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ARTICLE INFO ABSTRACT

In managed boreal forests, partial harvesting has been proposed to promote forest structural complexity and to
therefore maintain associated biodiversity. However, there have been few studies identifying forest structures
that should be maintained within the forest matrix, and fewer still on changes in these structures during suc-
cession. Consequently, there is no tool to identify these different structures in the field or their sequence along
natural succession. This study proposes a key that can be used in the field and allows for the identification of
different forest diameter structures along a successional sequence in the black spruce boreal forest. The specific
objectives of this study were (1) to classify the types of forest structures encountered in natural black spruce
boreal forest based on their diameter distribution, and (2) to link this classification to time since last fire and its
spatial homogeneity at the stand level. This study shows that the forest stand structure, in black spruce forests, is
varied and that this structural variety is mainly controlled by time since last fire. It also shows that the timing of
stand structural maturation varies with severity of the last fire and surficial deposit. The identification key
suggests that based on tree diameter distribution it is possible to discriminate among young, mature and old
forest structures, which could help forest managers select stands to be harvested according to different objectives

Keywords:

Picea mariana

Diameter structure

Time since last fire
Surficial deposits
Successional pathway
Sustainable management

and hence maintain the variety of black spruce forest structures at the landscape scale.

1. Introduction

During forest management the preservation of ecosystem services
provided by forests is an important challenge for the international
community (MEA, 2005). In the boreal forest, the use of a short rotation
period leads to the rejuvenation of forest age structure and reduction of
the proportion of old-growth forest across the landscape (Bergeron
et al., 2007; Cyr et al., 2009). In managed boreal forests, maintaining a
structural variability comparable to that encountered in natural forests
should maintain biodiversity and essential ecological functions
(Franklin, 1993; Gauthier et al., 1996). To ensure the preservation of its
forests and its socio-economic services, Canada now encourages eco-
system-based forest management, which promotes the diversification of
silvicultural practices and the maintenance of forest stands of various
structures (Gauthier et al., 2008). In this context, partial harvesting has
appeared, over the last fifteen years as an alternative to clearcutting in
order to reduce the differences at the stand and landscape scale
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between natural and managed forests (Franklin et al., 1997; Beese et al.,
2003). Partial harvesting is applied with the objective to promote forest
continuity and heterogeneity of habitats that can maintain both the
structural complexity and biodiversity associated with old-growth for-
ests (Rosenvald and Lohmus, 2008).

However, boreal forest stands are complex systems in which many
factors and processes may influence both stand composition and
structure over time (Lecomte and Bergeron, 2005; Lecomte et al., 2005;
Taylor and Chen, 2011; Puettmann et al., 2012). Nevertheless, as fire is
an integral part of the boreal forest dynamics (Payette, 1992; Hunter,
1993; Bergeron et al., 1998), time since last fire (TSF) is generally the
most frequently stated factor in the literature to explain changes in both
forest structure and composition. From a compositional standpoint, in
the boreal forest changes in both forest structure and composition after
fire result in the recolonization of the burned matrix by early-succes-
sional species pre-adapted to open post-fire conditions (e.g. increased
light availability), i.e., trembling aspen (Populus tremuloides Michx.),
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white birch (Betula papyrifera Marsh.), jack pine (Pinus banksiana
Lamb.) and black spruce (Picea mariana [Mill.] BSP) (Bergeron, 2000).
With time, most of these species are gradually replaced by shade-tol-
erant and more competitive late-successional species such as balsam fir
(Abies balsamea (L.) Miller) (Larson and Oliver, 1996; Lecomte et al.,
2005). While this multispecies succession is much studied, there has
been little attention given to monospecific succession.

In the case of the generally monospecific boreal black spruce forest,
changes that occur over time are structural rather than compositional.
With respect to diameter structure, an unimodal regular diameter
structure is often associated with young stands, whereas irregular and
complex diameter structures are associated with mature stands (Smith
et al., 1997; Boucher et al., 2003). Although this structural complexity
has been recognized in the literature (Kuuluvainen et al., 1996;
Franklin and Van Pelt, 2004), little attention has been given to the
classification of stands with respect to their diameter structure. With
the exception of Chaieb et al. (2015) and Moussaoui et al. (2016a) (who
studied the structure of post-fire and post-harvest residual black spruce
patches in the context of sustainable forest management), and Boucher
et al. (2003) (who compared the diameter structure of eastern and
western black spruce stands and characterized them into three classes
i.e. regular, irregular and inverted J distribution structures), there is no
such reference structural classification of black spruce stands permit-
ting their identification.

Nevertheless, it has been proposed that in the Canadian boreal forest
multi-cohort management could maintain structural diversity as well as
respect the successional development that follows natural disturbances,
which have been well described (Bergeron et al., 1999; Fenton et al.,
2013). Paludification is a phenomenon that can via the accumulation of a
thick organic layer transform a forest stand on mineral soil into a forested
peatland (Payette and Rochefort, 2001; Fenton et al., 2009). In paludi-
fied black spruce forest, severity or depth of burn of the organic layer of
the forest floor has significant consequences for forest structure and
productivity (Lecomte et al., 2006a,b; Simard et al., 2007; Lafleur et al.,
2016). High-severity fires that consume most of the organic layer pro-
mote the establishment of productive stands on mineral soil (Dyrness and
Norum, 1983; Greene et al., 2005; Simard et al., 2007). In contrast, low-
severity fires that leave the organic layer almost intact, stimulate the
development of very thick organic layers that may develop into peat-
lands (Fenton et al., 2005; Simard et al., 2007). Following a high severity
fire, a first structural cohort composed of trees of similar size (creating a
closed stand with a regular or even-aged structure) establishes. When
trees of the first cohort start to dieback and fall on the ground (gap dy-
namics according to Larson and Oliver (1996)), small-sized trees growing
under the tree cover take over the canopy. This second structural cohort
displays a wider stem diameter distribution. Tree mortality within this
2nd cohort leads to a loss of density and further opening of the stand
(Bergeron et al., 1999; Fenton et al., 2013). A third cohort of trees ori-
ginated mainly from layering then dominates the canopy and this cohort
tends to show a classic inverse-J distribution (Bergeron and Harvey,
1997). In contrast, following a low severity fire, the residual post-fire
thick organic layers (> 40 cm) over mineral soil (Fenton et al., 2005)
limits establishment and growth of black spruce regeneration leading to
less dense and less productive stands, i.e., stands with an irregular open
structure (Lecomte et al., 2009).

It is generally suggested that the use of selection harvest approaches
within partial harvesting could reproduce the structural complexity of
these different types of structural cohorts and emulate natural gap
dynamics typical of old-growth stands (Etheridge and Kayahara, 2013).
To date there is no tool to identify these different structures in the field
or their sequence along the natural chronosequence. In forest man-
agement, the structural issues have always been addressed in generic
terms such as total density, basal area, and deadwood volume that give
few indications on specific target structures to be reproduced. In this
context, the ability of partial harvesting to reproduce forest habitat
conditions favorable to maintaining biodiversity and structural
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complexity remains to be validated. If partial harvesting is to favor the
conservation of old-growth forest structures, it is necessary to propose a
user-friendly method to identify young, mature and old structures, and
which can help forest managers to select stands to be harvested ac-
cording to different objectives.

This study aims to propose a key to facilitate the identification of
different diameter structures along a chronosequence in the boreal
black spruce forest. Our objectives are to (1) conduct a classification of
stand structural types encountered in natural boreal black spruce forests
based on their diameter distribution, and (2) to validate this classifi-
cation by establishing a link with time since the last fire and verify the
spatial homogeneity of the structural classification at the stand level. In
order to determine whether the differences among identified structural
types were controlled by other explanatory variables, we also con-
sidered the influence of soil drainage, the importance of companion
species such as white birch and trembling aspen, the presence or ab-
sence of balsam fir, and the density of black spruce saplings. Finally, an
identification key for these structural types was developed. To achieve
this, we used an extensive database of over two thousand forest in-
ventory plots collected by the Quebec Ministry of Natural Resources
(QMNR), and for time since fire data was available.

2. Methods
2.1. Forest inventory data and study area

Data were retrieved from the 400-m? forest inventory plots estab-
lished by the QMNR between 1985 and 1997, for which time since last
fire data was available from a fire map developed by Bergeron et al.
(2004). They used the age of the trees established after the last fire or
dating fire scars on surviving trees for fires that occurred prior to 1880
using historical record and aerial photographs (Belleau et al., 2012). In
this study, we used 2100 400-m? plots of the forest inventory, which are
located in the western section of the boreal forest of Quebec (Matagami
Lowland), at the border between Quebec and Ontario (Bergeron et al.,
2004). The study area (from 78°30’ to 79°30’W and from 49°00’ to
50°00’ N) belongs to the black spruce-moss bioclimatic domain referred
as coniferous region (Robitaille and Saucier, 1998) (Fig. 1).

The study area is dominated by black spruce in addition to companion
species such as jack pine, trembling aspen, balsam fir and white birch. The
climate is continental with cold winters and warm summers, and ac-
cording to the nearest weather station (1981-2010), Lebel-Sur-Quévillon,
Quebec, mean annual temperature is 1 °C and mean annual precipitation is
928 mm (Environment Canada, 2015). The topography of this area forms
an undulating plain. In the northern part of the study area, the surficial
deposit was affected during the last glaciation by late southward glacial
surges that restructured the glaciolacustrine fine clay deposits; these soils
are known as the Cochrane Till (Robitaille and Saucier, 1998). In this
region, stand-replacing fires are the main drivers of natural forest dy-
namic. Since 1920, the fire cycle is estimated at over 400 years and
average stand age is over 150 years (Bergeron et al., 2004). Nevertheless,
in the last 30 years, the landscape mosaic is as likely to have been shaped
by harvest as by fire (Bergeron et al., 1998; Imbeau et al., 2015).

The forest inventory plots were established along transects that
generally extended from 500 to 1500m in length; with each transect
usually comprising between four and seven plots. Transect locations
were selected using a stratified sampling design that aimed to char-
acterize the different stand structures of the region. In each forest in-
ventory plot, diameter at breast height (DBH) of all commercial stems of
all trees (DBH = 9cm) and saplings (DBH < 9cm) was measured,
identified to species, and average height measured using a clinometer.
Surficial deposit was also identified and then grouped into two types:
well-drained soil (clay) and poorly drained soil (organic, Cochrane till).
In well-drained soil, deposits show generally a moderate drainage where
water infiltrates at a medium rate whereas poorly drained soils present a
high sensitivity to paludification (Veillette and Thibaudeau, 2007).
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Fig. 1. Location of the study area in the spruce-moss bioclimatic domain. The forest inventory is located in the western section of the boreal forest of Quebec at the
border between Quebec and Ontario. The gray dots represent the sampling sites.

For this study, only plots where black spruce basal area was > 75% of
the total basal area and where total commercial volume was > 60
m®ha ™! were selected to eliminate unproductive and very old stands (in
Quebec, stands where volumes are lower than 60 m®ha~! are not har-
vested (Moussaoui et al., 2016b)). Thus, a total of 788 plots of the ori-
ginal 2100 forest inventory plots were considered in the analyses. For
each plot, other structural characteristics were computed, i.e., percentage
of basal area of intolerant companion species and balsam fir (a compe-
titive species of black spruce species), sapling density (a characteristic of
productive stands), and volume of merchantable trees (Table 1).

2.2. Stand structural diameter

A structural classification of the 788 forest plots was developed
based on DBH class data, following a method proposed by Moussaoui
et al. (2016a). More specifically, the method is as follows: (1) for each
site, create from the DBH data, diameter classes of 2cm, starting at
9.1cm (10cm class) and finishing at the class with the largest DBH
(32 cm), in which living trees are distributed; (2) build a matrix con-
taining the basal area (m?h™1) and the density (number of trees ha™h
of living trees per DBH class for each site; (3) transform the absolute
matrices of tree density and basal area into inverse cumulative matrices
for each DBH class. Trees were cumulated to reduce the number of
zeros and to make diameter distributions insensible to the width of
classes starting from the largest class to the smallest. In this study, the
cumulative data was not transformed to a percentage (relative scale) in
order to take into account, the variations in density and basal area.

Afterward, using the two inverse cumulative matrices of tree density
and basal area, structural types were determined using a k-means clus-
tering algorithm (Nock and Nielsen, 2006). K-means clustering is a
heuristic technique used to minimize intra-class distance by partitioning
observations into a limited number of classes (Nock and Nielsen, 2006;

91

Borcard et al., 2011; Brock et al., 2011). The optimal number of clusters
was evaluated following exploratory tests using the cIValid function in R,
a function that integrates three validation criteria, i.e. connectivity,
width and Silhouette Dunn index, which measure, respectively, the
connection, compactness and separation of different numbers of clusters.
The classification was finally verified by visually comparing the diameter
distributions of the different structural types identified.

Finally, in order to illustrate whether identified structural types
differed or were influenced by other ancillary variables, a principal
component analysis PCA was performed using the R package “vegan”.
In the PCA, structural types (K-mean cluster groups) were overlaid on a
sample scores plan generated by ancillary variables such as the pro-
portion in basal area of black spruce, balsam fir, and companion spe-
cies; total tree density (corresponding to cumulative basal area of all
tree diameter classes); sapling density; time since last fire; and four
cumulative diameter classes of basal area and density used in K-means
analysis (Tables 1 and 2), i.e., D10: total tree density (trees/ha) cor-
responding to the cumulative density of all tree diameter classes; BA10:
total stand basal area (m?ha~1) corresponding to the cumulative basal
area of all tree diameter classes; BA12: cumulative basal area of all
diameter classes except for the smallest class (m?ha™?; trees > 11 cm
of diameter); BA14: cumulative basal area of all diameter classes except
for two smallest classes (m?ha~; trees > 13 cm). PCA allowed us to
visualize the proximity between the different structural types in the
factorial spaces generated by ancillary variables and cumulative dia-
meter classes used in cluster analysis.

2.3. Influence of TSF on structural changes
In order to examine the links between TSF (Time since last fire),

which corresponds to the age of the forest, and the different structural
types encountered in the natural unmanaged forests, we compared the
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Table 2

Factor loadings for structural factors produced by PCA in 788 sites. Elements in
bold indicate with which factors the first and the second principal components
(PC 1, PC2) are strongly correlated.

Factors PC1 PC2
Cumulative diameter classes of basal area trees:BA10 0.720777 0.633998
BA14 0.932622 0.257695
BA18 0.907669 —0.10262
BA22 0.783764 —0.31128
Volume of merchantable trees 0.949972 0.243142
Proportion of P. mariana basal area —0.31261 0.783184
Proportion of companion species basal area 0.238166 —0.41161
Proportion of A. balsamea basal area 0.203172 —0.69336
Total tree Density —-0.01275 0.801615
Sapling density —0.62767 0.181737
Time since last fire —0.20289 —0.08311
Percentage variance explained 39.64% 23.48%

diameter structure of several 400-m? plots grouped in four 50 ha forest
blocks (experimental sites) located in the black spruce forest. These
uncut forest blocks were preserved in 1998 in order to evaluate over
both the short and medium terms the effects of partial harvesting on
biodiversity and its potential as a silvicultural treatment in managed
boreal black spruce forest. The data set is comprised of 52 control plots
of 400-m? black spruce basal area > 75% and where total commercial
volume was > 60m>ha~?!, and distributed over four experimental
sites, i.e. 12 plots in Cramolet (CRA, 155 years TSF), 14 in Fenelon
(FEN, TSF = 183 years), 11 in Gaudet (GAU, 283 years since last fire),
and 15 in Puiseau (PUIL, TSF = 183 years). In order to illustrate their
structural similarity, these control plots have been positioned in the
two-dimensional factorial space of the PCA developed in Section 2. As
forest blocks size is 50 ha, the distribution of these structural types
among the plots makes it possible to verify the homogeneity of the
stands at the block level.

3. Results

3.1. Stand structural classification and differences among forest structural
types

K-means analysis classified the 788 black spruce plots into eight
structural types (Table 1). Average absolute basal area and stem density
by DBH class of these structural types are presented in Fig. 2. Types 1
and 5 had an inverted-J structure dominated by small DBH classes
varying between 9.1 and 14.0 cm. Types 2 and 6 had a truncated un-
imodal structure with regular diameter structures, dominated by trees
of small and intermediate DBH classes (10-18 cm). Types 3 and 4 had
an irregular structure, with a wide range of diameters. Finally, types 7
and 8 had a bell-shaped structure, dominated by trees of intermediate
and relatively large DBH classes.

The variation in the density of saplings per hectare among the eight
structural types is illustrated in the Fig. 3. Types 1, 4 and 5 had more
saplings (DBH < 9cm) than other structural types. They had respec-
tively, 3430, 2482, and 3101 saplings/ha. Type 7 seemed to have a
lower sapling density, while types 2, 3, 6 and 8 were characterized by
an intermediate sapling density.

The first and the second axes derived from the PCA of the 11
structural factors accounted for 39.64 and 23.48% of the variation in
the data, respectively (Table 2). The first principal component (PC 1)
was strongly and positively correlated with merchantable volume, and
negatively correlated with sapling density. The second principal com-
ponent (PC 2) was positively correlated with tree density, and nega-
tively correlated with percentage of stand basal area occupied by
balsam fir. PCA showed that although the extent of the structural types
overlaps, they occupy distinct portions of the ordination plan (Fig. 4).
The plots in the structural types 3 and 4 had low tree volume and
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black spruce forest stands (k-means structural types) with the distribution of the
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type.

density, whereas those of type 5 had low tree volume and intermediate
density. Plots in the structural types 7 and 8 were characterized by
intermediate tree density and volume. Type 1 stands had high tree
density with low tree volume and 6 stands had high tree density with
high tree volume. Stands in the type 2 were, generally intermediate in
terms of trees density and volume.

3.2. Time since last fire influence on structure

The analyses of the relationship between stand structural types (T1,
T2, T3, T4, T5, T6, T7, T8) and the time since last fire TSF (i.e. C1, C2,
C3, C4, C5) showed that TSF classes and structural types were asso-
ciated (Fisher’s exact test, p-value = 0.0005; Fig. 5). Individual
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structural types were significantly associated with TSF classes. Struc-
tural type 1 was more frequent (46%) in younger stands (C1, TSF <
100 years), whereas structural types 4 and 5 were more abundant in
older than 200 years (C4 and C5). Structural types 8 and 2 were more
common in mature and old stands (C3 and C4). Structural types 6 and 7
were absent form the oldest stands (> 250 years; C5), but were gen-
erally associated to young (TSF < 100years; Cl) or mature
(150 > TSF > 200 years; C3) stands. Finally, structural type 3 was
showed no association with forest age class. There seems to be a
structural stand evolution with time since last fire in the black spruce
boreal forest stands which can be ordered, from youngest to oldest as
follows: type 1 and 6, followed by types 7, and 8 or 2, and finally by
types 5 and 4 (Fig. 5a).

When considering soil drainage, on well-drained soils (clay deposit),
structural types 6, 7 and 8 were associated to young (TSF < 100 years)
or intermediate stands (from 100 to 150 years TSF), while structural
types 2, 4 and 5 were more common in old stands (from 200 to
250 years TSF). In contrast, on poorly drained soils (mostly Cochrane
till deposit), the structural stands T6, T7 and T8 persist longer after the
last fire (C2, C3) and the structural stands T3, T4 and T5 occur later
(TSF > 250 years; Fig. 5c). Usually one age class (50 years) in struc-
tural maturation time distinguishes between poorly and well-drained
soil (Fig. 5b and c).

3.3. Classification key for management practices in boreal forests

The proposed operational identification key for stand structure
elaborated by a multivariate regression tree approach is presented in
Fig. 6. The regression tree used a combination of basal area and tree
density of the cumulated diameter classes to partition the data into
homogeneous groups (Fig. 6). From top to bottom of the tree, the first
node (a) separates the plots based on BA10 (20 m2h™1), which corre-
sponds to the total basal area per hectare and a cumulative basal area of
all tree diameter classes. The single split at the top (a) splits between
open, i.e., BA10 < 20 m?h~! (47%; types 3, 4 and 5) and closed, i.e.,
BA10 > 20m?h~?! (53%; types 1-2 and 6, 7-8) stands.

In open stands (BA10 < 20 m*h ™), the first node (b) separates the
plots based on total tree density. In the first case, i.e., when total tree
density (D10) > =1138 trees ha" !, < open stands have a type 5
structure (20% of the plots). In the second case (i.e. tree density <

=1138 trees ha™ '), node c separates structural types 4 (16% of the
plots) and 3 (11% of the plots) (Fig. 6).

In the closed stands (BA10 > = 20 m?h™!), the first node (d) also
separates the plots according to total density. In dense stands (i.e.
D10 > = 1662 treesha™1), node e separates closed (type 6) and less
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Fig. 5. Clustered column representing the proportion of structural stand types
ordered in time (T1-T8) in each TSF class: (a) in all soil types; (b) in well-
drained soil; (c) in poorly drained soil. T: Structural type. When there are fewer
than five observations by structural stand type, the deviate is not represented in
these figures.

closed stands (structural type 1) by BA12, corresponding to the basal
area of all the stems except the small stems (9.1 < DBH < 11cm). In
the second case (i.e., D10 < 1662 treesha 1), the node f divided the
stands again in terms of tree density to structural type 8, i.e. stands
having < 1212 trees ha~?! (13%). When the D10 is between 1212 and
1662 stems per hectare, the node g separates stands to those of type 2
(14%) if BA12 > 26 m*h ™", and type 7 (6%) if BA12 < = 26 m*h ™!
(Fig. 6).

The confusion table comparing both classification given by K-means
with that obtained by the regression tree shows that the suggested
identification key can distinguish the eight structural stand types given
by K-means with an overall success of 88.7% (Table 3). Error rate (1 —
success rate) by structural type appears relatively low except for type 7,
which can be confused with type 6 (Table 3).

3.4. Validation of the identification key: identification of the structural
types at plot and stand scales

Using the identification-key, the structural classification of the 52
control plots of the partial harvesting network (Fig. 7a, b) located in the
black spruce forest in northwestern Quebec, showed that these plots
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Fig. 6. Regression tree showing the proposed iden-
tification key of the structure of forest stands in
black spruce boreal forest according to explanatory
variables (For acronyms see Table 1). The percen-
tages in the boxes present the proportion of plots
classified by the regression tree. The structural type
in last boxes corresponding to the dominant forest
structural types classified by kmeans. The Table 3
presents all structural types combined with their
frequency. The letters a, b, ¢, d, e, f and g identify
each of the nodes.

were generally classified in structural types 4 (n =9), 5 (n = 10), 7
(n = 5) and 8 (n = 9), which are typical of older stands (T4 and T5) or
stands of intermediate age (T7 and T8). At the plot scale (400 m?) we
found a great deal of structural variability (Fig. 7b). At the level of the
experimental site (GAU, FEN, CRA and PUI) although the extent of the
sites may seem great, they still occupy different portions of the ordi-
nation which is in accord with their age (Fig. 7a, b; Table 4). Cramolet
was the youngest site (TSF = 155years) and had a structure char-
acteristic of young stands (types 6 and 7), and lacked mature and older
stands (types 4 and 5). The three other sites were older (TSF >
183 years) and were dominated by types 4 and 5. At the plot scale
(400 m?), although Gaudet was the oldest site (TSF = 283), it none-
theless featured some structures of type 1 stands (TSF < 100 years;
Fig. 7a, b).

4. Discussion

This study shows that stand structure in black spruce forests is
varied and is mainly controlled by the time since last fire. It also shows
that the time of stand structural maturation vary depending on surficial
deposit. In this study, we propose an identification key to discriminate
among young, mature and old structures, which can help forest man-
agers to select stands to be harvested according to different objectives.

Table 3

4.1. Successional pathways: structural and temporal proximities along
structural stand types

Our structural classification approach, based on tree size distribu-
tion, suggested that there are eight distinct structural types character-
izing black spruce forest stands. The analysis of the structural proximity
along these eight structural stand types indicates that high density
stands dominated by small trees and showing a trunked-unimodal
structure are grouped within the type 1. Stands with unimodal and
regular diameter structure, characterized by a high tree density and
basal area and an occurrence of large stems are found in both structural
types 6 and 7. As suggested by Moussaoui et al. (2016a), the gradual
recruitment of large stems suggests a structural evolution in this study
from structural type 1 to 6, and then 7 (according to the tree size dis-
tribution in Fig. 2b). In comparison, stands having a flattened unimodal
diameter structure (intermediate tree size) with a lower basal area are
grouped into types 3 and 8. Finally, open stands with relatively irre-
gular structure are represented by structural types 2, 4 and 5. These
stands are characterized by a lower density of large stems with an in-
creased importance of small stems (saplings). Knowing that the re-
cruitment of large deadwood is one of the particularities of old-growth
forests (Moussaoui et al., 2016b), this loss of large stems density ac-
companied by the recruitment of saplings, especially observed in both
structural types 4 and 5, suggests that stands of these structures are

The proportion (%) of the different structural stand types classified by the regression tree in the inside of the eight structural types classified by K-means with an

overall success of 88. 7%. The total numbers are inside bracket.

Regression tree classification The eight structural types classified by K-means

T1 T2 T3 T4 T5 T6 T7 T8
Key-T1 93.3 1.7 0 0 0 0 0 0
Key-T2 0 79.1 0 0 1.3 0 4.5 3.2
Key-T3 0 0.0 89.9 4.0 0.0 0 0.0 0.0
Key-T4 0 5.2 3.4 91.9 1.9 0 0.0 10.8
Key-T5 5.6 7.8 0 3.2 96.8 0 0.0 0.0
Key-T6 1.1 1 0 0 0 100 22.4 0.0
Key-T7 0 0 0 0 0 0 68.7 1.1
Key-T8 0 5.2 6.7 0.8 0 0 4.5 84.9
Total (N = 788) 100 (89) 100 (115) 100 (89) 100 (124) 100 (154) 100 (57) 100 (67) 100 (93)

Elements in bold indicate with which structural types classified by K-means and regression tree classification arestrongly correlated.
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Fig. 7. The position of 52 control sites in the two-dimensional scatter diagram
of the principal components analysis PCA, presented in: (a) by the names of the
four experimental partial sections; (b) by their structural types (T1-T8). PC 1
and PC 2 explained, respectively, 39.64% and 23.48% of the percentage var-
iance. CRA: Cramolet (155 years); FEN: Fenelon (183years); GAU: Gaudet
(283 years); PUI: Puiseau (183 years).

Table 4

The proportion (%) of the different structural stand types classified by the re-
gression tree within experimental partial harvesting sites. The total numbers are
inside bracket. Elements in bold indicate that the proportion of the structural
stand type is important.

Structural CRA FEN PUI (183yrs) GAU Total
stand types (155 yrs) (183 yrs) (283 yrs)

T1 0 0 6.7 (1) 18.2 (2) 5.8
T2 0 14.3 (2) 6.7 (1) 18.2 (2) 9.6
T3 8.3 () 7.1 (1) 20 (3) 18.2 (2) 13.5
T4 0 21.4 (3) 26.7 (4) 18.2 (2) 17.3
T5 0 28.6 (4) 20 (3) 27.3 (3) 19.2
T6 3334 0 0 0 7.7
T7 33.34) 7.1 (1) 0 0 9.6
T8 25 (3) 21.4 (3) 20 (3) 0 17.3
Total 100 (12) 100 (14) 100 (15) 100 (11) 100 (52)

typical of the later portion of the chronosequence.

The analysis of age class deviate indicates an overrepresentation of
structural types within certain age classes, and, confirms the temporal
sequence of the structural type evolution. Fig. 8 illustrates schemati-
cally this sequence and proposes two successional pathways depending
on tree density at establishment. Specifically, depending on the age
class, i.e., time since last fire, our results suggest that probably after a
severe fire, the young forest stands develop a high density of small
stems (type 1; 50-100 years age class) as reported by several studies in
the same region (Boudreault et al., 2002; Harper et al., 2002; Lecomte
and Bergeron, 2005). Then, types 6 and 7 stands are overrepresented in
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the 50-100 and 100-150 age classes, a period during which these
stands develop important merchantable volume without losing too
much density. As forests age, stand volume starts to decline thus
opening the canopy which begins ca. 150 years after last fire probably
because of a phase of large-tree collapse (Chen and Popadiouk, 2002). It
results in forest stands having an irregular structure with a wide range
of diameters, i.e., stems from the first cohort and small stems grown
under the canopy of the 2nd cohort. Later, around 200-250 years since
fire, the loss of large stems from the 1st and 2nd cohorts, is accentuated,
stands open up, permitting the recruitment of small stems (Types 4 and
5). This supports previous studies suggesting that structural maturity
depends on the time since last fire (Groot and Horton, 1994; Smith
et al., 1997; Boucher et al., 2006; Brassard and Chen, 2006; Taylor and
Chen, 2011; Moussaoui et al., 2016a). Initially, the young forest stands
develop an important merchantable volume until stand break-up, and
then, as trees senesce, this volume will decrease to produce an uneven
stand structure (Smyth et al., 2005; Brassard et al., 2008).

However, the conceptual successional pathways that include dense
and high-tree volume structural types with (i.e., types 1, 6, 7 and 8)
cannot be used to describe structural succession following low severity
fires that, usually, generates low density stands (Lecomte et al., 2005,
2006b). In this case, we suggest another structural maturation sequence
which only uses structural types having low tree density, i.e., types 2, 4,
and 5 (Fig. 8), because following a low severity fire, the post-fire thick
organic layers over mineral soil (Fenton et al., 2005) limits the estab-
lishment and growth of black spruce regeneration leading to less dense
and less productive stands (Lecomte et al., 2009). As a sequence occur-
ring after a low severity fire, we suggest a sequence that originates at
type 2 to type 4 via type 5 (Fig. 8). The structural type 3 appears to occur
very early between 100 and 150 years since last fire, but, its low tree
density compared to the other structural types, places it in the margin of
all chronosequence. Therefore, this structural type would likely occur
immediately after fire and to remain over time, as suggested by the ab-
sence of negative deviate for stands > 200 years-old.

Moreover, although the oldest forests are associated with structural
type 4 and 5, their diameter structure is similar to that of the young
forests of type 1. While stands with high volume are generally those
that contain the lowest density of saplings, old forest stands (types 4
and 5) are characterized, by a relatively important density of saplings.
This suggests recruitment following the opening up of the stand leading
to cohort 3. The PCA ordination shows that structural type 5 char-
acterizing the old forest stands are similar to that of type 1 typical of
young stands. While these two types, 5 and 1, of different age occupy
similar positions in the PCA, our identification key indicates that it
should be possible to distinguish between stands of structural types 5
and 1 using tree density and basal area. Indeed, forest stand structures
can be identified by only referring to two criteria, i.e. total basal area
and tree density, which are easily assessed in the field. Like young
forests, old forests have low timber volume because of the loss of their
larges stems, changes that globally can be associated with secondary
disturbances (gap dynamics or senescence) (Kneeshaw and Bergeron,
1998; Grandpré et al., 2000; McCarthy, 2001) or windthrow (Ruel,
2000), which favor the recruitment of small stems mainly by layering
(in case of black spruce) (Lecomte et al., 2006b). It has recently been
shown that the opening of the black spruce stand can also be due to a
degradation of growth conditions rather than weak recruitment of
saplings (St-Denis et al., 2010).

4.2. Robustness of structural classification at the forest stand level

The spatial heterogeneity analysis of structural type at the scale of
50 ha blocks shows a good coherence with the age of the blocks. The
Fenelon and Puiseau sites are between 150 and 200 years old and are
dominated by cohort 3 stands (i.e. types 4 and 5), and co-dominated by
cohort 2 stands (i.e. type 2 and 8). At 283 years old, the Gaudet site is
mostly dominated by cohort 3 stands, stands of the second cohort being
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Fig. 8. Two successional pathways (temporal sequence of structural types evolution) proposed by this study according to the tree establishment density.

virtually absent. On the other hand, the Cramolet site is ca. 155 years old
and includes no stands belonging to cohort 3, and is dominated by
structural types 6 and 7, which are characteristic of cohort 1. However,
even if stand structural variety is consistent with the age of forest stands,
it is nonetheless variable at the 50 ha block scale. For example, it is noted
that structural type 3 characterizing open stands can be observed in all
blocks. Although 400 m? inventory plots are considered large enough to
estimate the stand volume in the black spruce forest (as suggested by
Boucher et al. (2003)), the probability that the inventory plot is unable to
sample large stems is relatively high, especially when the stand is not
very dense. However, since the forest inventory used in this study was
based on at least five plots per 50 ha, the structural variety observed at
the 50 ha block scale may be due to other site characteristics such as site
productivity or secondary disturbances occurring at smaller spatial scales
(Boucher et al., 2006; Moussaoui et al., 2016a).

4.3. Influence of surficial deposit on the structural maturation rate

The comparison of age-class deviate profiles between well and
poorly drained sites suggests a shift (distinguish peak of abundance of a
specific structural type on well-drained vs poorly drained soils) of one
age class, approximately of 50 years in structural maturation time. This
shift is particularly observed in stands within structural types 6, 7 and
8, for which maximum positive deviates occur later on poorly drained
soils (from 150 to 200 or 200-250 years since last fire). On well-drained
soils, closed stands (types 6, 7 and 8) persist less, and open stands (types
3, 4 and 5) appear earlier. In contrast, on poorly drained soils, closed
stands persist for a longer time, whereas open stands appear later since
fire. In fact, in addition to time since fire, site productivity has often
been cited as an important factor influencing the structural maturation
of the coniferous boreal forest (Harper et al., 2005; Simard et al., 2007,
2009; Brassard et al., 2008; Laamrani et al., 2014) or, as a process that
drives the post-fire successional pathways dynamics (Harper et al.,
2002; Fenton et al., 2005; Lecomte and Bergeron, 2005; Fenton and
Bergeron, 2006; Belleau et al., 2012).

In boreal forests, one of the natural causes of loss of forest

97

productivity is paludification. It is a phenomenon that transforms a
forest stand on mineral soil into a forest peatland via the accumulation
of organic layer (Payette and Rochefort, 2001; Fenton et al., 2009). This
gradual transformation over time leads to the deterioration of growth
microsites at the tree scale, which leads to the loss of stand productivity
(Lafleur et al., 2010). Moreover, since the opening of forest stands does
not take place homogeneously at the landscape scale, paludification
will not occur homogenously; some stands open faster than others. This
supports the idea that due to the interaction with the site productivity
(soil drainage), a higher growth rate in productive stands is likely to
induce an accelerated transition to an irregular structure (Boucher
et al., 2006). This suggests that successional paludification should occur
faster because of the opening of stands on well-drained and clay-soils.
Consequently, our results support the idea that the structural matura-
tion sequence can proceed more or less quickly depending on the dif-
ferent surficial deposit types (Belleau et al., 2012).

4.4. Limitations of the identification key application and guidelines

Faced with increasing industrial pressure on boreal forests, there is a
growing need for the development of novel forest management tools to
help forest managers select stands to be harvested in accordance with
their different objectives. Although we are convinced that the proposed
key for field identification of forest diameter structure is a promising
diagnostic tool, we acknowledge the potential limitations to its appli-
cation and that these need to be considered and addressed. First, the
identification key was developed using black spruce stands, and
therefore it is intended to be used in forest landscapes dominated by
black spruce stands. However, our structural classification approach
permitting the development of an identification key of forest diameter
structures could be used in others forest regions if additional structural
types typical of these forest regions are explicitly considered; i.e., for
example in some cases, compositional changes could influence forest
structural dynamics. Second, although both time since fire (Payette,
1992; Hunter, 1993; Bergeron et al., 1998) and site productivity
(Harper et al., 2005; Brassard et al., 2008; Simard et al., 2009;
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Laamrani et al., 2014) have often been cited as important factors in-
fluencing the structural maturation of the coniferous boreal forest,
there is a need to considered other factors, particularly windthrow and
insects outbreaks (Harper et al., 2002; Boucher et al., 2006; Moussaoui
et al., 2016a).

5. Conclusions and implications for forestry management

This study shows that in black spruce forests, stands can be divided
into a few structural types easily recognizable in the field. The second
and third cohort stands appear usually 150 years after fire, whereas in a
Canadian managed boreal forest harvest rotation is relatively short at
70-100 years (Gauthier et al., 1996; Bergeron et al., 2002). In this
context, we expect that only even-aged structural types 1 and 6 (with
some stands of structural type 7) that are maintained in managed
landscape. Therefore, the frequency of all other structural types,
namely types 2, 3, 4, 5 and 8, are likely to decline with traditional forest
management approaches. But, since structural types 2, 4 and 5 are
fairly open, they may be partly spared because of their low economic
value. Otherwise, intermediate forest stands having a relatively irre-
gular structure (types 2 and 8) could completely disappear from man-
aged landscapes due to their high economic value. According to our
results (Fig. 5), these stands occur generally after 100 or even 150 years
since fire. We therefore believe that it is these structural types of forests
that are more threatened in the current management context, and that
we should try to maintain them with partial harvesting in order to
prevent them from disappearing from the managed landscape.

To retain a variety of natural black spruce forest structures in
managed context, the identification key suggested in this study makes it
possible to discriminate in the field structures typical of young, mature

Appendix

See Table Al.
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and old forests, and thus, facilitate their selection according to the
different silvicultural objectives. However, through studies on partial
harvesting have mainly addressed issues related to the conservation of
biodiversity whereas few have addressed their silvicultural potential. In
unpaludified stands adapted partial harvesting practices could allow for
the creation of complex and uneven forest structures similar to those of
natural forests. As several forest species are partially or totally depen-
dent on the recruitment of snags and fallen deadwood, one of the
particularities that could distinguish old-growth forests from un-
productive stands (Moussaoui et al., 2016b), the old-growth decline is
likely to influence both fauna and flora (Franklin et al., 1997; Drapeau
et al., 2002). In this case, we believe only their integral preservation
would make it possible to preserve these structural variety important to
maintaining biodiversity (Hunter, 1990; Beese et al., 2003). On the
other hand, in paludified forest stands, the development of silvicultural
practices that recreate the complex structures typical of young stands
seems necessary.

Thus, to retain a variety of natural black spruce forest structures in a
managed context, the identification diagnostic key suggested in this
study could help forest managers to select stands to be harvested ac-
cording to their different objectives. However, the ability to maintain
this structural diversity at the managed landscape scale remains to be
demonstrated.
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Table Al
La matrice de distance moyenne entre les clusters en termes de densité et de surface terriére a ’hectare.
T1 T2 T3 T4 TS5 T6 T7 T8
T1
T2 1454.5
T3 3151.7 2361.8
T4 1935.9 1371.0 1215.9
TS5 1142.4 1195.9 2063.6 929.3
T6 1885.4 1872.5 4206.5 3199.4 2985.8
T7 2936.3 1900.4 3595.9 3269.6 3096.3 2107.4
T8 2890.4 1481.6 1809.5 1525.4 2077.9 3119.0 1806.3
T1
T2 28.6
T3 58.5 42.5
T4 25.4 25.9 34.0
T5 14.0 39.2 50.7 16.7
T6 50.4 27.8 69.3 51.8 63.1
T7 102.3 75.8 79.1 101.7 115.0 52.1
T8 70.5 43.5 44.4 69.3 82.6 52.7 35.8
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