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Settlement of eastern North America has generated significant modifications in forest composition. In regions highly influenced by human activity, historical ecology can be used to reconstruct pre-settlement forest composition. In this study, we reconstruct the composition of the pre-settlement (1909–1937) forest of a 4,134 km2 sector of the boreal mixedwood forest using early land survey archives. The pre-settlement composition was compared with modern composition using recent eco-forest inventories (1980–2008), and the influence of surficial deposits on compositional changes assessed. During the pre-settlement period, the landscape was primarily dominated by spruce, which was evenly distributed across surficial deposit types. Trembling aspen, although widespread, rarely dominated stands. In contrast, the present-day landscape is dominated by trembling aspen, notably on clay and till deposits. In general, conifers have undergone a severe reduction in frequency. Spruce and pine forests are today mainly restricted to organic and sandy surficial deposits, respectively, compared to their historical frequencies. Composition changes observed in the boreal mixedwood forest of western Quebec are essentially the results of fires and forest harvesting, but surficial deposits have affected the current abundance and spatial distribution of the different taxa. In the context of sustainable forest management, considerable effort should be deployed to restore conifer dominance in the region, notably on the fertile deposits that appear particularly susceptible to composition changes.
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INTRODUCTION

Human activity in North America has modified species distribution and composition of vegetation communities (Nowacki and Abrams, 2015). Settlement and industrialisation have been accompanied by changes in disturbance regimes and in land use which have caused important shifts in forest composition and landscape homogenisation in many regions (Whitney, 1994; Foster et al., 1998; Lorimer, 2001; Hanberry et al., 2012). Current remnants of natural forests are therefore rare and hardly representative of landscape-scale composition (Nowak, 1993; Abrams et al., 1995; Foster et al., 1996). In such regions, historical ecology can be the most viable option for reconstructing past forest composition and determining changes that have occurred over the last centuries (Morgan et al., 1994; Swetnam et al., 1999), as a reference to develop ecosystem-based forest management and restoration.

In the field of historical ecology, survey archives have been frequently used to reconstruct pre- settlement or pre-industrial forest composition (Bourdo, 1956; Egan and Howell, 2001), and to understand the impact of recent human activities on changes in forest composition (Nowacki and Abrams, 2015; Danneyrolles et al., 2016). Although archives only offer a portrait of ecosystems at a certain moment in time, they do have the advantage of providing spatially explicit observations of disturbances and vegetation with reasonably good spatial (generally a few dozen meters) and taxonomic resolution (species or genus). These kinds of archival records have been used notably to quantitatively describe and compare pre-settlement and modern-day forest compositions (e.g., Schulte et al., 2007; Pinto et al., 2008), to reconstruct pre-settlement disturbance regimes (e.g., Canham and Loucks, 1984; Whitney, 1986), and to determine the influence of edaphic factors on pre-settlement composition (e.g., Whitney, 1982; Barrett et al., 1995). This said, little attention has been given to understanding the influence of edaphic conditions on compositional changes (but see Whitney and DeCant, 2003), most notably in the boreal forest.

Edaphic conditions in the boreal forest of western Quebec play an important role in the distribution of species (Gauthier et al., 2000; Brassard and Chen, 2006). First, they influence species establishment (Royer-Tardif and Bradley, 2011; Lafleur et al., 2015) and, therefore in a direct way, stand composition. Secondly, they influence fire regime, in particular fire severity and frequency (Johnson, 1992; Mansuy et al., 2010; Portier et al., 2019). In this region, mixed stands are abundant on mesic sites and are characterized by balsam fir (Abies balsamea), white spruce (Picea glauca), white birch (Betula papyrifera) and trembling aspen (Populus tremuloides, referred hereafter as aspen). Xeric and hydric sites, however, support conifer stands characterized by jack pine (Pinus banksiana) and black spruce (Picea mariana), respectively (Bergeron and Bouchard, 1984). Given the influence of soils on forest composition and disturbance regime, our principal objective is to document vegetation changes over time and to verify if edaphic conditions contributed to these changes in the boreal forest of eastern Canada.

To answer these questions we (1) reconstructed using early land survey archives, the pre-settlement composition of a sector of the boreal mixedwood forest situated in the Claybelt of western Quebec (administrative region of West-Abitibi), (2) compared pre-settlement forest composition with current composition established from recent eco-forest inventories, and (3) determined whether observed forest composition changes differed among surficial deposits. The Claybelt region is ideal for determining if surfical deposits influenced compositional changes because productive deposits (i.e., clays and tills) are abundant and the presence of aspen on these sites make them particularly susceptible to composition changes due to changes in the disturbance regime (see Laquerre et al., 2009). Several ecological issues related to changes in forest composition are anticipated in the boreal mixedwood forest of western Quebec, notably the reduction of white spruce and Eastern white cedar (Thuja occidentalis), and intolerant hardwood expansion or encroachment (Grondin and Cimon, 2003; Jetté et al., 2013). We assume that expansion of intolerant hardwoods, particularly aspen, occurred in the study area, especially on the more productive surficial deposits where conifer-intolerant hardwood mixtures were most frequent during pre-settlement.



MATERIALS AND METHODS


Study Area

The study area covers an area of 4,134 km2 in northwestern Quebec, eastern Canada (between 48°25′ and 49°01′N, 78°38′ and 79°31′W) (Figure 1). The study area corresponds to the Quebec administrative region of West-Abitibi. The climate is subpolar-subhumid, with average temperature and precipitation (1981–2010) of 0.8°C and 886 mm at Lac Berry (70 km east of the study area), and 1°C and 985 mm in Mont Brun (45 km south-east of the study area) (Environment Canada, 2019). Regional topography is generally flat with mean elevation in the order of 300 m (Blouin and Berger, 2002). The southern part of the study area does include some hillier areas that reach up to 570 m in elevation.
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FIGURE 1. Location of the study area according to the ecological land classification of the Ministère des ressources naturelles du Québec (Saucier et al., 2009) (A). Study area and distribution of surficial deposits, land survey data and modern sampling plots (B).


The study area is situated in a physiographic zone known as the Claybelt (Blanchard, 1954; Bergeron et al., 1982), that covers a wide band of land of approximately 125,000 km2 in Ontario and Quebec. The Claybelt is characterized by the presence of a thick layer of clay deposits (55% of the study area). These sediments were deposited in the depths of pro-glacial Lake Ojibway that covered almost the entire region 9,000 years ago (Veillette, 1994). Higher hilly zones that were not submerged during this period are characterized by the presence of tills (11% of the study area), whereas lower hills which were in contact with the pro-glacial lake have outcrops of metamorphic Precambrian bedrock (8% of the study area). Sandy deposits (3% of the study area) are partly of fluvial-glacial origin, and partly established in sub-littoral zones during the progressive decline of the lake water level. Since the complete retreat of the waters around 8,000 years ago, organic deposits have accumulated on poorly drained clays (21% of the study area) (Thibaudeau and Veillette, 2005).

The study area is situated in the southeastern part of the boreal mixedwood forest, which corresponds to the Thermoboreal bioclimatic subdivision of the Canadian Boreal Biome (Baldwin et al., 2012). This forest is characterized by a complex mosaic of forest types which contain variable proportions of conifer and intolerant broadleaved species (Bergeron et al., 2014). The southern part of the study area belongs to Rowe (1972) Missinaibi-Cabonga forest section and the northern part to the Northern Clays section. The principal tree species present are black and white spruce, balsam fir, white birch and aspen. Jack pine generally dominates on xeric sites whereas black spruce is characteristic of hydric sites (Ecoregions Working Group, 1989).



Land Use History

Archeological evidence of the Abitibiwinnis places their presence in the region to ca. 5,000 years before present (Vincent, 1995). These nomadic hunter-gatherers used different tree species such as white birch, balsam fir, black and white spruce and white cedar for construction of shelter, canoes, etc., as well as for heating and cooking. The Abitibiwinnis (estimated population 300–500 up until the settlement period, Statistique Canada, 2015) used the land extensively, so their impact on the forest composition is believed to have been relatively low. Beginning in 1912, the region was opened up to Euro-Canadian settlement and forest exploitation. Up until 1930, this impact was concentrated along the corridor of the Transcontinental railway and waterways used for floating logs to sawmills (Vincent, 1995). Starting in 1935, demand for wood increased substantially following a major rise in population as settlement plans were implemented (Barrette, 1972; Asselin, 1982), and the mining industry developed. This increase in wood demand, associated with mechanization of forest harvesting operations beginning in the 1940s, resulted in the expansion and intensification of forest exploitation in the region. To illustrate, 538,500 m3 were cut in 1925 in the Abitibi region compared to 1,370,573 m3 in 1948 (Vincent, 1995), and the number of sawmills increased from 43 in 1919 (Trudelle, 1938) to 122 in 1948 (Blanchard, 1949). Up to the end of the 1950s, the industry essentially harvested fir, spruce and pine (Vincent, 1995); aspen has been industrially harvested since the 1960s. Clear-cut harvesting was systematically replaced by “clear-cut with protection of advance regeneration and soils” (coupe avec protection de la régénération et des sols (CPRS), in French) in the 1990s. CPRS is applied systematically today and harvesting is concentrated on spruce and aspen.



Data Sources

Pre-settlement data (1909–1937) were derived from survey notebooks housed in the Registry of the Surveyor General of Quebec. Early land surveys divided the public lands into townships, lines and lots of uniform areas, under the authority of the Surveyor General. The surveyors have provided spatially explicit observations of the vegetation and disturbances at this time. These observations were associated with township lines and lot boundaries and their precise positions were noted (location from the beginning to the end of the observation, i.e., observation length). Vegetation observations could take the form of a taxonomic list, or as a cover type (alder swamp, mixed species…). Several lines of evidences from all regions of the province indicate that taxa where consistently listed in descending order of importance. First, a direct comparison with an early forest inventory (number of stems per taxa per DBH class) indicates that ranks of taxa in lists correspond directly to their relative basal area in stands (Terrail et al., 2014). Second, a comparison between archive types (i.e., taxa lists vs. stems regularly selected along range lines) indicates that the most frequent line trees correspond to the taxa listed first (Fortin, 2018). Third, several surveyors inverted taxa pairs between consecutive observations but used expressions such as ‘ditto’ or ‘same as before’ to indicate identical successive stands (Dupuis et al., 2011). Fourth, taxa are often increasingly shifted to the right as they are listed one below the other to indicate a decreasing importance. Sources for “modern” data were temporary sampling plots (TSP) of the last three eco-forest inventories undertaken by the Government of Quebec (1980, 1990, 2000) (Boudreau and Philibert, 2011). These inventories use 400 m2 circular sampling plots distributed over an area stratified by productive forest stand types. The number of plots in each stand type is based on its relative area on the land base. In each plot, the diameter of all stems >9 cm at breast height (DBH) is measured and the diameter of all stems >1 and ≤9 cm DBH is measured in a 40 m2 sub-plot. Stems are identified to species allowing calculation of basal area by species. All stems >1 cm DBH are used in the modern-day database.



Databases

The pre-settlement database contains 3,194 taxonomic lists, or 2,063 km of surveyed lines (mean length = 650 m) from 44 of the 80 survey notebooks available for the study area. The retained notebooks cover the period from 1909 to 1937. The choice of notebooks maximized the proportion of the area surveyed, while minimizing surveyed lines associated with anthropic disturbances. Because the initial surveying was undertaken prior to settlement, primitive notebooks were systematically preferred to resurvey notebooks. Some resurvey entries were nonetheless used when no disturbance occurred between observations documented in the primitive survey and resurvey and the latter provided a more precise vegetation description, in ecological and/or spatial terms. Because surveyors did not systematically distinguish the different species belonging to Picea and Pinus genera, these taxa were grouped to the genus level. This said, Pinus represents essentially jack pine, given that white (P. strobus) and red (P. resinosa) are at their northern limit in the south of our study area. A rank was attributed to taxa according to the order in which they were registered in survey entries; hereafter, we refer to a first-ranked taxon as being a dominant taxon. All observations were georeferenced using a modern digital cadastral map (original scale 1:20,000).

The modern-day database contains 2,496 plots available for the study area and covering the period of 1980–2008. For each plot, spruce and pine measurements were grouped into their respective genera to permit comparison with the pre-settlement data set. American mountain ash (Sorbus americana) and pin cherry (Prunus pensylvanica) were aggregated into the category “Other.” Basal area by taxon was then calculated and taxa representing less than 5% of plot total basal area were excluded. This choice was made to match pre-settlement and contemporary taxa number in lists. Indeed, in modern plots, all taxa occurring have been recorded, whereas the surveyors may have overlooked the less important taxa at several sites. Lower cut-offs of 0% (i.e., including all taxa) and 10% were also tested. Once these data were excluded, a final ranking was attributed to each taxon in decreasing order of basal area.



Data Analyses

Forest compositions for pre-settlement and modern-day periods were compared using two indices calculated for each database. First, a general frequency, that is, the relative frequency of occurrence expressed as a percentage of all observations (i.e., surveyed lines or plots) made in the study area, was calculated at the taxon level. Second, a rank frequency was calculated for the four first ranks of the taxon lists using the following formula (Scull and Richardson, 2007):
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where L(Xr) is the total length of observations in which taxon X is registered to rank r in the list of taxa and Lr is the total length of observations with at least r taxa noted in the taxonomic lists.

General frequencies of taxa were compared spatially and statistically between the pre-settlement and modern periods using a grid of 256 16-km2 cells. Several sizes of cells were tested. Surveyed lines and retained sampling plots were situated ≤1.6 km from each other to not compare observations too distant; this distance corresponded to the longest surveyed lines (i.e., weakest spatial precision). Each cell contained at least four surveyed lines and four TSPs. Ultimately, 109 cells containing four to 32 survey lines (mean = 12) and four to 52 TSPs (mean = 14) were retained. The cells’ number has been mostly reduced by the criterion of minimum number of observations per cell. The frequency index was recalculated by taxon for each cell. A Wilcoxon signed-rank test for paired samples was done using the R Stats library (version 3.1.2, R Foundation for Statistical Computing, Vienna, AT). Under H0, no significant difference of taxon frequencies exists between the pre-settlement and modern-day periods.

Taxonomic distribution on the principal surficial deposits was examined for the two periods using contingency tables. Only taxa with a general frequency >5% were included in this analysis. In order to determine the type of surficial deposit associated with each observation, survey lines and TSPs were overlaid on maps of the fourth (most recent) provincial inventory. Surficial deposit information integrated in these maps is derived from 1:15,000 scale aerial photos (Lord et al., 2009). If a survey line crossed several deposit types, the survey line was “cut” in as many observations (i.e., lines) as there are types of surface deposits. For plots, a unique deposit type is already attributed in eco-forest inventories. Contingency tables were built for each combination of the surficial deposit – taxon variables (Strahler, 1978). A G-test with Williams’ correction was employed to test the independence between taxon distribution and surficial deposit type (Sokal and Rohlf, 2012). For taxa that presented a significant (α = 0.05) G statistic, namely white birch, aspen, balsam fir, spruces and pines, corrected standardized residuals were calculated according to the method established by Haberman (1973). A positive residual indicated an over-representation of a taxon on a given deposit type relative to a random distribution, and a negative residual indicates an under-representation.



RESULTS

During the pre-settlement period (Table 1), spruces and balsam fir were the most frequent taxa (87.3 and 50.9%, respectively) and the most dominant in the study area (67.7 and 15.0%, respectively). White birch, aspen and pine also had a relatively high frequency (39.7–31.6%), but their dominance was relatively low (6.1–4.5%). White birch and aspen were respectively most frequent of the third and fourth ranks of taxon lists, which indicates that these two taxa were essentially companion species.


TABLE 1. General frequencies and ranked frequencies of taxa during pre-settlement (1909–1937) and modern (1980–2008) periods.

[image: Table 1]Comparison of pre-settlement and modern forest compositions indicates important composition changes (Table 1). Aspen registered a marked expansion in the study area, with frequency and dominance increased by a factor of 1.5 and 8.8, respectively. At the same time, spruces, balsam fir and pines registered a marked frequency decrease (by a factor of 1.8, 1.5, and 1.5 respectively), and the spruces dominance was reduced by a factor of 3. The frequency of eastern white cedar was also severely reduced (by a factor of 2).

Frequency differences in cells between the pre-settlement and modern periods were statistically significant for all taxa (α = 0.01) (Figure 2). Spruces showed decreases in frequency in practically all cells, whereas variations in frequency of white birch, pines, balsam fir and aspen were spatially more heterogeneous. Spruces virtually disappeared in a large number of cells. The increase in frequency of aspen was most often between 10 and 20%, but numerous cells present higher frequency increases (40–70%).
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FIGURE 2. General frequency maps of the principal taxa during pre-settlement (A) and modern (B) periods, and of frequency distribution differences between the two periods (C). A positive difference indicates that the taxon is more frequent in the modern period than in the pre-settlement period. P values for Wilcoxon signed-rank tests are also indicated. Under H0, no significant difference of taxon frequencies exists between the pre-settlement and modern-day periods. H1 indicates the direction of the tests. X axes on graphs by frequency classes of 10%. For example, for the value of 10, the corresponding frequency class is +91–100%. Aspen refers to trembling aspen. Pines and spruces are grouped to genus level.


Taxon distribution on the different surficial deposit types changed between the pre-settlement and modern periods (Figure 3). Spruce and pine distributions are now more restricted to organic deposits, and sands and rocky outcrops, respectively, than they were during the pre-settlement period. Moreover, spruces and pines are the most under-represented taxa on clay deposits in the modern forest, while aspen is the most over-represented. White birch is currently the most over-represented taxon on tills as well as, with pines, the most over-represented taxon on rocky outcrops.
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FIGURE 3. Corrected standardized residuals by type of surficial deposits during pre-settlement (1909–1937) and modern (1980–2008) periods, for taxa that presented a significant (α = 0.05) G statistic. A positive value indicates an over-representation of a taxon relative to a random distribution. A negative value indicates an under-representation. Y axes scale differ between the graphs. Aspen refers to trembling aspen. Spruces and Pines are grouped to genus level.




DISCUSSION


Composition Changes and Their Causes

Significant composition changes occurred in the study area between the pre-settlement and modern periods (Table 1 and Figure 2). Balsam poplar (Populus balsamifera) and aspen registered particularly large frequency increases whereas spruces, balsam fir, and pines have decreased. Aspen effectively replaced spruces on the modern landscape, shifting from spruce (68%) dominance in the past to aspen (40%) today. Similar compositional changes were found in the boreal forests of northern Minnesota (Friedman and Reich, 2005; Nowacki and Abrams, 2015). Immediately south of our study area, Danneyrolles et al. (2016) also observed a landscape-level transition from an historic domination by spruces (47%) and balsam fir (21%) to a modern-day landscape dominated by aspen and balsam poplar (29%) and spruces (19%). Significant increases in dominance of aspen, to the detriment of conifer taxa has also been observed in several other regions of Québec (e.g., Fortin, 2008; Dupuis et al., 2011), and elsewhere in eastern North America (e.g., White and Mladenoff, 1994; Weir and Johnson, 1998; Jackson et al., 2000; Schulte et al., 2007; Pinto et al., 2008).

Increases in aspen frequency and dominance in the study area are essentially due to the combination of fires that occurred during the settlement period (Lefort et al., 2003) and mechanized clear-cutting. Aspen is effectively able to establish on sites that have been recently burned (e.g., Baker, 1925; Stahelin, 1943) and/or harvested (e.g., Doucet, 1979; Bartos and Mueggler, 1982) by sexual and asexual reproduction (Peterson and Peterson, 1992), and to become dominant despite relatively synchronous establishment of several other species (Gutsell and Johnson, 2002; Johnstone et al., 2004). This dominance is possible because of its initial superior height growth compared to competing species, especially slow-growing, shade-tolerant trees (Bergeron, 2000; Gutsell and Johnson, 2002; Cardona, 2014), notably in the case of asexual reproduction where young ramets exploit the root system of parent trees (Barnes, 1966).

Because our historical portrait of disturbances is incomplete, we were unable to discriminate the proportion of the increase in aspen frequency and dominance that was due to fire vs. cutting. Nonetheless, fires that occurred during settlement (Lefort et al., 2003) probably played an important role, as has been demonstrated in the boreal forest of the Saguenay region (Boucher et al., 2016). In effect, a large part of the study area was burned during the settlement period (Bergeron et al., 2001) and post-fire dynamics result generally in the dominance of shade-intolerant aspen, most notably on mesic sites (Bergeron and Charron, 1994; Bergeron, 2000). Moreover, considerable increases in abundance are sometimes possible even when aspen constitutes only a minor component of the prior stand (Chen et al., 2009; Ilisson and Chen, 2009), as was the case in many pre-settlement forests. The presence of a few scattered individuals can effectively allow aspen to dominate a stand following a severe disturbance due to the persistence of a well-developed root system (Lavertu et al., 1994) and presence of seed trees. Given the extensive spatial distribution of aspen during the pre-settlement period (Figure 2A), an important increase in frequency and dominance probably occurred following fires via both sexual and asexual reproduction. Indeed, pre-settlement spatial distribution was clearly a key element in its post-settlement expansion.

In areas where aspen is absent, it can establish in certain stands by seeding following fires (e.g., Kay, 1993; Quinn and Wu, 2001) or mechanical clear-cutting (e.g., Landhäusser et al., 2010). Aspen seeds can be wind-dispersed over many kilometers (Perala, 1990; Turner et al., 2003), thereby allowing colonization of distant sites where good germination beds, particularly those characterized by a thin layer of residual organic matter (Johnstone and Chapin, 2006; Greene et al., 2007; Gewehr et al., 2014; Lafleur et al., 2015), and adequate soil moisture (Faust, 1936; Perala, 1990), are available. Colonization of new sites also can be facilitated by the fact that continuous recruitment can occur over several years following a severe disturbance (Quinn and Wu, 2001; Romme et al., 2005; Landhäusser et al., 2010). Once established, aspen seedlings can sucker from the age of one or two years (Day, 1944; Perala, 1990). Therefore, if a new severe disturbance such as a clear-cut occurred following establishment by seed, aspen would be able to expand its presence by suckering. Clear-cuts by mechanical harvesting that occurred after fires associated with the settlement period must therefore have allowed the aspen to maintain – indeed expand – its frequency and dominance by suckering (see Weir and Johnson, 1998; Laquerre et al., 2009).

Frequency and dominance variations in spruces, pines and balsam fir could also be explained by the occurrence of fires and cutting. Fire must have at least temporarily reduced the frequency and dominance of balsam fir and white spruce, given their dependence on living seed trees to recolonize burned sites (Galipeau et al., 1997), and the short dispersal distance of their seeds (Dobbs, 1976; Sims et al., 1990), resulting in a relatively slow recolonization following large, severe fires (Greene et al., 1999). White spruce establishment could also have been limited if fires occurred during years of low seed production (Purdy et al., 2002; Peters et al., 2005). Moreover, with the opening of the Abitibi Power and Paper mill in 1915, balsam fir, white and black spruce were targeted for harvesting (Vincent, 1995), which reduced the availability of seed trees; this likely limited their capacity to re-establish following fire. Mechanized harvesting also caused considerable direct and indirect mortality (i.e., via soil compaction) of advanced conifer regeneration (Harvey and Bergeron, 1989), again limiting the re-establishment capacity of these taxa. The decrease in frequency of pines in the region was largely the result of their harvesting to supply sawmills (Vincent, 1995).



Differences Between Surficial Deposits

Composition changes observed in the study region differed between types of surficial deposits. The transition from a spruce-fir dominance to an aspen dominance was more marked on the more productive sites, where the species mix was greater during the pre-settlement period. The increase in frequency and dominance of aspen occurred essentially on clays and tills (Supplementary Figures 1, 2), as observed in other studies undertaken in the region (Bergeron and Dubuc, 1989; Bergeron and Charron, 1994; Laquerre et al., 2009). These sites appear to be particularly sensitive to compositional changes following severe disturbances. Aspen regeneration following fire or harvesting is, in effect, generally strongly related to its basal area prior to disturbance (Graham et al., 1963; Greene and Johnson, 1999; Chen et al., 2009; Ilisson and Chen, 2009), and to site index in the case of harvesting (Frey et al., 2003). Moreover, stands dominated by balsam fir and white spruce are particularly vulnerable to transitioning toward aspen dominance following fire (Chen et al., 2009). As they occur in the boreal mixedwood forest, these types of stands are characteristically found on productive surficial deposits (Blanchard, 1949; Bergeron and Bouchard, 1984).

On organic deposits, aspen currently remains strongly under-represented (Figure 3), whereas spruces maintained their frequency and dominance (Supplementary Figures 1, 2). Organic matter thickness is recognized as the primary factor limiting the capacity of aspen to establish and grow, as much for sexual as asexual reproduction (Anyomi et al., 2013, 2014; Gewehr et al., 2014; Lafleur et al., 2015). Thick organic deposits can limit aspen presence by inducing low soil temperatures, high soil moisture and/or limiting access to the mineral soil (Van Cleve et al., 1983; Simard et al., 2007). A soil temperature of 8°C or less can inhibit sucker emergence (Landhäusser et al., 2006), while a temperature under 5°C can inhibit root growth and limit photosynthesis, water absorption and leaf growth (Landhäusser and Lieffers, 1998; Wan et al., 1999, 2001; Landhäusser et al., 2001). Soil water saturation is also known to limit initiation of aspen suckers (Schier et al., 1985; Frey et al., 2003) but does not appear to impact negatively on seed germination (Faust, 1936) or seedling growth (Landhäusser et al., 2003).

On sandy sites, pines (likely mostly jack pine) increased their dominance, presumably following fires in the decades of 1910 and 1920 (Lefort et al., 2003), whereas aspen remained under-represented (Figure 3 and Supplementary Figure 2). Aspen under-representation could be the result of high fire severities on these surficial deposits. The quantity of organic matter consumed during a fire is effectively a function of soil moisture (Johnson, 1992). Fires occurring on these dry deposits could therefore consume the organic matter to greater depths and consequently damage the aspen root system, thus limiting its capacity to sucker (Horton and Hopkins, 1964; Wang, 2003). Stands dominated by jack pine appear to be more resistant to composition changes following fires (Chen et al., 2009).



Consequences for Forest Ecosystem Management

Forest ecosystem management aims to maintain the principal attributes of ecosystems within the limits of natural variability (Sustainable forest development act, SFDA 2010, A-18.1, c. 3, s. 4). In this context, considerable effort should be deployed to restore conifer dominance in the region. The frequency of intolerant hardwood-dominated mixedwoods and pure intolerant hardwood stands has increased between the pre-settlement and modern periods (from 9 to 26% and from 2 to 32%, respectively), whereas conifer-dominated mixedwoods decreased (from 52 to 21%). Moreover, particular attention should be paid to several taxa, particularly aspen which is probably in expansion (sensu Grondin and Cimon, 2003). Aspen’s current frequency and dominance appear to exceed observable proportions relative to natural dynamics, given the large area burned during the settlement period compared to the previous era (Bergeron et al., 2001), and the additive effect of forest harvesting on its increase in dominance (Weir and Johnson, 1998). In addition, while survey data did not allow distinction of black and white spruce, the reduction of white spruce, an ecological issue identified in Quebec’s forest ecosystem management framework (Jetté et al., 2013), likely occurred in the study area. In effect, white spruce was particularly sought after by the forest industry during settlement. Its decrease in frequency would have been markedly important on clays and tills because it is known to grow on productive mesic to sub-hydric deposits (Blanchard, 1949; Bergeron and Bouchard, 1984). Particular attention also should be paid to eastern white cedar whose frequency was halved between the pre-settlement and modern periods.

The fire cycle (i.e., time needed to burn an area equivalent to the studied territory) has lengthened considerably over recent decades in our study region (Bergeron et al., 2001), and few large fires have been observed since the 1940s (Lefort et al., 2003). Over the long term, this should favor the return toward fire-sensitive conifer dominance in certain stands (Bergeron, 2000), although transitional trajectories are highly variable (Bergeron et al., 2014). The elongation in fire cycle should, however, negatively affect jack pine recruitment, although the species has some capacity to maintain itself in the absence of fire via non-serotinous cones (Gauthier et al., 1993). Certain pure stands of aspen could also present a particular problem to conifer revival; during the summer field season of 2016 (data not presented), numerous aspen stands were noted to have no seedling or sapling conifer regeneration. In these stand types, the delay in the return to conifer dominance could be extremely long and (under-) planting may be necessary.

In the context of climate change, a return to pre-settlement forest composition could however, be unrealistic if climatic conditions and the disturbance regime change beyond the limits of natural variability (see Boulanger et al., 2019). In our study region, climate change will likely induce an increase in fire occurrence which, nonetheless, should not exceed the limits of natural variability between now and the end of the 21st century (Bergeron et al., 2010). Finally, reduction in the differences in composition with the pre-settlement forest still appears to be relevant, but considerable effort should be devoted to the functional restoration of these ecosystems (Boulanger et al., 2019), notably on the fertile deposits that have been particularly susceptible to composition changes.
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