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Variable retention harvesting, with a focus on maintaining biological legacies on managed landscapes,
has been practised in the trembling aspen (Populus tremuloides Michx.) dominated boreal mixedwood for-
ests for about two decades. However, little attention has actually been given to the growth response of
aspen to partial harvesting. This is the first study to report on tree-level volume growth response of aspen
after partial or variable retention harvesting in the Canadian boreal forest. During the winter of 1998–
1999, an uncut control, clearcut and two partial harvesting treatments – 1/3 partial cut (1/3PC, 33% BA
removal using low thin); 2/3 partial cut (2/3PC, 61% BA removal using high thin) – were applied in
75 year old aspen-dominated mixedwood stands in a complete randomized block design. Twelve years
after treatment application, 27 dominant and 27 co-dominant trees were collected from unharvested
controls and the two partial cut treatments for stem analysis. Annual volume increment (AVI) of individ-
ual stems was analyzed as a function of treatment, tree social status, pre-treatment growth, time since
treatment application (1–12 years) and neighborhood competition. The latter was estimated using a
variety of neighborhood competition indices (NCI). There was no evidence of initial growth stagnation
after partial harvesting applications. Only the most severe treatment of partial harvesting (2/3 PC)
resulted in an increase in volume increment relative to trees in control stands. Annual increase in volume
in the 2/3 partial cut was 25.6% higher than controls over 12 years. AVI of dominant trees was higher by
16.2 dm3 yr�1 than that of co-dominants and was proportional to pre-treatment volume growth. No
interaction between treatment and social status or pre-treatment growth was observed. The overall
results indicate that competition for resources in these stands is essentially size symmetrical. These
results should contribute to the development of silviculture prescriptions that aim to maintain both stand
productivity and biological legacies.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Variable retention harvesting, with a focus on maintaining
biological legacies on managed landscapes, has been practised in
the aspen-dominated boreal mixedwood forest for about two
decades (Lieffers et al., 1996; Bose et al., 2014). Depending on
the amount and configuration of tree retention, this system
ostensibly emulates primary natural disturbances such as high
intensity wildfires (less retention) or secondary disturbances such
as insect outbreaks or individual or group mortality (more
retention) (Thorpe and Thomas, 2007). In the boreal mixedwood,
the southern-most swath of forest that extends across the boreal
forest biome of Canada, partial harvesting has been proposed
where intolerant hardwoods, especially trembling aspen (Populus
tremuloides Michx.), reach maturity before more shade-tolerant
softwood species (Lieffers et al., 1996; Bergeron and Harvey,
1997).While attractive from an ecosystem management viewpoint,
from a timber supply and economic perspective, partial harvesting
practices need to be evaluated over more than the short term (Ruel
et al., 2013) and can be considered successful if residual trees
respond well in terms of growth and survival (Coates, 1997;
Thorpe et al., 2007).

In the last 15 years, a number of experiments have been set up
across the boreal mixedwood forest to test the ecological feasibility
of forest ecosystem management (FEM) (e.g., Brais et al., 2004;
MacDonald et al., 2004; Solarik et al., 2010). While a number of
studies have examined stand-level responses to partial harvesting
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(e.g., Man et al., 2008a; Gradowski et al., 2010; Brais et al., 2013),
fewer have focused on how residual aspen trees respond individu-
ally to partial harvesting (Bladon et al., 2007; Solarik et al., 2012)
and these have mainly focussed on aspen mortality in response
to variable retention. Some other studies have evaluated tree-level
growth responses in the continuous conifer boreal region, such as
black spruce (Picea mariana (Mill.) responses to harvesting with
advanced regeneration protection (Thorpe et al., 2007) and to com-
mercial thinning (Goudiaby et al., 2012). We have found no studies
quantifying the volume growth response of mature aspen trees to
partial harvesting.

By removing trees from different canopy layers, partial harvest-
ing affects light availability, and thereby competition among resid-
ual trees (Hartmann et al., 2009). Individual tree-level growth
responses to partial harvesting have been shown to depend on tree
age (Thorpe et al., 2007), size (Jones and Thomas, 2004), physiolog-
ical traits (Jones et al., 2009; Anning and McCarthy, 2013b), and pre-
harvest growth rate (Thorpe et al., 2007). Immediately following
harvesting treatments, it is also expected that tree growth response
will depend on acclimation to evolving growing conditions includ-
ing availability of light and soil resources, post-harvest social status,
and neighborhood competition (Thorpe et al., 2007; Hartmann et al.,
2009; Anning and McCarthy, 2013a). Several studies have docu-
mented an initial (2–5 years) growth stagnation in residual trees
immediately following harvesting (Jones and Thomas, 2004;
Thorpe et al., 2007; Goudiaby et al., 2012) probably due to the sud-
den change in the stand’s microclimatic condition (Bose et al., 2014).
Kneeshaw et al. (2002) suggested, that larger trees may be more
prone to initial growth stagnation due to the presence of higher
non-photosynthetic biomass requiring higher maintenance costs
and higher allocation to root growth for mechanical support.

The SAFE project (‘‘Sylviculture et Aménagement Forestier Eco-
systémique’’) (Brais et al., 2004; Brais et al., 2013) is a series of
experiments undertaken in Northwestern Quebec, Canada to
assess the feasibility of FEM silvicultural practices for this region.
The first phase of the SAFE project was established in post-fire, nat-
urally regenerated aspen-dominated stands (Brais et al., 2004;
Harvey and Brais, 2007) that were submitted to four levels of har-
vesting, including two intensities of partial harvesting, in 1998.

The objective of the study is to evaluate the effects of partial
harvesting on the annual volume increment of residual trees of
trembling aspen over a 12-year period following harvesting. We
specifically investigated the effects of partial harvesting treatment
and tree social status on volume increment of residual trees.
Because stand conditions evolve in response to harvesting
(Harvey and Brais, 2007; Bose et al., accepted for publication), we
also considered pre-treatment volume growth and neighborhood
competition as possible explanatory factors for volume increment
during last 3 year period (10–12 years following treatments).
Accordingly, we tested the following hypotheses: (i) tree volume
increment would increase with increasing intensities of partial
harvesting (Thorpe et al., 2007), but decrease with increasing neigh-
borhood competition in the longer term (Hartmann et al., 2009;
Anning and McCarthy, 2013a); (ii) size-dependent competition indi-
ces are expected to better explain the annual volume increment of
aspen residual trees over distance-dependent indices (Canham
et al., 2006); and (iii) a growth lag is expected immediately after
treatment applications followed by a linear increase in annual
volume increment (Jones and Thomas, 2004; Thorpe et al., 2007).
We also anticipated that the size of residual trees could affect their
response in two different ways: (iv) dominant stems or stems with
the highest pre-treatment volume increment would experience the
strongest volume growth response following harvesting (Berntson
and Wayne, 2000; Jones and Thomas, 2004) or, inversely, light-lim-
ited co-dominant trees (relative to dominants) could benefit the
most from canopy opening (Walter and Maguire, 2004).
2. Methods

2.1. Study area

The study area is located in the Lake Duparquet Research and
Teaching Forest (48�860N–48�320N, 79�190W–79�300W) in the
Abitibi region of Northwestern Quebec. The region is part of the
balsam fir-white birch bioclimatic domain (Saucier et al., 1998),
and is characterized by the presence of extensive clay deposits left
by proglacial Lake Ojibway (Vincent and Hardy, 1977). Soils are
gray Luvisols and soil texture is that of heavy clay (>75% clay).
The forest floor is a thin mor of 2–7 cm (Canada Soil Survey
Committee, 1987).The climate is continental with mean annual
precipitation (1991–2010) of 847 mm, of which 583 mm falls as
rain from April to September. Mean annual temperature is
1.95 �C with an average daily temperature of 11.9 �C from April
to September (BioSIM, 2012).

The stands are even-aged (75 years old at time of treatment)
and originated from a wildfire in 1923 (Dansereau and Bergeron,
1993). Before treatment application, average stand basal area
was 42.1 m2 ha�1 of which 92.6% was trembling aspen and 3.3%
conifer species. The shrub layer was dominated by mountain
maple (Acer spicatum Lamb.) with an average density of
1327 stems ha�1 (Bourgeois et al., 2004). Four harvesting treat-
ments, including a no harvest control, two intensities of partial
harvesting and a clearcut, were applied during the 1998–1999
winter. The two partial harvesting treatments were designed to
remove 33% (1/3 partial cut) and 61% (2/3 partial cut) of the stand’s
merchantable basal area. Stands in the 1/3 removal were low
thinned with primarily smaller, low-vigor aspen stems removed
(1/3 partial-cut). This treatment was intended to emulate density
dependent mortality (self-thinning) in stand development. Stands
in the 2/3 removal were crown thinned with more vigorous
co-dominant and dominant aspen stems preferentially selected
(2/3 partial-cut), thus presenting a mortality analogue of stand
senescence (Brais et al., 2004). Harvesting treatments were applied
according to a complete randomized block design with three repli-
cations (blocks) of each treatment. Experimental units ranged from
1 to 2.5 ha. In 2001, the stands were affected by a forest tent cater-
pillar (FTC, Malacosoma disstrium Hübner) outbreak.
2.2. Data collection

Trees selected for stem analyses were harvested in the fall and
winter of 2011 and summer of 2012 in control and partially har-
vested experimental plots. Both dominant and co-dominant resid-
ual trees were selected based on their diameter, crown size and
crown’s relative exposure among neighbors. Average diameter at
breast height (DBH, 1.3 m) was first compiled from the most recent
tree inventory (2010) in permanent sample plots for each of the
three experimental blocks in order to determine size ranges for
each social status. DBH size was used as a first step because of
its strong correlation with tree height (r = 0.77). Trees were consid-
ered dominant if their DBH was P2 standard deviations (SD) of the
experimental block average, and co-dominants if their DBH was
P1 SD. In addition to diameter size, visual inspection of relative
crown size and exposure among neighbors was also used to select
sample trees. Specifically, trees in the dominant social class
(according to DBH) had to clearly have large crowns compared to
others in the canopy and crowns of ‘‘DBH co-dominants’’ situated
close to dominants had to be smaller than those of dominants. Har-
vested trees were located at least 20 m from roads to minimize
edge effects, from permanent sample plots and from other sampled
trees. All sampled trees were free of any visible damage, decay or
infection.
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Three trees of each social status were selected from each exper-
imental unit (control, 1/3 partial cut and 2/3 partial cut) within
each of the 3 blocks for a total 54 trees (Table 1). To develop and
compare a number of competition indices, the neighborhood
around each sampled tree was characterized. All live-standing
neighbor trees/ high shrubs (P5 cm at DBH) within a 10 m radius
were identified and their DBH measured. Their distance to the
center of the plot (to target tree) was also measured. Distance to
the center was measured with a precision of 0.1 m using a Vertex
clinometer (Haglöf, Sweden).

Sampled stems were cut at the base. Eleven cross-sectional
disks were collected along the stem starting with a disk (D.1) at
0.15 m or stump height (SH) and a second disk (D.2) at 1.3 m
(breast height, BH). The remaining nine disks (D.3–D.11) were col-
lected at equally spaced positions between breast height and the
top of the stem (Chhin et al., 2010).
2.3. Laboratory analyses

All disks were sanded with progressively finer grits of sandpa-
per (60–400 grain). Disks were examined under a microscope;
pointer years (severe growth declines in 1954, 1980 and 2001)
and false rings (Chhin et al., 2010) were marked and trees were
aged to the year 2010. Tree rings were measured and analyzed
using WinDendro version 2009 (Regent Instruments). The mea-
surements were carried out on three radii per disk (Lopatin et al.,
2008). Visual cross-dating and tree-ring measurements were fur-
ther validated using pointer years and the COFECHA program
(Grissino-Mayer, 2001). For each sampled stem, we corrected the
number of missing or mistakenly-dated rings. The correlation coef-
ficient with a master chronology created by COFECHA was 0.62–
0.97 using all sample stems. Annual volume increments were then
estimated using WinStem software (Regent Instruments).
2.4. Neighborhood competition indices

The neighborhood competition surrounding each sampled tree
in 2011 was quantified using the neighborhood competition index
(NCI) equation used by Hartmann et al. (2009) for Sugar maple
(Acer saccharum Marsh.) in Quebec.

NCI ¼
PN

j¼1 DBHj
� �a

=ðdistijÞb

1000
ð1Þ

where DBHj is the DBH (in cm) of a neighbor tree j, which is located
at a distance distij (in m) from the target tree i.

The neighbor size effect on competition is defined by a, whereas
b defines the slope at which the competition from neighboring
trees declines with their distance to the target tree. An a = 0 indi-
cates that competition from neighboring trees is independent of
their size, an a = 1 indicates that competition is proportional to
neighbors’ diameters, and an a = 2 indicates that neighbors’ effect
is proportional to their basal area (Canham et al., 2006). A b = 0
indicates the competition exerted by neighbors is independent of
their distance to the target tree; a b = 0.5 indicates competition is
proportional to the square-root of the distance to the target tree;
a b = 1 indicates that neighbors’ competitive effect decreases with
distance; and a b = 2 indicates that the effect increases with the
power of the distance (Coates et al., 2009). The R value is the radius
within which neighbors have an effect on a target tree. Thirty-six
different models of NCI were considered based on all possible com-
binations of three a values (0, 1, or 2), four b values (0, 0.5, 1, or 2),
and three R values (6, 8, or 10 m) (Appendix A). Because trembling
aspen represented 81% of neighborhood basal area of all target
trees and because neighbors within 8 m of all target trees were



Fig. 1. Annual volume increment of sampled trees according to social status and treatments. Note: Vertical line indicates year of harvesting treatments.
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mostly trembling aspen, we did not account for neighbor species
effect in NCI estimations.

2.5. Statistical analysis

2.5.1. Selection of the NCI that best predicts annual volume increment
A model selection approach based on Akaike’s Information Cri-

terion, corrected for small samples (Burnham and Anderson, 2002;
Mazerolle, 2006), was used to identify which NCI among the 36 NCI
models was the most appropriate predictor of recent volume incre-
ment. Annual volume increment (dm3 yr�1) of each tree was aver-
aged over the last 3 years (2008–2010). A linear mixed model
(Pinheiro and Bates, 2000) was fitted between average annual vol-
ume increment of years 2008–2010 and NCIs using the nlme pack-
age of R (Pinheiro et al., 2011; R-Development-Core-Team, 2011)
with NCI treated as a fixed effect, and blocks and experimental
units (EU) within blocks treated as random factors. A square-
root-transformation was applied to the response variable to ensure
the normality and homogeneity of the residuals of models. Model
selection was implemented using the AICcmodavg package of R
(Mazerolle, 2011). Along with 36 NCI models, we included a null
model to test the null hypothesis of no NCI effect on annual volume
increment. The best NCI model with the highest Akaike weight was
retained for further analyses.

2.5.2. Factors affecting tree response to partial harvesting
We also used linear mixed models (Table 2) to assess the rela-

tionships (1) between the 1999–2010 (post-treatment) annual vol-
ume increments and harvesting treatment, tree social status and
time (linear and quadratic), and (2) between the 2008–2010 aver-
age annual volume increment and harvesting treatment, NCI, tree
social status and pre-treatment volume increment (average annual
volume increment of last 3 years before treatment). Selected inter-
actions were also included in models (Table 2). Additionally, a null
model was included in both analyses to test the null hypothesis of
no effect of explanatory variables on annual volume increment.
Block, experimental unit and tree (each one nested in the former)
were treated as random factors. We also accounted for the com-
pound symmetry correlation structure between repeated (annual)
measurements of individual trees. A square root transformation



Table 2
Mixed linear model analyses of annual volume increment of trembling aspen stems, 1–12 years following harvesting.

Analysis Research questions Response variables Explanatory variables

1. Best probable neighborhood
competition indices

Average annual volume increment (dm3 yr�1) of
the last three years (2008–2010) prior to
destructive sampling of stems

Variants of NCI based on a (0, 1, and 2), b (0, 0.5, 1, and 2), and R (6,
8, and 10 m)

2. Effect of harvesting treatment,
social status and time since
treatment application

Annual volume increment (dm3 yr�1) Treatment, social status, time, time2, treatment � social status,
partial harvesting � time, and partial harvesting � time2

3. Effect of harvesting treatment,
social status, NCI, pre-treatment
volume increment

Average annual volume increment (dm3 yr�1) of
the last three years (2008–2010) prior to
destructive sampling of stems

Treatment, social status, NCI, pre-treatment volume increment,
partial harvesting � social status, partial harvesting � NCI, partial
harvesting � pre-treatment volume increment

Interaction terms are specified with a � (e.g., partial harvesting � social status).

Table 3
Average annual and cumulative volume increment (dm3) for the entire 12 year post partial harvesting treatment. Presented values are mean ±95% confidence intervals of n = 9.

Treatment Social status Observed cumulative
volume increment
1–12 years after
treatment

Observed average
annual volume
increment 1–12 years
after treatment

Predicted average
annual volume
increment 1–12 years
after treatment

Observed average
annual volume
increment for
2008–2010 years

Predicted average
annual volume
increment for
2008–2010 years

Control Dominant 268.8 ± 51.6 22.4 ± 4.3 21.6 ± 4.0 23.3 ± 4.6 23.9 ± 3.7
Co-dominant 84.1 ± 18.4 7.0 ± 1.5 6.4 ± 2.2 7.4 ± 2.1 6.9 ± 1.9

1/3 partial-cut Dominant 309.1 ± 57.7 25.8 ± 4.8 23.8 ± 4.2 26.1 ± 5.0 24.1 ± 3.7
Co-dominant 92.0 ± 24.6 7.7 ± 2.1 7.6 ± 2.4 7.6 ± 2.0 7.6 ± 2.0

2/3 partial-cut Dominant 323.7 ± 74.1 27.0 ± 6.2 26.2 ± 4.4 26.3 ± 6.0 31.8 ± 5.1
Co-dominant 120.1 ± 30.7 10.0 ± 2.6 9.0 ± 2.6 10.9 ± 2.7 10.8 ± 2.4

Table 4
Model selection based on AICc criteria of the most probable neighborhood compe-
tition indices (NCI) accounting for average (2008–2010) annual volume increment
10–12 years following partial harvesting of mixedwood stands. Of the 37 tested
models, only the nine with the highest AICc weight are presented. R: limit of
neighborhood radius, a and b: exponents as defined in Eq. (1), K: number of
parameters, AICc: Akaike’s Information Criterion corrected for small samples, DAICc:
AICc relative to the most parsimonious model, wi: AICc model weight.

R (m) a b K AICc DAICc AICc weight (wi) R2

6 1 0 5 175.96 0.00 0.25 0.24
8 1 0 5 176.68 0.72 0.17 0.21

10 1 0 5 176.74 0.78 0.17 0.20
10 1 0.5 5 177.15 1.19 0.14 0.20

8 1 0.5 5 177.67 1.71 0.10 0.21
6 1 0.5 5 178.56 2.60 0.07 0.20

10 1 1 5 180.64 4.68 0.02 0.16
8 1 1 5 181.35 5.39 0.02 0.15
6 1 1 5 181.66 5.70 0.01 0.16

Note: Top nine models based on Akaike weight (wi) are presented. Square root
transformation was applied to response variable.
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was applied to annual volume increment and to average annual
volume increment to comply with the assumptions of normality
and homogeneity of residuals.

We considered 13 and 15 candidate models for analysis-2 and
analysis-3, respectively (Tables 5 and 6). Candidate models were
compared using Akaike’s Information Criterion corrected for small
samples. Akaike weights were computed to assess the support in
favor of each model. When the top-ranked model had an Akaike
weight <0.9, we used multi-model inference to compute the
model-averaged estimates of the explanatory variables and their
95% confidence intervals (Burnham and Anderson, 2002). A confi-
dence interval excluding 0 indicated that the response variable
varied with the explanatory variables of interest (Burnham and
Anderson, 2002; Mazerolle, 2006). The power of the correlation
(R2) between predicted and observed values was computed as a
measure of the predictive power of all candidate models.
3. Results

3.1. Annual volume increment of trees over time

Annual volume increment of sampled trees over time since
stand initiation (Fig. 1) was roughly continuous from 1923 to
1980 (age 57), then remained more or less stable thereafter.
Dominant trees accumulated higher volume and exhibited higher
variability in annual increment than co-dominants. Strong growth
anomalies (pointer years) in 1954, 1980, and in 2001 were com-
mon to all sampled trees, including those in controls. Change in
annual volume increment following partial harvesting treatments
in the winter 1998–1999 are visually apparent, especially in the
2/3 partial cut (Fig. 1). Cumulative volume increment (12 years)
of dominants was 268.8 ± 51.6, 309.1 ± 57.7 and 323.7 ± 74.1 dm3

yr�1 (mean ± 95% confidence intervals) in controls, 1/3 partial cut
and 2/3 partial cut, respectively. Cumulative volume growth in
co-dominants was 84.1 ± 18.4, 92.0 ± 24.6 and 120.1 ± 30.7 dm3

yr�1 in controls 1/3 partial cut and 2/3 partial cut, respectively
(Table 3).
3.2. Characterization of neighborhood competition 10–12 years after
treatment

Of the 37 (36 + 1 null model) models of neighborhood competi-
tion indices (see Appendix A), NCIs proportional to diameters of
neighboring trees (a = 1) were among the nine indices with the
highest Akaike weight and the highest R2 (Table 4). Among these,
the three most probable NCIs were independent of the distance
between neighboring and target trees (b = 0). The NCI based on
neighboring trees located within 6 m of the target tree (R = 6 m)
had the highest support (Akaike weight of 0.25) and was 1.5 times
more likely to the second-ranked model (Akaike weight of 0.17)
(Table 4). Only the most probable NCI model was retained for
further analyses.



Table 5
List of models, priori hypotheses for analysis-2 (Table 2), results of model selection and the weights of estimates with unconditional confidence intervals. Note that interaction
terms are specified with a star (e.g., TREAT � SS); annual volume increment (AVI), partial harvesting treatment (TREAT), time since harvesting (TIME (linear), and TIME2

(quadratic)) and tree social status (SS).

Model
No.

Candidate models Biological hypothesis

1 AVI � TREAT Positive effect of treatments
2 AVI � SS Positive effect of tree social status
3 AVI � TREAT + SS Positive effect of treatments with an additive effect of tree social status
4 AVI � TREAT + SS + TREAT � SS Positive effect of treatments, but different effect for each social status
5 AVI � TIME Positive effect of time
6 AVI � TREAT + TIME Positive effect of time with an additive effect of treatments
7 AVI � TREAT + TIME + TIME2 Positive effect of treatments with a quadratic effect of time
8 AVI � TREAT + SS + TIME Positive effect of treatments with an additive effect of tree social status and

time
9 AVI � TREAT + SS + TIME + TIME2 Positive effect of treatments with an additive effect of tree social status and

a quadratic effect of time
10 AVI � TREAT + TIME + TREAT � TIME Positive effect of treatments with an additive effect of time but effect

changes for each time period
11 AVI � TREAT + TIME + TIME2 + TREAT � TIME + TREAT � TIME2 Positive effect of treatments with a quadratic effect of time but effect

changes for each time period
12 AVI � TREAT + SS + TIME + TIME2 + TREAT � SS + TREAT � TIME + TREAT � TIME2 Global model
13 AVI � 1 Null model
Selection of mixed linear models based on AICc for annual volume increment (AVI) of residual aspen stems 1–12 years after partial harvesting. K: number of parameters,

AICc: Akaike’s Information Criterion corrected for small sample sizes, DAICc: AICc relative to the most parsimonious model, wi: AICc model weight. Only models
showing AICc weights are presented below

Model No. Candidate models K AICc DAICc AICc weight (wi) R2

9 AVI � TREAT + SS + TIME + TIME2 10 1417.54 0.00 0.98 0.81
8 AVI � TREAT + SS + TIME 9 1426.52 8.98 0.01 0.80

12 AVI � TREAT + SS + TIME + TIME2 + TREAT � SS + TREAT � TIME + TREAT � TIME2 16 1428.61 11.07 0.01 0.81
Estimates and precision (i.e., unconditional SE) of the effect of time, treatment and tree social status on annual volume increment based on model averaging

Parameter Estimate (b) Lower 95% CI Upper 95% CI

Time 0.0198 0.0053 0.0242
Time2 0.008 0.0033 0.0127
TREAT1 (1/3 partial-cut vs controls) 0.2309 �0.1616 0.6234
TREAT2 (2/3 partial-cut vs controls) 0.4696 0.0771 0.862
SS (Co-dominant vs dominant) �2.1187 �2.4391 �1.7982

Note: No significant interactions were found to affect annual volume increment for the period of 1999–2010. Elements in bold indicate a strong effect of that explanatory
variable on response variable. Only top ranked model (model-9) was used to compute the model-averaged estimates of the explanatory variables and their 95% confidence
intervals as the top-ranked model had an Akaike weight >0.9.
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3.3. Effect of harvesting treatment, time since harvesting and tree
social status on annual volume increment

Three out of the 13 models for annual volume increment over
the entire post-treatment period of 12 years had AICc weights
P0.01 (Table 5) and all included treatment, social status and time
effects. The model that included all the single factors (treatment,
social status and time) and no interactions had an Akaike weight
of 0.98 and was more probable than the second-ranked model
(Akaike weight of 0.01) which included the same factors without
the quadratic effect of time.

According to the most probable model, annual volume incre-
ment of residual trembling aspen trees increased linearly with
time since partial harvesting over the 12 year period. A decrease
in annual increment in 2001, resulting from defoliation by eastern
tent caterpillar (Malacosoma disstria), accounted for the quadratic
effect of time over annual volume increment. Trees in the 2/3 par-
tial cut had a substantial increase in volume increment starting in
the first growing season after treatment application (Table 5,
Fig. 2A and B). Considering both dominants and co-dominants,
the average annual increment in the 2/3 partial cut was 25.6%
higher than in untreated control stands over the 12 year period
(Table 3). No difference was found between the 1/3 partial cut
and controls. The response in volume increment following harvest-
ing was independent of tree social status, as indicated by the low
Akaike weights of models that included the interaction between
harvesting and social status (Model 12, Table 5). However, in
all treatments including controls, annual volume increment of
dominant trees was higher than that of co-dominants by an
average of 16.2 dm3 tree�1 yr�1 over the 12 year period (Table 3,
Fig. 2A and B).
3.4. Effect of treatment, social status, NCI, and pre-treatment growth
on the 2008–2010 average annual volume increment (AAVI)

Two of the 15 models for the 2008–2010 average annual vol-
ume increment (AAVI) had AICc weights >0.01 and both contained
pre-treatment volume increment, tree social status and harvesting
treatment as explanatory variables (Table 6). The model that
included the additive effects of treatment, pre-treatment volume
increment and social status had the most support (Akaike weight
0.60). This model was 1.5 times more likely than the second-
ranked model (Akaike weight 0.40) which also included NCI.
Because no single model had all the support of Akaike weights,
we used the entire model set for inference (Table 6).

Considering both dominant and co-dominants, the 2008–2010
AAVI was higher in the 2/3 partial-cut than in the controls by an
average of 11.8 dm3 tree�1 yr�1 (Table 3). However, no effect of
harvesting was found in the 1/3 partial cut when compared with
control stands. Tree social status and pre-treatment volume incre-
ment affected AAVI (Table 6, Fig. 2C and D) with dominant trees
and trees with highest pre-treatment annual volume increment
(10–40 dm3 tree�1 yr�1) showing the highest 2008–2010 AAVI
(Fig. 2C and D). Multi-model inference produced a parameter esti-
mate for NCI that was not significantly different from 0 (Table 6).



Table 6
List of models, priori hypotheses for analysis-3 (Table 2), results of model selection and weights of estimates with unconditional confidence intervals. Note that interaction terms
are specified with a star (e.g., TREAT � SS); average annual volume increment (AAVI) for the period of 2008–2010, partial harvesting treatment (TREAT), tree social status (SS), pre-
treatment volume increment (PT) and neighborhood competition index (NCI).

Model
No.

Candidate models Biological hypothesis

1 AAVI � TREAT Positive effect of treatments
2 AAVI � SS Positive effect of tree social status
3 AAVI � PT Positive effect of pre-treatment growth
4 AAVI � NCI Positive effect of neighborhood competition indices
5 AAVI � TREAT + SS Positive effect of time with an additive effect of tree social status
6 AAVI � TREAT + PT Positive effect of treatments with an additive effect of pre-treatment growth
7 AAVI � TREAT + NCI Positive effect of treatments with an additive effect of neighborhood competition

indices
8 AAVI � TREAT + SS + PT Positive effect of treatments with an additive effect of tree social status and pre-

treatment growth
9 AAVI � TREAT + SS + NCI Positive effect of treatments with an additive effect of tree social status and

neighborhood competition indices
10 AAVI � TREAT + SS + PT + NCI Positive effect of treatments with an additive effect of tree social status, pre-

treatment growth and neighborhood competition indices
11 AAVI � TREAT + PT + TREAT � PT Positive effect of treatments but the treatment effect change according to pre-

treatment growth
12 AAVI � TREAT + SS + TREAT � SS Positive effect of treatments but the treatment effect changes for each tree social

status
13 AAVI � TREAT + NCI + TREAT � NCI Positive effect of treatments but the treatment effect changes according to

neighborhood competition indices
14 AAVI � TREAT + SS + PT + NCI + TREAT � SS + TREAT � NCI + TREAT � PT Global model
15 AAVI � 1 Null model
Selection of mixed linear models based on AICc for the average annual volume increment (AAVI) residual stems of trembling aspen 10–12 years following partial

harvestings. K: number of parameters, AICc: Akaike’s Information Criterion corrected for small sample sizes, DAICc: AICc relative to the most parsimonious model,
wi: AICc model weight. Only models have AICc weights presented below

Model No. Candidate models K AICc DAICc AICc weight (wi) R2

8 AAVI � TREAT + SS + PT 8 100.56 0.00 0.60 0.85
10 AAVI � TREAT + SS + PT + NCI 9 101.36 0.80 0.40 0.86
Estimates and precision (i.e., unconditional SE) of the effects of treatment, NCI, pre-treatment growth and tree social status on average annual volume increment based

on model averaging
Parameter Estimate (b) Lower 95% CI Upper 95% CI

TREAT1 (1/3 partial-cut vs controls) 0.1003 �0.2489 0.4494
TREAT2 (2.3 partial-cut vs controls) 0.6308 0.2232 1.0383
NCI (neighborhood competition index) �1.7547 �4.1039 0.5945
PT (pre-treatment annual volume increment) 0.0798 0.0536 0.1061
SS2 (Co-dominant vs dominant) �1.0131 �1.4487 �0.5776

Note: No significant interaction was found for average annual volume increment for years 2008–2010. Elements in bold indicate a strong effect of that explanatory variable on
response variable. All models were used to compute the model-averaged estimates of the explanatory variables and their 95% confidence intervals as the top-ranked model
had an Akaike weight <0.9.
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4. Discussion

Annual volume increment of residual trees following partial
harvesting of virtually pure and mature even-aged aspen stands
is a function of partial harvesting prescription, tree social status
and pre-treatment growth rate of residual trees. Crown thinning
of 61% of basal area induced a long-lasting positive effect on tree
growth that was independent of the neighborhood competition
10–12 years following treatment, as measured through NCI. Tree
response to harvesting was proportional to growth performance
prior to treatments. Despite being over 80 years old, residual aspen
trees continued to grow vigorously.
4.1. Effect of partial harvesting prescription on annual volume
increment

We had hypothesized that annual volume increment would
increase with partial harvesting intensity. However, after partial
harvesting treatments, residual trembling aspen trees showed a
sizeable increase in annual volume increment only in the 2/3 par-
tial cut. Removal of up to 33% of basal area using a low thinning
had little effect on residual aspen growth. This was probably due
to both the low intensity of the treatment and the fact that most
stems were removed from the smaller diameter classes. These
stems therefore exerted less competition for light and soil
resources prior to the treatment than the residual stems that were
generally larger. That is, the 1/3 partial cut (light, low thin) had lit-
tle effect on resource availability for larger stems.

In the first years following partial harvesting of these stands,
light availability increased with decreasing residual basal area
(Brais et al., 2004). However very few differences in soil tempera-
ture and moisture or organic matter decomposition and minerali-
zation were observed between partial cuts and control stands
(Brais et al., 2004). The strong response of understory vegetation
to canopy opening in the years following harvesting was attributed
to the increase in light availability (Brais et al., 2004; Lapointe
et al., 2007). However, light availability is generally not limiting
for dominant trees; rather, trees with crowns in the mid- to
lower-canopy should experience greater release after partial har-
vesting treatments, such as crown, selection or free thinning,
because of the greater change in the light environment in these
layers (Walter and Maguire, 2004). Following harvesting, canopy
opening (measured at 3 m height) increased by 60% in the 1/3 par-
tial harvesting treatment and this occurred mostly close to skid
trails whereas the 180% increase in the 2/3 partial harvesting treat-
ment reflected more openings created between trails as more trees
were removed from the upper canopy (Brais et al., 2004). In the 2/3
partial cut, canopy opening was probably sufficient to increase
light availability to the lower crown of residual trees. As trembling



Fig. 2. Post-treatment annual volume increment of residual trembling aspen stems following partial harvesting of boreal mixedwood stands. Annual volume increment is
presented as a function of time since treatment for (A) dominant and (B) co-domimant trees. Average (2008–2010) annual volume increment 10, 11 and 12 years post-
treatment presented as a function of pre-treatment volume growth of (C) dominant and (D) co-dominant trees.
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aspen is very shade intolerant, all trees likely benefited from this
increase. Nonetheless, 12 years after harvesting, this response did
not translate into any significant differences in crown dimensions
within social status and between treatments (Table 1). Hence, vol-
ume growth response in partial harvesting treatments was not
related to increased crown size.

Besides shade tolerance, other physiological traits of trembling
aspen may explain the observed growth patterns. Trembling aspen
is a nutrient demanding species (Paré et al., 2002), and because it is
also a clonal species, individual stems that have suckered from a
common root section or even a common parent tree can remain
connected through stand development. This potentially allows
transfer of carbohydrates and soil resources through a larger root
network than that of an individual to connected stems. Root grafts
can also contribute to maintaining a connected root network, even
after some of connected trees have died (DesRochers and Lieffers,
2001; Jelínková et al., 2009). While confirming whether connec-
tions between root systems of harvested and unharvested trees
improve growth response of the latter would require further test-
ing, we could speculate that harvesting larger stems through a
severe crown harvesting would provide a greater root network to
exploit soil resources for residual stems. The similar, unambiguous
response of dominant and co-dominant trees to partial harvesting
would indicate that changes in soil resource availability were
among the mechanisms underlying the increase in volume
increment.

4.2. Effect of tree social status and pre-treatment volume growth on
post-treatment volume increment

Based on stem analyses, social status of trembling aspen resid-
ual trees 12 years after treatments was consistent with their social
status prior to treatment application. Dominant trees exhibited the
highest increment both in absolute and relative terms (relative to
pre-treatment condition) than co-dominants across time, irrespec-
tive of treatments (Tables 5 and 6). The higher volume increment
by larger trees may simply reflect the greater capacity of larger
crowns to capture more light for photosynthesis (Wyckoff and
Clark, 2005). Metsaranta and Lieffers (2008) demonstrated that
size inequality within tree populations tends to make competition
asymmetric, in that larger individuals obtain a disproportionately
high share of resources (Berntson and Wayne, 2000). In our study,
however, response to harvesting treatments was independent of
both residual stem social status and pre-treatment volume incre-
ment indicating that response to increased availability in resources
was size symmetrical; that is, an individual’s access to resources
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was proportional to its size (Schwinning and Weiner, 1998). This
again raises the question regarding the role of root networks in
individual tree response to changes in stand conditions.

Our results suggest that vigorous as well as less vigorous
residual aspen trees will both experience increased growth
following partial harvesting intensities similar to the 2/3 partial
cut treatment but that the increase will be proportional to the
pre-treatment growth. In even-aged aspen stands, tree social sta-
tus does not tend to change following partial harvesting. That said,
other studies have found size of residual stems to be a good predic-
tor of growth following selection harvesting for a number of North
American shade intolerant and tolerant species (Thorpe et al.,
2007; Jones et al., 2009).

4.3. Effect of time since treatment application on annual volume
increment

Our results showed an immediate increase in annual volume
increment of residual trees following partial harvesting that was
maintained over a 12 year period. This is in contrast with other
studies (Youngblood, 1991; Thorpe et al., 2007; Jones et al.,
2009; Goudiaby et al., 2012) that have shown growth stagnation
initially (1–5 years) after a range of partial harvesting prescriptions
and in a variety of stand types. Trembling aspen is very shade intol-
erant and all sampled trees were healthy at the time of treatment
application. Moreover, they were in the dominant and co-domi-
nant layers of the canopy so at least upper crowns had direct expo-
sure to light. We presume that partial harvesting did not create
unfavorable conditions, such as increased wind exposure to critical
levels, to the extent of damaging or inducing stress on residual
aspen trees.

Annual tree volume increment of aspen did decrease sharply in
the third year following treatment applications as a result of forest
tent caterpillar defoliation. This affected tree volume increment in
all treatments, including controls (Fig. 1, Fig. 2A and B). Aspen trees
recovered promptly from this punctual natural disturbance and
maintained the rate of annual volume increment until the last
monitoring year (2010). This consistent tree-level growth occurred
similarly in all treatments and reflects stand-level responses and
our observation that these stands are approaching but have not
yet arrived at the onset of stand decline (Bose et al., accepted for
publication). Man et al. (2008b) also reported near full recovery
of diameter growth in surviving aspen trees following 3 years of
moderate to severe tent caterpillar defoliation in similar aspen-
dominated forests situated just west of our study sites. However,
they observed 70% aspen mortality in the 11 years following the
outbreak and higher mortality in partially cut stands than in con-
trols. In our study, aspen stem mortality 12 years after partial har-
vesting was 41% in the 2/3 treatment and 19% in 1/3 treatment
compared to 29% in controls (Bose et al., accepted for publication).

4.4. Effect of NCI on average annual volume increment 10–12 years
following treatments

The NCI analyses were based on the tree neighborhood around
our target trees that were destructively sampled (for stem analy-
ses) in year 12 post-treatment. NCI analyses were done only for
the growth period 10–12 years following treatments because we
could not assume that the neighborhood remained relatively con-
stant for a longer previous period, for example for the entire post-
treatment period (i.e. that some neighborhood trees did not die or
that new stems did not recruit into the P5 cm DBH). In effect,
compared to control treatments, cumulative aspen stem mortality
over the 12 year post-treatment period was 14% higher in the 2/3
partial harvesting treatment and 10% lower in the 1/3 treatment
(Bose et al., accepted for publication).
The neighborhood competition indices (see Appendix A) were
based on distances of the target (sampled) tree to neighborhood
trees, neighbor tree sizes, and neighborhood radius (6, 8 or
10 m). Similar to what Canham et al. (2006) observed for trembling
aspen in New England, the most probable NCI index was depen-
dent on the size of the closest neighbors (neighborhood radius=6)
but independent of the actual distance between these neighbors to
the target trees. However, even the most probable NCI model was a
poor predictor of residual aspen volume increment 10–12 years
after treatments, despite significant differences in aspen mortality
observed between treatments over the 12-year period (Bose et al.
accepted for publication). This is consistent with the observed con-
stant difference in annual volume increment between trees in the
2/3 partial cuts and controls over the 12 year period.

4.5. Management implications

While recent interest in partial harvesting in the Canadian bor-
eal mixedwood forest has largely been driven by concerns related
to maintenance of biodiversity and other ecosystem services, the
importance of these most productive of boreal forest ecosystems
as a sustainable source of quality timber has not been lost on forest
managers (LeBlanc, 2014). Reports of high residual tree mortality
and growth stagnation in some situations following partial har-
vesting have raised questions concerning the possible negative
effects of such practices on maintenance of a continuous timber
supply in mixedwood regions (Thorpe and Thomas, 2007; Bose
et al., 2014). Coates (1997) and Thorpe et al. (2007) emphasized
that partial harvesting can only be considered as a viable silvicul-
tural treatment if residual mortality is reasonably low and growth
of residual trees is enhanced. Our results have shown a substantial
tree level increase of annual volume increment after severe
partial harvesting (heavy crown thinning) both for dominant and
co-dominant individuals. Moreover, growth response was sustained
over the entire monitoring period (12 years) except for 1 year of a
tent caterpillar outbreak. Although stand-level basal area decreased
slightly over this same period, due largely to mortality of small
merchantable stems (Bose et al., accepted for publication), the
enhanced and constant volume growth of residual trembling aspen
stems following heavy partial harvesting, even in these mature
stands, should provide some incentive for greater use of such prac-
tices in mixedwood management. This is particularly true if (1)
treatments also promote vigorous recruitment and growth of a
second cohort of desirable species (Bose et al., accepted for
publication) and (2) bigger piece sizes can be expected at a later
entry. Certainly from a silvicultural viewpoint, if abundant aspen
recruitment and increased stand-level complexity were important
objectives, a group shelterwood regime would probably enhance
both better than the dispersed thinning applied in this study
(Haeussler et al., 2007). Such a treatment would also have the
potential effect of maintaining more large stems – key biological
legacies – in the residual stand than following a severe high
thinning.

That the mature (76–87 years old) aspen trees in our study
responded to partial harvesting is, in itself, a somewhat surprising
result. However, recent demonstration by LeBlanc (2014) of sus-
tained growth of a portion of old, large trembling aspen trees
and the development of multiple cohorts of aspen in aspen and
mixed stands have important implications concerning the effects
of partial harvesting and multi-cohort structure on wood supply
and carbon sequestration.
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Appendix A

List of models and a priori hypotheses for analysis-1 (NCI), using

equation of NCI ¼
PN

j¼1
DBHjð Þa=ðdistijÞ

b

1000 , candidate models are based on
three coefficients: neighbor size effect (a), distance between neigh-
bors to target tree (b) and the limit of neighborhood radius (R). Here
response variable is average annual volume increment for the
period of 2008–2010 of each tree. Note, neighbor’s size is its DBH.
Model-
no
Coefficients of
candidate
models
Biological hypothesis
1
 a = 0, b = 0 and
R = 6
No size and distance effect;
competition effect within 6 m
radius
2
 a = 1, b = 0 and
R = 6
Effect of neighbor’s size but not
distance; competition effect
within 6 m radius
3
 a = 2, b = 0 and
R = 6
Effect of neighbor’s basal area but
not distance; competition effect
within 6 m radius
4
 a = 0, b = 0.5 and
R = 6
No size but square-root of the
distance effect; competition
effect within 6 m radius
5
 a = 1, b = 0.5 and
R = 6
Effect of neighbor size and
square-root of the distance;
competition effect within 6 m
radius
6
 a = 2, b = 0.5 and
R = 6
Effect of neighbor basal area and
square-root of the distance;
competition effect within 6 m
radius
7
 a = 0, b = 1 and
R = 6
No size but distance effect;
competition effect within 6 m
radius
8
 a = 1, b = 1 and
R = 6
Effect of neighbor size and
distance; competition effect
within 6 m radius
9
 a = 2, b = 1 and
R = 6
Effect of neighbor basal area and
distance; competition effect
within 6 m radius
10
 a = 0, b = 2 and
R = 6
No size but squared distance
effect; competition exists within
6 m radius
11
 a = 1, b = 2 and
R = 6
Effect of neighbor size and
squared distance; competition
effect within 6 m radius
12
 a = 2, b = 2 and
R = 6
Effect of neighbor basal area and
squared distance; competition
effect within 6 m radius
13
 a = 0, b = 0 and
R = 8
No size and distance effect;
competition effect within 8 m
Appendix A (continued)
Model-
no
Coefficients of
candidate
models
Biological hypothesis
radius

14
 a = 1, b = 0 and

R = 8

Effect of neighbor size but not
distance; competition effect
within 8 m radius
15
 a = 2, b = 0 and
R = 8
Effect of neighbor basal area but
not distance; competition effect
within 8 m radius
16
 a = 0, b = 0.5 and
R = 8
No size but square-root of the
distance effect; competition
effect within 8 m radius
17
 a = 1, b = 0.5 and
R = 8
Effect of neighbor size and
square-root of the distance;
competition effect within 8 m
radius
18
 a = 2, b = 0.5 and
R = 8
Effect of neighbor basal area and
square-root of the distance;
competition effect within 8 m
radius
19
 a = 0, b = 1 and
R = 8
No size but distance effect;
competition effect within 8 m
radius
20
 a = 1, b = 1 and
R = 8
Effect of neighbor size and
distance; competition effect
within 8 m radius
21
 a = 2, b = 1 and
R = 8
Effect of neighbor basal area and
distance; competition effect
within 8 m radius
22
 a = 0, b = 2 and
R = 8
No size but squared distance
effect; competition effect within
8 m radius
23
 a = 1, b = 2 and
R = 8
Effect of neighbor size and
squared distance; competition
effect within 8 m radius
24
 a = 2, b = 2 and
R = 8
Effect of neighbor basal area and
squared distance; competition
effect within 8 m radius
25
 a = 0, b = 0 and
R = 10
No size and distance effect;
competition effect within 10 m
radius
26
 a = 1, b = 0 and
R = 10
Effect of neighbor size but not
distance; competition effect
within 10 m radius
27
 a = 2, b = 0 and
R = 10
Effect of neighbor basal area but
not distance; competition effect
within 10 m radius
28
 a = 0, b = 0.5 and
R = 10
No size but square-root of the
distance effect; competition
effect within 10 m radius
29
 a = 1, b = 0.5 and
R = 10
Effect of neighbor size and
square-root of the distance;
competition effect within 10 m
radius
30
 a = 2, b = 0.5 and
R = 10
Effect of neighbor basal area and
square-root of the distance;
competition effect within 10 m
radius
31
 a = 0, b = 1 and
R = 10
No size but distance effect;
competition effect within 10 m
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Appendix A (continued)
Model-
no
Coefficients of
candidate
models
Biological hypothesis
radius

32
 a = 1, b = 1 and

R = 10

Effect of neighbor size and
distance; competition effect
within 10 m radius
33
 a = 2, b = 1 and
R = 10
Effect of neighbor basal area and
distance; competition effect
within 10 m radius
34
 a = 0, b = 2 and
R = 10
No size but squared distance
effect; competition effect within
10 m radius
35
 a = 1, b = 2 and
R = 10
Effect of neighbor size and
squared distance; competition
effect within 10 m radius
36
 a = 2, b = 2 and
R = 10
Effect of neighbor basal area and
squared distance; competition
effect within 10 m radius
37
 Y � 1
 Null model
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