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Abstract: This study measured changes in forest composition that have occurred since the preindustrial
era along the toposequence of the Gatineau River Valley, Quebec, Canada (5650 km?), based on survey
records prior to colonization (1804-1864) and recent forest inventories (1982-2006). Changes in forest
cover composition over time were found to be specific to toposequence position. Maple and red
oak are now more frequent on upper toposequence positions (+26%, +21%, respectively), whereas
yellow birch, eastern hemlock, and American beech declined markedly (—34% to —17%). Poplar is
more frequent throughout the landscape, but particularly on mid-toposequence positions (+40%).
In contrast, white pine, frequent on all toposequence positions in the preindustrial forest, is now
confined to shallow and coarse-textured soils (—20%). The preindustrial forest types of the study area
were mostly dominated by maple, yellow birch, and beech, with strong components of white pine,
hemlock, and eastern white cedar, either as dominant or codominant species. In a context of ongoing
anthropogenic disturbances and environmental changes, it is probably not possible to restore many
of these types, except where targeted silvicultural interventions could increase the presence of certain
species. The new forest types observed should be managed to ensure continuity of vital ecosystem
services and functions as disturbance regimes evolve.

Keywords: preindustrial forest; forest composition; forest types; toposequence; ecological land
classification; potential vegetation

1. Introduction

For the last several centuries, the vast forests of northeastern North America have been
subjected to anthropogenic presence and associated disturbances (land clearing, selective and intensive
harvest) [1,2]. In the eastern United States, “the great cutover” period stretched from the late 17th until
the beginning of the 20th century [3], while Canadian forests began to be exploited more intensively
in the early 19th century [4-6], especially for the large white pine (Pinus strobus L.) used for the
construction of ships for the British navy, thus altering the forest structure and composition [7,8].
The new forest management regime recently adopted in Quebec is based on principles of ecosystem
management, including the development of silvicultural interventions that reduce the gap between the
structure and function of unmanaged (subject to natural disturbance regimes) and managed forests [9].

The forests present prior to the first large scale harvests represent reference conditions
that can be reconstructed to measure composition changes that have occurred since the early
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19th century [7,10]. One reconstruction method involves the study of vegetation descriptions contained
in land surveyor logbooks dating from settlement. Several landscape-scale studies have compared
the information contained in these land survey archives to recent forest inventories in order to
quantify compositional changes in the forests of northeastern America that have occurred since
settlement [2,11,12]. These studies have demonstrated a decrease of coniferous in favor of deciduous
species, especially early-successional shade-intolerant species such as poplar (Populus spp.) and
white birch (Betula papyrifera Marsh.) [8,13,14]. Maple (Acer spp.) also increased in the northeastern
United States [3,12,15-20] and eastern Canada [7,8,21-24]. White and red pine (Pinus resinosa Ait.),
eastern hemlock (Tsuga canadensis (L.) Carr.) and American beech (Fagus grandifolia Ehrh.) are species
which have generally experienced the greatest decline [2,17-19,23,24].

In countries with large areas of managed forests, an ecological land classification system (ELC)
is frequently employed to identify ecosystem units that can be managed similarly [25-28]. One way
to develop such a framework is to use the concept of toposequence, defining change of physical
features and associated vegetation along slope and altitudinal gradients [26]. In Quebec, the ELC is
based on homogeneous toposequence units with regards to physical attributes, forest composition,
and post-disturbance recovery pathways, thus defining “potential vegetation types” (hereafter
“PVT”) [26]. These types are named according to the shade-tolerant species present that are favorable to
their own regeneration and growth. The PVTs and associated physical features have been interpreted
on 1:20,000 aerial photos by experienced photo-interpreters under the supervision of Ministere des
Foréts, de la Faune et des Parcs du Québec (MFFP) and then mapped for all of Quebec’s managed
forests (760,000 km?). However, because present-day rather than historical data were used to elaborate
the ELC, it may not properly capture the preindustrial forest dynamics, especially if successional
pathways have been altered by anthropogenic disturbances of the 19th and 20th centuries. The goal of
this study is to compare forest composition of preindustrial and present-day toposequence units (PVT)
using land surveyor logbooks for the Gatineau River Valley, in southwestern Quebec. Because PVTs are
currently used by forest managers, preindustrial composition information on these types may be used
as a complement to ecosystem-based management. We also take the perspective of Hobbs et al. [29,30]
and Jackson and Hobbs [31] to consider the potential of current PVTs to be restored or managed to
return to a preindustrial state. This framework was designed to guide decisions on management
interventions based on the assessment of whether changes are reversible or not, on whether a new or
novel ecosystem is present, and on the level of intervention and resources required for restoration.

2. Materials and Methods

2.1. Study Area

The study area (5650 km?) is located in southwestern Quebec (Canada), between latitudes 45°26/
and 46°40’ N and longitudes 74°24" and 76°31’ W (Figure 1). It lies in a temperate deciduous forest
zone, in the sugar maple-basswood bioclimatic domain, and, more specifically, in the ecological region
surrounding the Gatineau River Valley [32]. The territory has one of the mildest, driest climates in
the province of Quebec: the average annual temperature is 4.0 to 5.0 °C and annual precipitation is
generally less than 1000 mm [32]. The hydrographic network is dominated by the Gatineau River,
which flows from north to south and empties into the Ottawa River. The region is characterized by
a high percentage of rocky outcrops, mainly situated on steep slopes and summits. Thin to thick
glacial till dominates on low to moderate slopes. The Gatineau River is surrounded primarily by
glaciolacustrine deposits. Marine deposits in the lowlands at the extreme south of the territory are
evidence of marine invasion during the last deglaciation [33]. Altitude varies between 95 and 500 m,
but summits rarely exceed 400 m. As shown by the toposequence of the region, altitude has an edaphic
rather than a climatic effect, since more mesophilous species are present principally on higher altitudes.
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Figure 1. Location of the Gatineau River Valley ecological region [32] and the preindustrial land
surveys observations (black dots). Vegetation zones are delineated according to Saucier et al. [26]
(Quebec) and Brandt [34] (outside Quebec).

Indeed, on the upper portion of the toposequence, deciduous forest stands, particularly
shade-tolerant sugar maple (Acer saccharum Marsh.) stands, are abundant (Table 1, Figure 2). On low
summits and tops of slopes with thin deposits, sugar maple accompanies red oak (Quercus rubra L.),
forming the Quercus rubra (FC1) and Acer saccharum—Quercus rubra (FE6) PVTs. On richer sites where
deposits are deeper, sugar maple is accompanied by different shade-tolerant deciduous species,
including basswood (Tilia americana L.) and American beech, forming the Acer saccharum-Tilia americana
PVT (FE2). While this matrix is dominated by sugar maple, there are also patches of hemlock, which are
generally small (PVT RT1). Lower on the slope, on the middle of the toposequence, sugar maple
is gradually replaced by balsam fir (Abies balsamea (L.) Mill.), yellow birch (Betula alleghaniensis
Britton), and trembling aspen (Populus tremuloides Michx.), forming the mixed Betula alleghaniensis—Abies
balsamea—Acer saccharum PVT (MJ1). Stands of white pine and red pine (PVT RP1) also constitute
an important element on this portion of the toposequence; they are mainly present on thin or
coarse-textured deposits. Finally, on the lower portion of the toposequence, which generally drains
more slowly due to flat slopes, diverse assemblages of mixed and coniferous covers are present.
Species such as balsam fir (Abies balsamea—Thuja occidentalis PVT (RS1)), black ash (Fraxinus nigra
Marsh.) (Fraxinus nigra—Abies balsamea PVT (MF1)), and eastern white cedar (Thuja occidentalis L.)
((Thuja occidentalis—Abies balsamea PVT (RC3)) are each dominant, depending on site characteristics.
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Table 1. Description of the ten potential vegetation types (PVTs) of Quebec’s ecological land
classification (ELC) in the study area [35]. The first character of the PVT code refers to the cover type
(in French): (F) “Feuillu”: deciduous, (M) “Mixte”: mixed, and (R) “Résineux”: coniferous. The second
character refers to the PVT dominant species (in French or Latin): (C) “Chéne rouge”: red oak, (E) “Erable
a sucre”: sugar maple, (T) “Tsuga canadensis”: hemlock, (J) “Bouleau jaune”: yellow birch, (P) “Pin
blanc ou rouge”: white or red pine, (B) “Epinette blanche”: white spruce, (S) “Sapin baumier”: balsam fir,
(F) “Fréne noir”: black ash, (C) “Cedre”: eastern white cedar. The third character is a numerical sequence
to distinguish PVTs which have the same cover type and the same dominant species.

Slope . . Mean

Position Code Potential Vegetation Types (PVT) Elevation Mean Slope  Area
(m) (%) (%)

FC1 Quercus rubra 273 + 68 21 +10 6.1

Unper FE6 Acer saccharum—Quercus rubra 247 + 57 17 +£8 15.7
PP FE2 Acer saccharum-Tilia americana 230 £ 57 13+£7 321
RT1 Tsuga canadensis 239 £ 59 21 +11 2.6

MJ1 Betula alleghaniensis—Abies balsamea—Acer saccharum 199 + 46 8+6 239

Middle RP1 Pinus strobus—Pinus resinosa 199 + 41 13+10 44
RB1 Picea glauca-Thuja occidentalis (old fields) 182 + 29 6+4 55

RS1 Abies balsamea—Thuja occidentalis 187 £30 7+6 3.9

Lower MF1 Fraxinus nigra—Abies balsamen 185 + 34 4+3 22

RC3 Thuja occidentalis-Abies balsamea 195 £ 28 3+3 25

Other PVTs 1.2
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Figure 2. Present-day toposequence of the study area. Potential vegetation type (PVT) codes are
presented in Table 1.

2.2. Preindustrial Forest Composition

The data source used to characterize preindustrial vegetation consists of surveyors’ observation
notebooks filed in Le Greffe de I'arpenteur général du Québec [36]. The surveyors described elements
observed along the boundary lines drawn in forested areas for the purpose of staking out lots.
Specifically, they compiled lists of tree species (taxa) present in the forest, noting the exact location
point of each observation. To do this, they noted the distance travelled in chains (1 chain = 20.1 m) and
the azimut from the starting point of a known location. Fifty-one (51) surveyors’ notebooks dating from
1804 to 1905 were available for characterizing the preindustrial landscape of the study area. However,
since the number of observations associated with human disturbances (e.g., “logged”, “cleared land”,
etc.) increased drastically as of the 1870s, information from notebooks dating from the late 1860s and
on was not included. Thus, our study focused on the contents of thirty-two (32) notebooks dating from
1804 to 1864; however, the majority (84%) of the vegetation-related observations were made between
1841 and 1864.

Tabulation, data entry, and georeferencing of the surveyors’ observations followed the method
used by Dupuis et al. [7]. The observations noted in the notebooks were retranscribed into a numerical
database. These observations were then georeferenced in a geographic information system using
digital property map data of lot and district boundaries. The position of observations made during
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surveying was corrected by comparing the distances between waterways on property maps and those
measured by the surveyors. Finally, these observations were superimposed on the map of PVTs.

A total of 4259 vegetation-related observations of preindustrial forest composition were retained
for this study (Figure 1). These observations corresponded to taxa lists (e.g., “maple, beech, and birch”,
59%), cover type (e.g., “mixedwood”, 31%), or a combination of the two (e.g., “pine and hardwood”,
9%). Surveyors did not generally distinguish between different species of maple, poplar, oak, elm,
ash, pine, or spruce. However, we assumed that the majority of mentions of “oak” referred to red oak,
since it is the only oak species present in the region today; “pine” referred mostly to white pine or
red pine, since jack pine (Pinus banksiana Lamb.) is rare in the study area. A few regional expressions
or popular names were used by the surveyors; they were associated to a species or genus following
Fournier [37,38]. For example, “plaine” (n = 1) and “soft maple” (n = 9) were associated to red maple
and consequently to maple, “épinette rouge” (n = 3) to tamarack, and “black birch” (n = 16) to yellow
birch. Taxa were apparently noted from the most important to the least important, as suggested by
many authors [39-41] and statistically demonstrated by Terrail et al. [42]. Position on the list was
transformed into a measure of abundance following the broken-stick model [43]. This distribution
model assigns a relative abundance to each taxon as a function of its position and of the number of
taxa in a list.

2.3. Current Forest Composition

Forest survey plots of the MFFP were used to describe current vegetation [44]. These circular plots
(r = 11.28 m; 400 m?) measured by forest technicians are used to estimate the wood volume available
for the forest industry of different forest types. The diameter at breast height (DBH) of all stems of
tree species greater than 9.1 cm was measured in each plot, and then transformed into basal area per
hectare per species (m? /ha). Species identified at the genus level by surveyors (maple, poplar, oak, elm,
ash, pine, and spruce) were combined in the same taxon for each plot, by summing their basal area.
Also, because there are generally more taxa present in recent survey plots compared to preindustrial
observations, we removed those less than 10% of the total plot basal area. Subsequently, a list was
created ordering the taxa from the most important to the least important in terms of basal area for
each plot. The taxa list was retransformed into a measure of abundance following the broken-stick
distribution model, so that data would be similar to that of the land survey records. Basal area is
considered to be a good measure of the importance of taxa in a stand, and thus an adequate comparative
measurement, since it takes into account both stem density and diameter [42]. Finally, the plots were
superimposed on the map of PVTs. For the study area, a total of 4574 plots, measured between 1982
and 2006, were used for the analyses.

2.4. Evolution of the Forest Composition of Potential Vegetation Types

In order to evaluate the changes in forest composition that took place from the preindustrial
period to today, three different levels of analysis were retained. The first level aims to characterize
the cover type, defined as a function of the percentage occupied in each preindustrial observation
and each recent survey plot by coniferous species (coniferous: >75%, mixed: between 25% and 75%,
deciduous: <25%). The average frequency of each cover type was then calculated for the ten PVTs,
and the two periods were compared.

The second level evaluates the prevalence of each taxon (i.e., the percentage of sites on which
a taxon is present). The prevalence was calculated for the ten PVTs, for each period. In order to evaluate
whether changes between the two periods were significant, a logistical regression (logit) of the genmod
procedure in SAS 9.3 software was applied on these metrics. A Bonferroni correction was applied to
limit type I errors. A correspondence analysis (CA) was performed on the abundance matrices in order
to visualize the evolution of the forest composition of each PVT between the two periods. This was
achieved by combining the matrices of taxa of the two periods and by using the vegan package [45]
of the software R (version 2.12.0) [46]. The centroid of sites having the same PVT was calculated



Forests 2016, 7, 254 60of 17

and placed within the ordination biplot for each period. A succession vector was then drawn on the
ordination biplot.

Finally, the third level of analysis was designed to calculate, for each period, the main forest
types, namely groups of sites with similar tree species composition. Each abundance matrix of taxa
was transformed into a Bray-Curtis distance matrix, which was submitted to Ward’s hierarchical
clustering [47]. The number of groups was chosen to reveal significant distinctions among them while
avoiding the confusion that could arise from a too large number [48]. These analyses were performed
using the stats and vegan packages [45] of the software R (version 2.12.0) [46].

3. Results

3.1. Cover Type

In the preindustrial period, the forests of the Gatineau River Valley were mainly deciduous
(45% of observations) (Figure 3, horizontal dotted lines). Mixed and coniferous covers were relatively
important, however, occupying 30% and 25% of observations, respectively. Today, deciduous (48%)
and mixed (38%) covers are still more frequent, whereas coniferous covers have become rare (15%).
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Figure 3. Proportion (%) of cover types for the preindustrial and present-day periods. Horizontal
dotted lines correspond to the average for the entire study area. Potential vegetation types (PVTs)
are grouped according to their position on the toposequence (upper, middle, lower); PVT codes are
presented in Table 1.

The upper portion of the toposequence is more deciduous and less coniferous today than in the
earlier time period (Figure 3). For example, for the Quercus rubra PVT (FC1), deciduous cover has
strongly increased (+25%) while coniferous cover has decreased (—17%). On the middle and lower
portions of the toposequence, the mixed cover type has increased the most, an increase closely linked
to the decrease in coniferous cover. Only on the old field Picea glauca—Thuja occidentalis PVT (RB1) has
coniferous cover shown an increase.

3.2. Tree Species

Yellow birch, maple, and pine were the three taxa most frequently mentioned by surveyors
(39% to 33%), followed by hemlock, cedar, beech, balsam fir, and spruce (26% to 18%) (Figure 4,
horizontal dotted lines). Comparison of the preindustrial taxon prevalence with recent inventories
shows that yellow birch, pine, hemlock, and cedar are the five taxa that have experienced the greatest
decline (—30% to —10%). Their decline has mainly benefited poplar, maple, red oak, and balsam fir
(+30% to +13%).

On the upper toposequence, maple, poplar, and red oak have shown the most dramatic increase
(+26% to +21%) (Figure 4). During the preindustrial period, this portion of the toposequence was
more often dominated by yellow birch, hemlock, pine, and beech (—34% to —17%). The ordination of
the correspondence analysis shows that PVTs dominated by maple (FC1, FE6, and FE2) had a similar
composition during the preindustrial period, hence their proximity on the ordination, and that they
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have all evolved in the same direction, particularly due to the increase of maple and red oak (Figure 5).
According to the ordination, the current forest composition of the Tsuga canadensis PVT (RT1) seems to
increasingly resemble the preindustrial pattern of these three other PVTs situated at the upper portion
of the toposequence.
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Figure 4. Prevalence (%) of the six coniferous and five deciduous main taxa for the ten potential
vegetation types (PVTs) for the preindustrial and current eras. Asterisks indicate significant changes at
o = 0.01 (**). Horizontal dotted lines correspond to the average prevalence for the entire study area.
PVTs are grouped according to their position on the toposequence (upper, middle, lower); PVT codes
are presented in Table 1. Less frequent taxa (less than 5% in preindustrial and present-day eras) are
not presented.

On the middle of the toposequence, poplar shows a strong increase (+40%), as does fir
(+21%), whereas yellow birch, pine, hemlock, and cedar show a strong decrease (—33% to —14%)
(Figure 4). The vectors of the Betula alleghaniensis—Abies balsamea—Acer saccharum PVT (MJ1) and
the Pinus strobus—Pinus resinosa PVT (RP1) clearly show that these PVTs are currently more often
dominated by poplar (Figure 5). Furthermore, the current position of the RP1 succession vector ends at
the preindustrial position of MJ1, which confirms that the latter was originally well-stocked with pine.
On sites that were cleared for agriculture after preindustrial surveying was completed, but that have
reforested naturally during the period extending up to the present time (RB1), spruce has increased
sharply (+51%).

On the lower portion of the toposequence, changes in composition are similar to those that
occurred on the middle portion: taxa that have shown the greatest increase are balsam fir (+26%) and
poplar (+24%). Also, pine has decreased sharply in the Abies balsamea—Thuja occidentalis PVT (RS1).
Pine was the most common taxon in the preindustrial period (73%), but is rare today (13%). Tamarack,
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which was relatively frequent in the two PVTs situated on poor drainage sites (MF1 and RC3),
has virtually disappeared.
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Figure 5. Evolution of the forest composition of potential vegetation types (PVTs) on the ordination
formed by the two first axis of the correspondence analysis (CA). The starting point for each vector
corresponds to the centroids of preindustrial sites (1804-1864), and the end point to present-day sites
(1982-2006). Taxa names that have experienced a generalized increase across the landscape are in
+green+, those that have decreased in -red-, and those that have shown no significant change are shown
in black. The first axis represents the increase of maple (right direction), whereas the second axis
represents the increase of poplar and the decrease of pine (upward direction). PVTs are ranked
according to their location on the toposequence: upper (dotted lines), middle (full lines), and lower
(double lines). PVT codes are presented in Table 1.

3.3. Forest Types

The two dendrograms obtained by Ward’s hierarchical clustering were divided to obtain ten
(n = 10) preindustrial forest types and nine (n = 9) present-day forest types (Table 2). The “Pine”
type (18%) was the most frequent during the preindustrial period, followed by the “Maple-Yellow
birch-Beech”, “Cedar”, “Hemlock-Pine-Yellow birch” and “Beech-Maple” types (15% to 11%).
The “Maple” type dominates currently (30%), whereas “Poplar-Maple-Balsam fir” and “Balsam fir”
are common (16% and 11%).

On the upper portion of the toposequence, the deciduous forest types dominated by maple and
beech were common, much as were those dominated by hemlock and pine. Today, maple stands
largely dominate this portion of the landscape (44%). On the middle of the toposequence, the “Pine”,
“Cedar”, and “Hemlock-Pine-Yellow birch” types occupied the majority of the area, whereas today
“Poplar-Maple-Balsam fir”, “Balsam fir”, and “Maple” dominate. On the lower portion of the
toposequence, the “Cedar” type was and remains dominant. Pine stands have virtually disappeared
there today.

New forest types are now part of the Gatineau River Valley landscape. This is the case
notably for “Poplar-Maple-Balsam fir”, which is common throughout the landscape, and “Red
oak-Maple”, now an important element at the top of the toposequence. Inversely, other forest types
have disappeared: for example, those dominated by yellow birch and by tamarack. The internal
composition of certain forest types has shifted: this is the case for the “Maple” type, in which maple
dominates strongly at the present time; yellow birch and beech were important companion species
in the preindustrial period (Tables A1 and A2). As well, hemlock, which is now primarily associated
with maple, was in the past commonly accompanied by pine and yellow birch.
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Table 2. Relative frequency (%) of the ten preindustrial (A) and the nine present-day (B) forest types
obtained by Ward'’s hierarchical clustering as a function of their position on the toposequence (upper,
middle, lower). Forest type number (#) corresponds to position on the dendrogram.

A Preindustrial Forest Types Up Mid Low : Total?
# % % % %
1 Beech-Maple 17.2 7.5 0.5 11.3
2 Maple-Yellow birch-Beech 222 9.4 5.5 14.9
3  Pine 16.1 209 215 17.9
4  Cedar 8.3 17.1 31.1 14.4
5  Hemlock-Pine-Yellow birch 13.2 13.3 1.4 119
6  Yellow birch-Balsam fir 7.5 9.8 8.7 8.3
7 Spruce-Balsam fir 2.2 42 8.7 4.0
8  Balsam fir 2.2 7.1 5.0 4.4
9  Tamarack 1.1 2.0 8.7 2.8
10  Other 9.9 8.7 9.1 10.1

Total 100 100 100 100

B Present-Day Forest Types Up Mid Low Total
# % % % %
1 Maple 44.2 15.6 7.5 29.9
2 Poplar-Maple-Balsam fir 14.3 21.6 11.5 16.3
3 Cedar 1.9 8.8 35.6 8.8
4  Balsam fir 5.6 18.4 14.9 11.0
5  Red oak-Maple 11.0 2.2 0.2 6.7
6  Pine 35 9.8 2.0 5.4
7 Spruce 1.2 7.7 8.2 4.3
8  Hemlock-Maple 4.8 4.3 22 42
9  Other 13.4 11.7 18.0 13.5

Total 100 100 100 100

1 Total includes present-day non-forested areas.

4. Discussion

Forest composition in the Gatineau River Valley has changed significantly since the preindustrial
era. Our hypothesis is that major anthropogenic disturbances, such as selective harvesting of specific
species, chronic silvicultural practices such as single-tree selection, human-caused fires, agriculture,
and exotic pathogens are all important factors that contributed to the present state of the forest in this
region. These changes in tree species composition and forest types have diverse consequences for
setting restoration or management targets [30]. This new knowledge should inform ecosystem-based
management in the hardwood temperate forest as well as Quebec’s ELC.

4.1. Loss of Targeted Species

4.1.1. Pine: The Great Decline

The decrease in pine is evident throughout the entire toposequence. The “Pine” forest type,
which was the most common during the preindustrial period, is rare today and confined to thin
or coarse-textured deposits. Pine has decreased similarly in many other regions of northeastern
North America [5,8,13,14,17-19,24,39,49-54]. Several factors may be responsible for the decrease in
pine. First, selective harvesting of the highest quality stems, from the beginning of the 19th century
and on, removed valuable seed resources from forests, thereby decreasing the possibility of natural
reseeding on sites with good potential for germination [16]. Selective harvesting often took place in
winter, thus not disturbing the organic or mineral soil layers. Consequently, this type of harvesting
may not favor pine regeneration since seeds must fall on mineral soil in order to germinate [55].
As well, large fires that occurred at the end of the 19th and beginning of the 20th centuries could
have destroyed the seedlings and saplings that remained untouched by logging [52]. Paradoxically,
the systematic suppression of fire since the 1920s lowered the chances of pine regeneration: on the
most fertile sites, a fire of moderate intensity can be required to burn forest litter and ensure seed
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germination [5]. Consequently, the decrease in burned area certainly contributed to the decrease in
pine [5,13,18,56]. Finally, white pine blister rust (Cronartium ribicola J. C. Fisch.) is another factor that
could be considered more recently.

The scarcity of pine stands and patches is probably one of the most important management
issues today in temperate deciduous forests [57]. Considering the marked decline of pine in
most topographical positions, it will not be feasible to restore this species to its former landscape
dominance (i.e., changes are not reversible (framework of Hobbs et al., 2014) [30]). However,
depending on objectives and resources, the presence of pine could be increased in many patches
by active management such as the creation of large gaps [58] and prescribed burns [59]. To improve
the distribution of the Pinus strobus—Pinus resinosa (RP1) PVT in Quebec’s ELC, modelling of the
preindustrial distribution of pine might be considered to determine more precisely the sites where this
taxon was previously found [52].

4.1.2. Hemlock Has Been Replaced by Maple

Eastern hemlock has decreased substantially on the upper and middle portions of the
toposequence. The forest type dominated by the species is today about three times less represented
than during the preindustrial period. As with pine, a decrease has also been observed across the
United States [2,17-19,60] and eastern Canada [4,21,22,24,61].

Hemlock was also a species targeted for logging; however, as shown by dendrochronological
dating of submerged logs [6] and wood sales reported in old notary deeds [4], it was harvested in
later years, probably because hemlock products had other uses than pine, including the use of its bark
in the leather-tanning process and its wood for railway ties. Selective harvesting would have thus
contributed to the species’ decrease directly as well as indirectly, since the removal of hemlock from
mixed stands can lead to its replacement by sugar maple [21,62]. While hemlock is today associated
with maple, during the period in which this landscape was originally surveyed, it was associated with
white pine. A recent study showed that this type of association dominated by long-lived trees that
have self-pruning stems and a thick bark was able to evolve following a regime of recurrent surface
fires [63].

The important decrease of hemlock suggests that the Tsuga canadensis (RT1) PVT is underestimated
in Quebec’s ELC in the study area. Many sites formerly occupied by hemlock stands reflect a new
successional dynamic today, represented by PVTs dominated by sugar maple (FC1, FE6, and FE2).
As for pine, this change seems irreversible, and a return to the preindustrial state is probably impossible
without a robust ecological restoration program.

4.2. Modification of Internal Stand Composition

Loss of the Two Main Companion Tree Species to Maple

Maple stands composed of sugar maple, yellow birch, and beech were one of the most common
forest types in the region’s forest landscapes during the preindustrial period. It has been suggested
that this type represented one of the stable states of the forest on mesic sites of the St. Lawrence
Lowlands [64]. This is supported by the composition of one of the last remaining examples
representative of the primitive forests of southwestern Quebec (ecological reserve Forét-la-Blanche) [65].
According to wood sales reported in old notary deeds from the 19th century, the most important
change in maple stands since European colonization is a decline in the abundance of beech and
yellow birch, combined with an increase of sugar maple [22]. The forest types dominated by these
two species, “Beech-Maple” and “Yellow birch-Balsam fir”, have now disappeared from the study
area. Today, maple (primarily sugar maple) constitutes the dominant element of the upper portion of
the toposequence.

The great ecological versatility of sugar maple and its phenotypic plasticity may have allowed
the species to take advantage of a variety of disturbances as well as the overall conditions generated
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by current landscapes [66]. Sugar maple can be considered a generalist or trans-successional species,
since it can achieve a level of abundance at both the beginning and the end of a successional
sequence [66,67]. Its increase in abundance would have been achieved to the detriment of yellow birch,
a species targeted for logging in the middle of the 20th century and one that regenerates primarily on
woody debris, which are less common in managed forests [68,69]. The decline of beech, which was
one of the most important components of preindustrial forests in the American northeast [2,15],
could also be attributed to specific recurrent silvicultural practices and, more recently, to beech bark
disease [3,70].

The Acer saccharum-Tilia americana PVT (FE2), as proposed by Quebec’s ELC and by some authors
who defined a typology of maple stands [71], seems to be closer to the preindustrial “Maple-Yellow
birch-Beech” forest type. The loss of these two companion species has a certain impact on silvicultural
treatments that should be applied on this PVT, if we want to return more closely to the preindustrial
state. In this case, partial cuts, which are actually prescribed in this PVT, should be adapted to
favor companion species. For example, this would include leaving woody debris on the ground and
increasing light availability by creating larger gaps when harvesting to favor yellow birch [72]. A return
to a historical state would seem feasible with known and modest management interventions [31].

4.3. Novel Ecosystems

4.3.1. Old Fields

Old fields that have reforested naturally form the only PVT (RB1) that is now more coniferous
than during the preindustrial period, due to white spruce being particularly well adapted to colonizing
these sites. This phenomenon has been observed in the Maritime Provinces, where the species is
sometimes referred to as “field spruce” [25,73]. In contrast, in certain areas of New England, white pine
has regenerated on abandoned agricultural land [2,12]. In the study area, the heavy harvest of
white pine probably diminished the species’ chances of colonizing these sites. In any event, the RB1
PVT has diverged so substantially from its preindustrial state that it can be considered as a novel
ecosystem of anthropic origin [29]. Because conventional restoration cannot be applied to this PVT,
different management options can be considered. For example, planting rapid-growth trees could be
an interesting option to consider for wood production.

4.3.2. Red Oak Stands

While red oak stands were virtually absent from natural landscapes and the species was rare
in all other preindustrial forest types, today it forms pure stands that are well represented on the
region’s low summits with thin soils. As several studies have shown, red oak has increased in many
regions of northeastern North America [13,19,20,24,49,74]. The species is not typically dominant in
late successional forests, and forms stands that evolve according to a cyclical dynamic maintained by
fires [75]. The beginning of the 20th century was a propitious period for forest fires, in part due to
colonization [7,76,77]. The presence and current abundance of red oak therefore can be linked to
anthropic fire regimes [78]. Furthermore, the two taxa targeted by logging during the 19th century,
pine and hemlock, were the most common in the Quercus rubra PVT (FC1); their harvesting could thus
have contributed to the increase of red oak. We conclude that most red oak stands classified today
as FC1 may in fact correspond to a successional stage towards other PVTs. Because this PVT was
not present in the preindustrial state, it can be considered as a novel ecosystem with potential to be
managed for a range of ecosystem services, including fibre [30].

4.3.3. Early Successional Stands: The Case of Poplar

While poplar was virtually absent from the preindustrial forests of the Gatineau River Valley,
today it constitutes a major component. This major increase occurred across the entire landscape,
but particularly on the middle of the toposequence. This early successional taxon is highly



Forests 2016, 7, 254 12 of 17

shade-intolerant, and is thus favored by frequent, intense disturbances. Poplars produce a large
quantity of seeds that are wind-dispersed, and have a highly efficient mode of reproduction by stump
sprouts and root suckers [79]. The increase in poplar is a generalized phenomenon in northeastern
North America, but particularly in Quebec, where its abundance seems strongly correlated with
fires [80], including bush fires set by settlers while clearing the land [76]. Again, these represent novel
ecosystems that can be oriented in different trajectories depending on current management goals and
targeted services.

5. Conclusions

Our findings enrich our knowledge of the past and current state of the forest of the Gatineau River
Valley. During the preindustrial period, the forest resembled the maple-yellow birch-beech forest
described in retrospective studies of the northeastern US landscape. White pine and eastern hemlock
were almost equally common, as either canopy dominants or sub-dominants. The main forest types of
the preindustrial forest are no longer prevalent in the landscape we studied. Therefore, if Quebec’s
ELC had been developed using preindustrial rather than modern data, different potential vegetation
types would have been created.

According to the level of effort required to restore these new forest types [31], there are a range
of possible options available to managers. The restoration of certain types among which there
has been less dramatic change could be achieved through targeted silvicultural interventions to
increase the presence of certain species that that have been rarefied, such as in the case of maple
stands. In other cases, it is questionable whether previous landscapes can in fact be restored, such as
widespread dominance of pine and hemlock, and other late successional species. In the context of
global environmental change, as well as invasions by exotic pests and pathogens, restoration could
require immense resources. The new forest types described by the potential vegetation types represent
the current state of our forests, and the principal objectives of management in this context may be
to ensure continuity of functions and essential services (biodiversity, fibre, recreation, culture) of
ecosystems under changing disturbance regimes.

Acknowledgments: We are most grateful to Sébastien Dupuis and Marie Leroyer, who constructed the land
survey records database. We extend our thanks to Jocelyn Gosselin (Direction des inventaires forestiers, MFFP)
who provided the recent forest inventory database. Two reviewers made constructive comments on the previous
version of this manuscript. This study was funded by an NSERC Strategic grant.

Author Contributions: J.L., AD.M., PG, and D.A. conceived and designed the research; J.L. performed the
experiments and analyzed the data; P.G. contributed to analysis; J.L. wrote the paper with the help of all
the authors.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table Al. Relative abundance of taxa for groups (1 = 10) from the preindustrial period, obtained by
Ward’s hierarchical clustering.

Preindustrial Forest Type # 1 2 3 4 5 6 7 8 9 10

n 282 373 447 360 298 207 101 110 70 252
Acer spp. 210 633 31 08 30 85 38 21 00 69
Betula alleghaniensis 79 119 36 27 74 598 51 95 15 59
Betula papyrifera 04 01 05 03 10 00 03 08 06 84
Fagus grandifolia 638 100 06 01 28 27 04 22 00 07
Fraxinus spp. 00 03 03 22 01 05 10 08 03 296
Ostrya virginiana 06 05 01 00 00 04 00 01 00 15
Populus spp. 00 05 08 01 00 11 00 16 02 107
Quercus spp. 01 05 01 00 02 02 00 01 00 54

Tilia americana 07 44 02 02 01 20 00 02 00 43
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Table Al. Cont.

Preindustrial Forest Type # 1 2 3 4 5 6 7 8 9 10

Ulmus spp. 01 09 01 03 00 09 02 06 00 128
Abies balsamea 04 18 24 36 17 94 73 635 12 30
Larix laricina 00 00 04 21 00 03 39 05 842 02
Picea spp. 00 05 34 45 13 59 658 93 35 16
Pinus spp. 08 10 777 29 82 47 50 46 05 22
Thuja occidentalis 060 17 24 773 40 13 39 27 48 37
Tsuga canadensis 41 24 43 26 703 25 03 05 00 12
Other 00 01 00 03 00 00 29 09 32 19

Table A2. Relative abundance of taxa for groups (1 = 9) from the current period, obtained by Ward'’s
hierarchical clustering.

Present-Day Forest Type # 1 2 3 4 5 6 7 8 9
n 1242 676 365 458 278 223 178 175 562
Acer spp. 693 9.0 1.8 6.8 157 59 2.3 134 113
Betula alleghaniensis 1.8 0.3 11 11 0.0 0.3 0.2 3.8 9.1
Betula papyrifera 1.7 3.0 15 3.0 1.3 1.8 2.8 23 115
Fagus grandifolia 3.9 0.5 0.0 0.0 1.1 0.2 0.0 33 117
Fraxinus spp. 14 0.8 4.0 1.5 0.5 0.3 1.0 0.5 13.3
Ostrya virginiana 2.5 0.3 0.1 0.4 4.0 0.7 0.7 0.4 6.9
Populus spp. 37 672 45 7.9 2.0 5.1 5.6 1.1 3.8
Quercus spp. 32 1.3 0.0 07 67.1 35 0.5 24 1.1
Tilia americana 3.9 1.0 0.6 1.1 1.0 0.3 0.3 0.6 10.1
Ulmus spp. 0.2 0.2 0.0 0.2 0.2 0.0 0.5 0.2 1.9
Abies balsamea 3.9 8.6 8.7 64.8 14 5.1 8.2 24 49
Larix laricina 0.0 0.0 0.5 0.2 0.0 0.1 0.3 0.0 0.9
Picea spp. 0.9 29 2.7 5.1 1.1 5.0 70.1 1.4 1.8
Pinus spp. 09 21 08 20 34 671 33 13 06
Thuja occidentalis 0.4 1.6 730 35 0.0 2.5 2.6 0.8 2.3
Tsuga canadensis 1.8 0.4 0.3 0.8 1.0 1.5 0.3 66.1 0.7
Other 0.5 0.8 0.4 0.8 0.1 0.5 1.2 0.1 7.9
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