhibition of
within gap-partitioning by species is meaningful for their successful establishment within
small gaps, since it allows matching species to their suitable planting environments. For
example, shade-intolerant paper birch revealed a high sensitivity toward the proximity of
edges (it suffered severe growth reduction near both north and south edges), therefore, this
species needs to be planted near the gap-center.

Moreover, this species lacked the expected competitive rank in the grouping with other
shade-tolerant species (see Figure 4b, in the third groupings of species, pink, green, and
black lines), thus, it is likely to face intense competition from other species. It is perplexing
that the increased light level due to gap creation is not benefiting this species owing to
its low-ranking in-shade tolerance. Instead, it seems that the benefit of increased light is
somewhat negated by belowground competition from the surrounding edges, as predicted
by other studies [4,14].

Like paper birch, western redcedar unexpectedly suffered growth reduction near the
edges, despite being a highly shade-tolerant species. In fact, both species are shallow rooted
species [34] suggesting that these two species were impacted by belowground competition
from neighboring mature edge trees. Therefore, for the successful reforestation of these
two species, we suggest these species not be planted near gap edges. Other shade-tolerant
species such as western hemlock, subalpine fir, and Engelmann spruce showed a somewhat
gradual response going from north to south within the gap, suggesting that these species
will do well within gaps of this size, as indicated by other gap studies [4,14,35,36].

Finally, results from this study are consistent with observations that if opportunities
are provided for shade-intolerant species to grow in some portions of the opening, it is
likely that tolerant species will grow in mixture with the intolerants [3-5,33,37,38]. The
range of light conditions (2.5-49%) that existed within the strip-cuts can support these
two moderately shade-tolerant species, particularly, Douglas fir. Light levels exceeding
20% can ensure survival of Douglas fir, and light levels above 40% can support adequate
growth of this species under partial harvesting systems [39,40]. In a group selection study,
De Montigny and Smith [38] noted that the minimum gap-size requirement for adequate
height growth of this species was between 0.24 to 0.33 ha with a gap-diameter to dominant
tree height ratio of 1.5-2.2. Therefore, based on the existing research, we can be confident
that Douglas fir is likely to establish in the mixtures within strip-cuts in the Interior Cedar
Hemlock zone of British Columbia.

5. Conclusions

Results from this study indicate that small-scale strip-cut harvesting can create a strong
north-south light gradient, along which species with a wide range of shade tolerance can
grow at different rates and thus coexist within the opening. If regeneration of a mixed
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species stand is the primary forest management objective, predictive models that link gap-
position, light, and growth performance of species can be used as tools in designing strip
cutting. The gap-position—growth relationships provide guidance regarding which species
should not be planted in the proximity of gap edges. Moreover, our results can guide
mixed species reforestation strategy in somewhat larger gaps than ours of other temperate
forests. We acknowledge that the two selected patch-cuts appear limiting in drawing
broader inferences for the Interior Cedar Hemlock bio-geoclimatic zone. However, the
most important factor in this experiment was the light gradient accounting for more than
half of the variance in the experiment. Since any strip-cut with similar orientation would
result in comparable light gradient, the results of this study should generally be useful
to guide species selection and gap positioning. Nevertheless, this study demonstrated,
despite evidence of niche sharing within small harvest gaps, shade tolerant and intolerant
species can both successfully regenerate through competitive hierarchy processes in gaps
of at least 50 m.
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Figure A1l. Growth responses of 9 species to the light gradient on a log-log scale. Each point represents

individual trees corresponding to Figure 3.
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Figure A2. Growth responses of 9 species to the distance from the south edge of the gap (gap-
positions). Each point represents individual trees corresponding to Figure 4.
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