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Abstract

:

We evaluated the effectiveness of commercial thinning mainly from below (CT; 0, 26%, 32% and 40% merchantable basal area removals) in meeting wood production demands and developing structural heterogeneity in a balsam fir (Abies balsamea (L.) Mill) and spruce (Picea spp.) stand. After 10 years, 32%–40% removals showed a 12%–18% increase in mean diameter and 27%–38% increase in gross merchantable volume (GMV) per tree compared to the unthinned control. At the stand level, all thinning treatments generated as much cumulative GMV (harvested volume + GMV after 10 years) and gross sawlog volume per hectare as the unthinned control. As for stand structure, eight out of nine thinned experimental units showed increased structural heterogeneity after 10 years, i.e., irregular, positively-skewed diameter distribution with an elongated right tail toward larger trees. The diameter distribution in the unthinned control became more symmetric, unimodal and regular over time, with fewer saplings than at the beginning of the experiment and lower density of larger trees compared to CT. Regeneration density and stocking were abundant in all treatments, largely dominated by balsam fir. Results indicate that thinning can be used to meet wood production objectives and help develop structural heterogeneity in this forest.
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1. Introduction


The notion of using silviculture to help reach multiple management objectives in a sustainable manner has been evoked by generations of foresters. In the late 19th and early 20th centuries, this included Gurnaud in France, Biolley in Switzerland [1] and Simpson in Great Britain [2], advocates for a diversification of management activities in response to the silvicultural practices of their era. Ensuing generations have made similar recommendations throughout the 20th century [3]. In North America, contemporary scientists that addressed this notion using old-growth attributes or structural heterogeneity in response to societal concerns over biodiversity are numerous [4,5,6,7,8]. These references are examples of the use of natural variability concepts in managing ecological systems [9]. Such concepts can be useful in decision-making processes as an objective to be reached, as a benchmark, as a framework or simply to provide guidelines [9].



Natural variability concepts are used throughout the world under various ideas, such as continuous-cover forestry, disturbance-based silviculture and multi-aged forest management systems [1,10]. In northeastern North America, the forest ecosystem management concept is used to minimize the gap between preindustrial and current forest conditions [11,12], in an attempt to maintain biodiversity, as well as the ecosystem functions of managed forests. The lack of old-growth forests resulting from current or past harvest practices [11,13] generally contributes to a widening gap, particularly where minor disturbances are the main ecological driver [12,14]. Managed forests have low amounts of old-growth structural attributes, such as variation in tree sizes, including large trees, leading to large dead or dying standing trees and coarse woody debris [15].



There is some evidence suggesting that thinning could serve as a tool to increase structural heterogeneity and help accelerate the development of old-growth structural attributes. Studies where this was demonstrated include various forest types in North America and Europe [16,17,18,19,20,21,22]. As such, commercial thinning (CT) is a partial disturbance that reduces the density of stands that have reached the stem exclusion stage to capture mortality, redistribute growing space to fewer individuals and increase tree size [7,23]. Thus, CT offers an opportunity to meet wood production and structural heterogeneity objectives. In terms of wood production, the long-term use of CT on highly productive sites may increase merchantable stand yield in treated stands compared to unthinned stands. This potential advantage, however, depends on the timing of first entry, preharvest conditions, species, thinning intensity and the type of thinning operation (e.g., from below or from above). Hence, this advantage may not always be realized, and there is no consensus [23], particularly on less productive sites and with later entries, such as CT [24].



Long-term empirical studies investigating the usefulness of CT in meeting wood production objectives and developing structural heterogeneity in managed forests in a single study are uncommon. Modeling efforts have been carried out [22,25,26], but studies based on long-term empirical data are rare. Hence, we used an experiment aimed at investigating various intensities of thinning from below and re-examined its development over time with structural heterogeneity in mind. Although limited in terms of replication, this experiment can help guide future research efforts in this field.



The objectives of this case study were to: (1) quantify growth and yield responses; and (2) evaluate the effectiveness of CT from below in developing structural heterogeneity over a 10-year period in a conifer stand. For Objective 1, we hypothesized that: (a) mean tree size will be higher in thinned stands than in the unthinned control; (b) mean tree size will increase with increasing thinning intensity; and (c) stand yield will be similar, regardless of thinning or thinning intensity. For Objective 2, we hypothesized that CT will increase: (a) the number of large trees; (b) the heterogeneity of the shape of the diameter distribution; and (c) the regeneration density and stocking compared to the unthinned control.




2. Experimental Section


2.1. Study Site


The study site was located near the Quebec-New Brunswick border, Canada, in the Bas-Saint-Laurent region of Quebec (47°50′50″ N, 68°26′06″ W). The natural disturbance regime was characterized by recurring spruce budworm (Choristoneura fumiferana (Clem.)) outbreaks, which can lead to small or major disturbances [27]. The site was part of the Fir-Yellow Birch (Betula alleghaniensis Britt.) bioclimatic subdomain of the northern temperate ecological zone. Mean annual temperature (1971–2000) was 2.2 °C; mean annual precipitation was 1134 mm; and growing season length was 153 d. Elevation was 300 m above sea level. The study site had well-drained till soil on a <10% slope. The naturally-regenerated stand was 54 years old on average (age at 1 m in height) during the year in which thinning was carried out (1997). Although this is relatively old for a first thinning entry, none of the experimental units (EUs) were overstocked prior to thinning [28,29].



Species composition included balsam fir (Abies balsamea (L.) Mill.) with 69% of merchantable basal area (BA of trees >9.0 cm in diameter at breast height (DBH)) and a combination of white spruce (Picea glauca (Moench) Voss) and black spruce (Picea mariana (Mill.) B.S.P.) with 31% of BA. Mean merchantable stand density was 1642 stems ha–1, merchantable BA was 31.1 m2 ha–1, and gross merchantable volume (GMV) was 164 m3 ha–1 (Table 1). Fir-dominated conifer stands of this study are more productive than typical fir-dominated stands in the region based on yield tables from Quebec [30]. At the mean tree level, the live crown ratio was 0.70, and the slenderness ratio (height/DBH) was 0.79.
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Table 1. Pre- and post-harvest characteristics (mean ± SE) by commercial thinning (CT) intensity (0%, 26%, 32% and 40% merchantable basal area removals). Abbreviations: age, age at 1 m in height; BA, basal area; DBHq, mean quadratic diameter at breast height (DBH) of merchantable trees; GMV, gross merchantable volume; Ht, estimated height of all trees; live crown ratio, crown length/total height of study trees; RD, relative density; SI, mean site index of all species at age 50 at 1-m height; slenderness, ratio of estimated height/DBH. Data not measured prior to thinning are represented by a dashed line (––).
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Thinning

	
Characteristic

	
Preharvest

	

	
Postharvest

	




	
Treatment

	

	
Mean

	
SE

	
Mean

	
SE






	
CT26

	
Age (y)

	
––

	
––

	
54

	
8




	

	
SI (m)

	
––

	
––

	
14

	
0.4




	

	
DBHq (cm)

	
16.1

	
0.5

	
16.9

	
0.5




	

	
Ht (m)

	
12.3

	
0.4

	
12.1

	
0.5




	

	
Density (trees ha–1)

	
1667

	
209

	
1108

	
110




	

	
RD

	
0.56

	
0.06

	
0.41

	
0.04




	

	
BA (m2 ha–1)

	
33.6

	
3.5

	
24.9

	
2.2




	

	
GMV (m3 ha–1)

	
186

	
22

	
136

	
14




	

	
Slenderness ratio

	
0.80

	
0.03

	
0.74

	
0.03




	

	
Live crown ratio

	
––

	
––

	
0.55

	
0.08




	
CT32

	
Age (y)

	
––

	
––

	
58

	
4




	

	
SI (m)

	
––

	
––

	
14

	
0.1




	

	
DBHq (cm)

	
16.3

	
0.4

	
17.8

	
0.5




	

	
Height (m)

	
12.4

	
0.2

	
12.5

	
0.1




	

	
Density (trees ha–1)

	
1517

	
228

	
867

	
145




	

	
RD

	
0.53

	
0.07

	
0.36

	
0.05




	

	
BA (m2 ha–1)

	
31.4

	
3.3

	
21.3

	
2.6




	

	
GMV (m3 ha–1)

	
174

	
18

	
119

	
14




	

	
Slenderness ratio

	
0.79

	
0.02

	
0.72

	
0.02




	

	
Live crown ratio

	
––

	
––

	
0.72

	
0.04




	
CT40

	
Age (y)

	
––

	
––

	
48

	
4




	

	
SI (m)

	
––

	
––

	
14

	
0.3




	

	
DBHq (cm)

	
14.7

	
0.3

	
16.7

	
0.4




	

	
Height (m)

	
11.3

	
0.2

	
11.7

	
0.4




	

	
Density (trees ha–1)

	
1733

	
242

	
817

	
85




	

	
RD

	
0.49

	
0.04

	
0.30

	
0.02




	

	
BA (m2 ha–1)

	
29.5

	
2.2

	
17.8

	
1.5




	

	
GMV (m3 ha–1)

	
145

	
13

	
93

	
9




	

	
Slenderness ratio

	
0.79

	
0.01

	
0.72

	
0.01




	

	
Live crown ratio

	
––

	
––

	
0.75

	
0.05




	
Control

	
Age (y)

	
––

	
––

	
57

	
8




	

	
SI (m)

	
––

	
––

	
13

	
1.1




	

	
DBHq (cm)

	
15.2

	
0.7

	
15.5

	
0.8




	

	
Height (m)

	
11.7

	
0.5

	
12.0

	
0.6




	

	
Density (trees ha–1)

	
1650

	
66

	
1625

	
76




	

	
RD

	
0.49

	
0.04

	
0.50

	
0.05




	
Control

	
BA (m2 ha–1)

	
30.1

	
1.9

	
30.5

	
2.4




	

	
GMV (m3 ha–1)

	
153

	
20

	
162

	
23




	

	
Slenderness ratio

	
0.80

	
0.01

	
0.80

	
0.01




	

	
Live crown ratio

	
––

	
––

	
0.79

	
0.03










2.2. Experimental Design and Thinning Treatments


The completely randomized design was established in fall 1997 and was comprised of four treatments: three thinning intensities and an unthinned control. Each treatment was replicated three times, for a total of 12 EUs along a north-south orientation (Figure 1). Actual thinning intensities were 0% (unthinned control), 26% (CT26), 32% (CT32) and 40% (CT40) of merchantable BA. At the stand level, 15%–20% has to be added to each thinning treatment to account for skidding trails. Each EU was composed of a 2500 m2 area (50 × 50 m), with a central 400 m2 circular plot (11.28 m radius) to measure merchantable trees. An unthinned strip of 50 m was left between each EU. CT was carried out in each 2500-m2 plot by marking merchantable trees to cut based on the following selection order: (1) diseased trees; (2) regular spatial distribution of trees; (3) crooked trees; (4) species composition (fir before spruce); and (5) smaller and less vigorous trees. Hence, the general intent was to thin mainly from below [31] by prioritizing the removal of dying and diseased trees. Trees were felled, delimbed and bucked manually using a chainsaw from late-September to mid-October 1997. Cut trees were brought to the roadside using a cable skidder. Skidding trails were 5 m in width.
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Figure 1. Layout of the study site, including details of the plot layout within experimental units. 
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2.3. Growth and Yield Measurements


A preharvest merchantable tree inventory was carried out from mid- to late-September in the 400-m2 plots by tallying trees based on species and DBH class (2 cm). Postharvest measurements were carried out shortly after harvest (mid-October to mid-November 1997), as well as 5 and 10 years after thinning. All merchantable trees were numbered and tallied by species, status (live, dead, windthrow) and DBH (in mm). Detailed measurements were taken on 5 codominant trees per plot: species, age at 1 m in height, crown class, total height and live crown ratio. The height of all merchantable trees was estimated based on height-diameter relationships [32]. Height estimates and observed DBH were used to calculate GMV·tree–1 [33]. Thus, merchantable stand BA and GMV were calculated as the sum of all trees in each EU and expressed as per-hectare values. Gross sawlog volume (GSV) was also computed based on GMV, but with a minimum DBH of 19.1 cm. This high threshold allows a more accurate assessment of potential thinning effects on sawlog volume production, which is closer to desired thinning objectives [24]. Cumulative gross merchantable volume (CGMV) production was calculated as the sum of harvested merchantable volume and GMV after 10 years.




2.4. Structural Heterogeneity Measurements


Three attributes were used to measure structural heterogeneity: (1) the number of large trees (≥23.1 cm DBH); (2) the shape of the diameter distribution, including saplings and trees; and (3) regeneration density (number of stems ha–1) and stocking (% of sub-plots containing at least one living stem). These attributes are often used to characterize stand structure in old-growth forests [15]. Unthinned EUs served as the baseline for comparisons with thinned EUs.



Large trees are often defined as ≥20 cm in the eastern boreal and temperate forest zone of Canada. This is based on evidence of wildlife use [34] and of plots with diameter distributions corresponding to old-growth coniferous stands that often show that most trees are <20 cm [35,36,37]. Data collection for the number of large trees and the shape of the diameter distribution was carried out through growth and yield inventory. Regeneration (all stems <9.1 cm DBH) was tallied by species and height class (1–5, 6–30, 31–60, 61–100, 101–200, 201–300 and >300 cm, but <9.1 cm DBH) in 4 sub-plots of 4 m2 each, located 8 m away from the centre of the 400-m2 plot in each cardinal direction. Regeneration measurements took place shortly after harvest, as well as 5 and 10 years postharvest. Saplings (>1 cm DBH) were not distinguished from smaller regeneration in the 4-m2 plots; they were measured by species and DBH class (2 cm, 1.1–3.0 cm; 4 cm, 3.1–5.0 cm; 6 cm, 5.1–7.0 cm; 8 cm, 7.1–9.0 cm) in a separate 100-m2 plot located at the centre of the 400-m2 plot.




2.5. Statistical Analyses of Growth and Yield


Analyses of variance were carried out using mixed linear models (proc MIXED) in SAS (SAS 9.3, Cary, NC, USA). Dependent variables at the mean merchantable tree level were DBH and GMV. To better reflect the actual growth of residual trees, trees that died or reached merchantable size during the 10-year period were excluded. Dependent variables at the stand level were GSV, CGMV, as well as BA of ingrowth and mortality. For all statistical analyses, values were calculated at the EU level (n = 12 × 3 years = 36) to avoid artificially increasing the number of degrees of freedom of the error term. Fixed effects included thinning (T), year (Y) and T × Y, with EU as a random effect. All statistical differences were reported at p < 0.05. Repeated measures on the same EU over time were accounted for using an autoregressive variance structure (TYPE = AR (1)) in the REPEATED statement of the MIXED procedure. This structure is appropriate when time periods are evenly spaced [38]. Because CGMV is only measured once, it was analyzed without repeated measures.



The respective preharvest value of each dependent variable was used as a covariate to account for potential differences among treatments prior to thinning [39]. Preharvest merchantable BA was used as the covariate for ingrowth. The covariate was removed from the model when non-significant. Hence, the model equation is as follows:


yijk = α + τi + β preij + bj + γk + (τγ)ik + εijk



(1)







yijk is the dependent variable; α is the overall mean; τi is the thinning effect i (CT26, CT32, CT40, control); β is the linear effect of preharvest conditions preij (covariate); bj is the random effect of experimental unit j (1, …, 12) (bj ~ N(0,    σ b 2   )); γk is the year effect k (0, 5, 10); (τγ)ik is the interaction between thinning i and year k; εijk is the residual (the vector of the εijk ~ N(0,∑)).



Multiple comparisons were carried out to determine differences between treatments in each measurement year [40,41]. In all multiple comparisons, the ADJUST = simulate option was used to control for potential Type I errors due to multiple testing [40,41]. Normality of residuals and homogeneity of variance were verified for all analyses using scaled residual plots. For mean DBH and GMV tree–1, data transformation failed to correct for heterogeneous variances. To obtain homogeneity, we defined an effect specifying heterogeneity in the variance structure of the R matrix of the errors (GROUP = treatment) in the REPEATED statement [40]. As for mortality, residuals could not be normalized. Hence, descriptive statistics (mean ± SE) were used to evaluate treatment effects. Figures show adjusted means and standard error (SE) based on statistical analyses at the mean value of the covariate.




2.6. Statistical Analyses of Structural Heterogeneity


The diameter distribution of each EU was plotted immediately postharvest and after 10 years to assess the number of large trees and the shape of the diameter distribution, including saplings. Decennial changes in the density of saplings and larger trees, as well as in the shape of the diameter distribution, were assessed visually and with computed descriptive statistics in each EU [42,43]. The Weibull function [44], where c is the shape parameter, the coefficient of Kurtosis (k) [45] and the symmetry index (Is) [46] were calculated to describe the shape of the diameter distribution based on threshold values. Distributions were grouped into four classes [43]: (a) normal (regular); (b) unimodal, negatively skewed (regular); (c) unimodal, positively skewed (irregular); and (d) bimodal (irregular) (Figure 2).



To simplify the analysis and presentation of regeneration data, height classes with a similar postharvest density were grouped into two classes (≤30 cm and >30 cm). The 30-cm threshold is a good indicator of regeneration survival after harvest [47]. Regeneration was analyzed using the same procedure as growth and yield, but without covariates due to a lack of preharvest data. Logarithmic transformation was used on regeneration density (≤30 cm and >30 cm), and arcsine transformation was used on regeneration stocking ≤30 cm to meet the homogeneity of variance and normality assumptions. Regeneration stocking >30 cm in height could not be normalized. Hence, we used descriptive statistics (mean ± SE) to evaluate treatment effects.
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Figure 2. Theoretical diameter distributions and respective statistical thresholds as defined by the Weibull function (c), kurtosis (k) and the symmetry index (Is): (a) normal, regular; (b) unimodal, negatively skewed, regular; (c) unimodal, positively skewed, irregular; (d) bimodal, irregular. 
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3. Results


3.1. Growth and Yield


3.1.1. Mean Tree Level


For the first five years after harvest, mean DBH of residual trees was similar among treatments. After 10 years, however, both CT32 and CT40 had higher mean DBH than the control (T × Y, p < 0.001, Table 2, Figure 3A). These differences translate into mean decennial gains of 2.2 cm in CT32 (12%) and 3.1 cm (18%) in CT40 over the unthinned control. CT40 was also higher than CT26 after 10 years.



After five years, mean GMV tree–1 in CT40 was higher than CT26 and the unthinned control (T × Y, p = 0.002, Table 2, Figure 3B). After 10 years, both CT32 and CT40 had higher GMV tree–1 than CT26 and the control (Figure 3B). These differences translate into decennial gains of 47 dm3 tree–1 in CT32 (28%) and 62 dm3 tree–1 in CT40 (37%) over the unthinned control.
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Table 2. Analyses of variance of the response variables after four commercial thinning intensities (0, 26, 32, 40% merchantable basal area removals). Abbreviations are as follows: DBH and GMV, mean diameter at breast height and gross merchantable volume of residual merchantable trees; CGMV, cumulative GMV ha–1; ddf, denominator degrees of freedom; GSV, gross sawlog volume; ndf, numerator degrees of freedom. Significance (p < 0.05) indicated in bold.
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Objective

	
Response Variable

	
Source of Variation

	
ndf

	
ddf

	
F-Value

	
p-Value






	
Mean Tree

	
DBH

	
Thinning (T)

	
3

	
5.9

	
19.7

	
0.002




	
Level

	
(cm)

	
Year (Y)

	
2

	
8.4

	
1345.0

	
<0.001




	

	

	
T × Y

	
6

	
4.9

	
43.1

	
<0.001




	

	

	
Covariate (C)

	
1

	
5.6

	
62.7

	
<0.001




	

	
GMV

	
T

	
3

	
15.7

	
19.5

	
<0.001




	

	
(dm3 tree–1)

	
Y

	
2

	
11.6

	
724.6

	
<0.001




	

	

	
T × Y

	
6

	
8.4

	
10.6

	
0.002




	

	

	
C

	
1

	
1.6

	
120.6

	
0.018




	
Stand Yield

	
GSV

	
T

	
3

	
6.8

	
1.98

	
0.209




	

	
(m3 ha–1)

	
Y

	
2

	
15.2

	
131.46

	
<0.001




	

	

	
T × Y

	
6

	
15.2

	
0.17

	
0.982




	

	

	
C

	
1

	
6.7

	
31.65

	
<0.001




	

	
CGMV

	
T

	
3

	
7.0

	
0.35

	
0.791




	

	
(m3 ha–1)

	
C

	
1

	
7.0

	
79.42

	
<0.001




	

	
Ingrowth

	
T

	
3

	
10.2

	
2.03

	
0.172




	

	
(m2 ha–1)

	
Y

	
2

	
17.5

	
19.81

	
<0.001




	

	

	
T × Y

	
6

	
17.5

	
0.95

	
0.489




	

	

	
C

	
1

	
10.3

	
7.23

	
0.022




	
Old-Growth

	
Density ≤ 30 cm

	
T

	
3

	
8.0

	
1.43

	
0.303




	
Attributes

	
(stems ha–1)

	
Y

	
2

	
15.3

	
49.65

	
<0.001




	
(Regeneration)

	

	
T × Y

	
6

	
15.3

	
1.14

	
0.386




	

	
Density > 30 cm

	
T

	
3

	
8.0

	
1.80

	
0.226




	

	
(stems ha–1)

	
Y

	
2

	
10.5

	
11.83

	
0.002




	

	

	
T × Y

	
6

	
10.5

	
2.89

	
0.064




	

	
Stocking ≤ 30 cm

	
T

	
3

	
7.7

	
1.11

	
0.403




	

	
(%)

	
Y

	
2

	
11.4

	
1.55

	
0.254




	

	

	
T × Y

	
6

	
11.4

	
0.86

	
0.548










3.1.2. Stand Level


GSV increased over time, but the increase was similar among treatments (Y, p < 0.001, Table 2, Figure 3C). CGMV did not vary among treatments (T, p = 0.791, Table 2, Figure 3D). Ingrowth increased for the first five years after harvest and leveled off afterward (Y, p < 0.001, Table 2, Figure 3E). Ingrowth accounted for <1 m2 ha–1 in each 5-year period, was mostly composed of balsam fir and did not vary among treatments (T, p = 0.172, Table 2). Mortality was low (Figure 3F) and mainly comprised of balsam fir (64%) over spruce (23%) and birch (13%). Nearly 85% of mortality was comprised of stems smaller than the mean DBH of all living trees at time of death. Mortality was similar among treatments for the first five years, but appeared to be higher in the unthinned control by year 10 (Figure 3F).
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Figure 3. Mean tree- and stand-level development after four commercial thinning intensities from below (0%, 26%, 32%, 40% merchantable basal area removals). Dependent variables were: (a) mean diameter at breast height (DBH) of residual merchantable trees; (b) mean gross merchantable volume (GMV) of residual merchantable trees; (c) gross sawlog volume (GSV) per·ha–1; (d) cumulative gross merchantable volume (CGMV) per·ha–1; (e) ingrowth; and (f) mortality. Means (± SE) represent adjusted values from statistical analyses at the mean value of the covariate and are based on three replicates per treatment. 
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3.2. Structural Heterogeneity


3.2.1. Number of Large Trees and Shape of the Diameter Distribution


Thinning from below was generally respected, but harvesting also occurred in intermediate diameter classes (>16 cm) in all thinning treatments (Figure 4). In eight out of nine thinned EUs, diameter distributions were irregular immediately after thinning and became increasingly positively skewed over time (Is closer to zero, except EU 2, Table 3, Figure 5 and Supplementary Figure S1 and Figure S2). Thinning resulted in 240 large trees ha–1 compared to only 158 trees ha–1 in unthinned EUs at the end of the decennial period, for a gain of 51%. Given that total stand density after 10 years was 2230 trees ha–1 in thinned EUs and 2792 trees ha–1 in unthinned EUs, a greater proportion of density could be found as large trees in thinned EUs (11%) compared to the unthinned control (6%). The diameter distribution remained positively skewed and elongated its right tail with the development of two modes in EUs 1 and 3 (k ≤ −1.2). Thus, thinned EUs tended to become more irregular over time (Table 3).
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Figure 4. Preharvest and postharvest diameter distribution (2-cm classes) of four intensities of commercial thinning from below (26%, 32%, 40% and 0% merchantable basal area removals) (a–d). Lines are based on three replicates per treatment. 
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Table 3. Statistical parameters and structure of the diameter distribution of all trees (DBH >1.0 cm) for each experimental unit (EU) immediately postharvest (post) and after 10 years according to: the Weibull function (c), the coefficient of kurtosis (k), the symmetry index (Is) and the interpretation of the structure. Abbreviations: bim, bimodal distribution; trt, thinning treatment.
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Trt

	
EU

	
c

	
K

	
Is

	
Structure




	

	

	
Post

	
10 y

	
Post

	
10 y

	
Post

	
10 y

	
Post

	
10 y






	
CT26

	
2

	
3.8

	
5.4

	
0.4

	
0.1

	
0.65

	
0.68

	
Regular

	
Regular




	

	
10

	
1.1

	
1.0

	
−0.6

	
1.0

	
0.05

	
0.04

	
Irregular

	
Irregular




	

	
12

	
1.7

	
1.1

	
0.5

	
−0.4

	
0.14

	
0.04

	
Irregular

	
Irregular




	
CT32

	
1

	
1.8

	
1.9

	
−1.0

	
−1.2

	
0.22

	
0.20

	
Irregular

	
Irregular, bim




	

	
3

	
1.2

	
1.5

	
−1.3

	
−1.4

	
0.04

	
0.04

	
Irregular, bim

	
Irregular, bim




	

	
7

	
1.7

	
1.1

	
−0.9

	
−0.8

	
0.24

	
0.04

	
Irregular

	
Irregular




	
CT40

	
5

	
1.2

	
1.1

	
1.5

	
0.1

	
0.05

	
0.04

	
Irregular

	
Irregular




	

	
6

	
1.7

	
1.6

	
−0.2

	
−0.8

	
0.37

	
0.04

	
Irregular

	
Irregular




	

	
8

	
1.4

	
1.5

	
−0.3

	
−0.9

	
0.05

	
0.04

	
Irregular

	
Irregular




	
Control

	
4

	
1.1

	
1.0

	
−1.1

	
−1.1

	
0.05

	
0.04

	
Irregular

	
Irregular




	

	
9

	
1.5

	
1.6

	
0.3

	
−1.1

	
0.06

	
0.14

	
Irregular

	
Irregular




	

	
11

	
1.3

	
2.3

	
−0.7

	
−0.6

	
0.06

	
0.43

	
Irregular

	
Irregular









The initial diameter distribution of unthinned EUs was also irregular (Table 3). In EUs 9 and 11, however, the diameter distribution became more symmetric, unimodal and closer to a regular structure as Is moved toward 0.5 over the 10-year period (Table 3, Figure 5 and Supplementary Figure 1 and Figure 2). This consolidation was centered on one mode in intermediate diameter classes (16 cm) with 1700 fewer saplings ha–1 on average after 10 years than immediately postharvest (Figure 5).




3.2.2. Regeneration Density and Stocking


Mean postharvest regeneration density for all height classes combined was over 75000 stems ha–1, with the vast majority (63400 stems ha–1) ≤30 cm in height and composed of balsam fir (96%). Balsam fir was well stocked with an average distribution of 88% for the study site, compared to 17% for white spruce and 7% for black spruce.



Over the first 5-year period, the mean density of regeneration ≤30 cm in height decreased from 63400 stems ha–1 postharvest to 17800 stems ha–1 at year 5 and increased substantially to 176400 stems ha–1 after 10 years (Y, p < 0.001, Table 2, Figure 6A). Fluctuations were statistically similar among thinning treatments. The density of regeneration >30 cm in height decreased slightly over the 10-year period (Y, p = 0.002, Table 2, Figure 6B), but did not vary among treatments.



Treatment or period effects were not found in the stocking of regeneration ≤30 cm in height, which remained >60% in all treatments after 10 years (p ≥ 0.254, Table 2, Figure 6C). Stocking of regeneration >30 cm in height decreased from 100% to 67% in CT32, while remaining stable in other treatments over the 10-year period. Stocking appeared to be higher in CT26 and CT40 (both 100%) compared to CT32 after 10 years (Figure 6D). Combining all treatments, height classes and species, stocking after 10 years remained quite similar to postharvest stocking at 93%. Balsam fir was still dominant with 90% stocking, followed by black spruce with 10% and white spruce with 3%.
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Figure 5. Diameter distribution (2-cm classes) of selected experimental units (EUs) in each commercial thinning treatment: 26% (EU 12), 32% (EU 7) and 40% (EU 6) merchantable basal area removals and an unthinned control (EU 11). Distributions are presented immediately postharvest and 10 years after thinning. Distributions for the remaining EUs can be found online as Supplementary Figures. 
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Figure 6. Decennial development of (a,b) regeneration density and (c,d) stocking by height class (≤30 cm; >30 cm) after four commercial thinning intensities from below (0%, 26%, 32% and 40% merchantable basal area removals). 
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4. Discussion


4.1. Growth and Yield


4.1.1. Mean Tree Level


Compared to the unthinned control, CT32 and CT40 resulted in increases of 2.2–3.1 cm in mean DBH and 47–62 dm3 in GMV·tree–1 after 10 years. These gains are substantial, especially in terms of volume, and reflect the high productivity of this site. Results are in line with Hypotheses 1a and 1b, except for CT26. A lack of differences among treatments in year 0 suggests that increased tree size resulted mainly from increased growth of residual trees rather than immediate removal of smaller trees [48]. Results also indicate a delay in response of at least five years, which may be explained by the late thinning entry.



The benefits of thinning on radial growth response have long been recognized in Europe and North America [24,49]. Evidence of increased tree size in species, like Norway spruce (Picea abies (L.) H. Karst.) and European beech (Fagus sylvatica L.), were reported across several countries, including Germany, Switzerland, Denmark and Sweden [23]. In North America, examples include deciduous angiosperms of the central and northern regions [50,51] and conifers of the northern region [52,53,54]. There is no universal response, however, and results vary with site quality, timing of first thinning, type of thinning, species and the definition of the response variable [7]. The advantages of increased diameter and volume per tree include reaching a given technical rotation age earlier and reducing harvesting and processing costs during final overstory removal.




4.1.2. Stand Level


Thinning generated as much GSV or CGMV as the unthinned control with fewer trees. Results are in accordance with our initial hypothesis (1c), as well as the current yield hypothesis used in Quebec, Canada, which states that the CGMV produced in a commercially thinned stand at the end of the rotation is equivalent to that of an unthinned stand [55]. These results can be explained by the increased growth of residual trees in thinned EUs, low and similar ingrowth among treatments, and low mortality in the unthinned control. A 10% mortality threshold in BA has been recommended to determine the success of partial cuts [56]. Mortality ranged from 1%–3% after thinning and 6% in the control. Low mortality can be attributed to the conservation of mature forest surrounding the study site and large buffer zones (50 m) between each EU that could have helped reduce windthrow. Furthermore, EUs were not placed adjacent to skidding trails, and this may have helped prevent potential mortality. Our findings do not support the suggestion that CT increases sawlog volume or merchantable stand yield. Results can vary depending on several factors, including site quality and tree species. In Sweden, CT can lead to lower CGMV compared to unthinned stands across a wide range of sites and thinning treatments for Scots pine (Pinus sylvestris L.) [57].





4.2. Structural Heterogeneity


4.2.1. Number of Large Trees and Shape of the Diameter Distribution


In eight out of nine thinned EUs, we found a diversification of stand structure reflected by decreases in Is, with an increasingly positively-skewed diameter distribution and an elongated right tail toward larger trees. This is in line with Hypothesis 2b and can be attributed to the type of thinning operation, which was mainly from below. Thinning maintained an important component of large trees and favored sapling survival, both of which helped develop heterogeneity in the shape of the diameter distribution. Despite the greater abundance of sapling density in unthinned EUs (2900 saplings ha–1) compared to thinned EUs (1300 saplings ha–1), a consolidation of the structure occurred toward a unimodal regular structure, and the diameter distribution became more symmetrical in two of the three unthinned EUs after 10 years. This can be mainly attributed to low sapling survival and fewer large trees than in thinned EUs.



Thus, the type of CT can be used to target specific diameter distributions. Examples include variable density thinning [21,58] and conversion thinning [22], whereby operations are deliberately aimed at increasing structural heterogeneity. Thinning from below can generate an increase in positive skewness, because the removal of smaller diameter trees truncated the left-hand tail of the distribution curve [23]. Thinning from above, however, can lead to a bimodal distribution, with peaks for ingrowth and larger trees, respectively [23]. Further investigations into the long-term effects of such thinning approaches on wood production objectives would be useful to determine the range of thinning operations that can meet both objectives. The potential influence of plot size also warrants further evaluation because 400 m2 plots may not be optimal in describing diameter distributions.



For large trees, the 51% gain reported in our study corroborates our initial hypothesis (2a) and findings from the literature [59,60], albeit not at the same level of magnitude. Over a long-term period (≥25 years), increases of at least 400 larger trees ha–1 were reported after 42%–45% BA removals in Norway spruce and Scots pine stands of Finland [59,60]. Also noteworthy in our study is the potential benefit of species mixtures in meeting structural heterogeneity objectives. As shown by Figure 5 and Supplementary Figures, the spruce component represented 21% of all large trees in thinned EUs after 10 years. Spruce differs from fir in terms of shade tolerance (white spruce is moderately shade tolerant), growth rate and longevity. Favoring spruce over fir during the thinning operation offers additional opportunities to further develop structural attributes, especially if final harvesting is delayed, because spruce has greater longevity than fir. Species mixtures can provide increased flexibility against insects, diseases and climate change. Tree species richness in managed forests has also shown positive relationships with the production of tree biomass, soil carbon storage and game [61].



One of the novel findings from our study is that thinning mainly from below can be used to develop structural heterogeneity in managed forests rather than simplifying them. Increasing structural heterogeneity can provide several benefits to forest biodiversity conservation by sustaining species, increasing habitat diversity, improving connectivity and sustaining ecosystem processes [62]. Results are corroborated by another thinning study in lodgepole pine (Pinus contorta Doug. ex. Loud.) stands of British Columbia, Canada [63]. Modeling work in coniferous stands of the Pacific Northwest, USA, is also in accordance with our finding that CT can expedite the development of large live trees without reducing CGMV [25]. While different aspects of old-growth stand structures can be created in a short time frame through silviculture, developing the full suite of attributes, such as coarse woody debris, will require more time [7].



There is a potential caveat in developing old-growth structural attributes in fir-dominated stands: balsam fir is a short-lived, decay-prone species and susceptible to spruce budworm outbreaks. It should be noted, however, that gap-driven old-growth balsam fir stands with a complex structure can occupy up to 75% of the landscape area in many perhumid ecosystems of eastern North America, where widespread stand-initiating events are rare events [35,64]. Furthermore, management actions can prevent or limit budworm damage in areas targeted for developing old-growth structure (e.g., spraying). Even if the balsam fir component in these stands may not always last beyond 85 years, the stand would still provide increased structural heterogeneity for 30 years (55 to 85) or until final overstory removal. Moreover, the spruce component (>25% merchantable BA) is much longer-lived than fir and could play an important role in stand development. For these reasons, attempts at developing structural heterogeneity in these stands should not be overlooked.




4.2.2. Regeneration Density and Stocking


Balsam fir dominated the understory over time and thinning provided similar tree regeneration density and stocking compared to the unthinned control. This does not corroborate our initial hypothesis (2c). The density of regeneration ≤30 cm increased substantially during the second 5-year period. This increase was mostly comprised of seedlings <6 cm that likely became established after a heavy seed year from mature balsam fir trees in the stand [36]. Ten years after crown thinning in spruce-fir stands of Maine, USA, small (11–60 cm) coniferous and hardwood regeneration were much more abundant in thinned stands compared to unthinned stands [65]. However, lower regeneration densities should be expected when thinning from below due to smaller canopy openings and lower windthrow mortality [65]. Comparisons with our study are also limited because we included seedlings <11 cm in height in our analyses.



As for taller regeneration (>30 cm in height), we did not find differences among treatments 10 years after CT. We hypothesize that tree removal increased available light in the understory, and tree mortality had a similar effect in the unthinned control. Lack of differences between thinned and unthinned stands were also reported for medium (61–140 cm) and large (≥141 cm) coniferous regeneration density in fir-dominated sites 10 years postharvest [65]. In terms of stocking, all thinning treatments remained relatively well stocked after 10 years (≥60%). Hence, thinning compared favorably to the unthinned control in most cases, and the regenerating cohort should be sufficient to ensure stand renewal if well protected during final overstory removal [66].



Findings from the literature are inconsistent, because tree regeneration is a highly stochastic process [67], and the response after thinning can show large variability due to stand and site conditions, microsite heterogeneity, seedling clustering and thinning intensity [68]. Hence, more research is needed to better understand regeneration mechanisms after thinning.






5. Conclusions


Results from our case study suggest that thinning mainly from below was generally successful. At the mean tree level, 32%–40% basal area removals resulted in gains of 12%–18% (2.2–3.1 cm) in diameter and 28%–37% (47–62 dm3) in gross merchantable volume tree–1 compared to the unthinned control. At the stand level, all thinning intensities generated as much gross sawlog volume and cumulative gross merchantable volume as the unthinned control with fewer trees despite being carried out in a relatively old stand for a first thinning entry. Compared to the unthinned control, thinning also helped develop structural heterogeneity as measured by the shape of the diameter distribution and the number of large trees. Thinning compared favorably with the unthinned control in terms of regeneration density and stocking, with a dense and well-distributed cohort of balsam fir in all treatments after 10 years. Developing silvicultural approaches, such as this one, is in line with using natural variability concepts in managing ecological systems.
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Figure S1. Diameter distribution (2-cm classes) of experimental units (EUs) in each commercial thinning treatment: 26% (EU 2), 32% (EU 1) and 40% (EU 5) merchantable basal area removals and an unthinned control (EU 4). Distributions are presented immediately postharvest and 10 years after thinning. 
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Figure S2. Diameter distribution (2-cm classes) of experimental units (EUs) in each commercial thinning treatment: 26% (EU 10), 32% (EU 3) and 40% (EU 8) merchantable basal area removals and an unthinned control (EU 9). Distributions are presented immediately postharvest and 10 years after thinning. 
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