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Abstract: Northern boreal forests are characterized by accumulation of accumulation of peat
(e.g., known as paludification). The functioning of northern boreal forest species and their capacity
to adapt to environmental changes appear to depend on soil conditions. Climate warming is
expected to have particularly pronounced effects on paludified boreal ecosystems and can alter
current forest species composition and adaptation by changing soil conditions such as moisture,
temperature regimes, and soil respiration. In this paper, we review and synthesize results from various
reported studies (i.e., 88 research articles cited hereafter) to assess the effects of climatic warming
on soil conditions of paludified forests in North America. Predictions that global warming may
increase the decomposition rate must be considered in combination with its impact on soil moisture,
which appears to be a limiting factor. Local adaptation or acclimation to current climatic conditions
is occurring in boreal forests, which is likely to be important for continued ecosystem stability in
the context of climate change. The most commonly cited response of boreal forest species to global
warming is a northward migration that tracks the climate and soil conditions (e.g., temperature and
moisture) to which they are adapted. Yet, some constraints may influence this kind of adaptation,
such as water availability, changes in fire regimes, decomposer adaptations, and the dynamic of peat
accumulation. In this paper, as a study case, we examined an example of potential effects of climatic
warming on future paludification changes in the eastern lowland region of Canada through three
different combined hypothetical scenarios based on temperature and precipitation (e.g., unchanged,
increase, or decrease). An increase scenario in precipitation will likely favor peat accumulation in
boreal forest stands prone to paludification and facilitate forested peatland expansion into upland
forest, while decreased or unchanged precipitation combined with an increase in temperature will
probably favor succession of forested peatlands to upland boreal forests. Each of the three scenarios
were discussed in this study, and consequent silvicultural treatment options were suggested for each
scenario to cope with anticipated soil and species changes in the boreal forests. We concluded that,
despite the fact boreal soils will not constrain adaptation of boreal forests, some consequences of
climatic warming may reduce the ability of certain species to respond to natural disturbances such as
pest and disease outbreaks, and extreme weather events.
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1. Introduction

The boreal forest biome consists of a broad complex of forested and partially forested ecosystems
that form a circumpolar belt through northern Eurasia and North America (Figure 1), and which
account for about one-third of the earth’s total forested area [1]. Boreal forests cover about 9%
(~14 million km2) of the land area between 45◦ and 75◦ north latitude [1] and consist of a mosaic of
forests and wetlands that reflect the adaptations of different plant species to harsh climatic conditions
and a past history of natural disturbances. Boreal forests have been the subject of consequential
research in recent years due to their association with increased global greenhouse gas concentrations
(GHG; e.g., Carbon dioxide (CO2), Methane (CH4) in the atmosphere and for its potential to constitute
large carbon reservoirs, which may play an important role in the feedback between the global carbon
cycle and climate change [2]). These forests hold about one-third of global forest ecosystem carbon
stocks [3] and play a central role in global GHG dynamics [4].

The structure, health, productivity, and distribution of tree species and forest ecosystems across
boreal landscapes are mainly controlled by climate, soil conditions, relief, and biota [5]. Current climate
models predict that changes in temperature, which is commonly referred to as “global warming”,
and changes in precipitation (e.g., regional decreases or increases) are expected to be more pronounced
in northern boreal regions [6]. These conditions can cause serious tree-killing in the west of Canada
because of drought conditions; however, where precipitation is not a limiting factor, higher forest
productivity is expected and would result in a variable response due to rapid ecosystem changes
(i.e., changes in soil hydrology, permafrost degradation, more frequent fires, shrub invasions, increases in
peak productivity and growing season, enhanced carbon losses, and emissions of greenhouse gases,
among many others). For instance, Gauthier et al. [7] reported that by the end of the century (2071–2100),
annual mean temperatures in the Canadian boreal region are expected to increase by 3.3 to 5.4 ◦C,
relative to the period 1961–1990. This expected change will, over the long term, result in a spatial
redistribution of major forest composition and the potential loss of habitat for some important adapted
boreal species [8], which may be further complicated by human interactions or modifications of this
ecosystem [9]. In the boreal region, warmer temperatures may expand the growing season and increase
productivity [10], but that effect may not be sustained on sites where soil moisture is limiting [11]
and low topographic relief may lead to creation of peatlands and favor wetland species over other
forest species [12]. For example, under conditions of continued warming, in areas with drier soils and
adequate drainage, forests may migrate northward into areas occupied by tundra vegetation (e.g., if soil
moisture does not limit tree growth), which may lead to the replacement of certain forest species with
steppe communities [13]. Northern boreal forest peatlands are characterized by peat accumulation
(known as paludification). Two types of paludification are recognized on the basis of topography and
time since the last fire, viz., permanent paludification that dominates in natural depressions within
the landscape, and reversible paludification that occurs on flat or sloping terrain over time following
fire or mechanical site preparation. Many parts of the circumpolar boreal forest, including interior
Alaska, the western Siberian plain, and the Hudson Bay–James Bay Lowlands of Canada, are prone to
paludification, more particularly coniferous forests.

Most broadly, the vegetation of the boreal forest can be divided into latitudinal zones through boreal
landscapes with significant variation along this gradient due to a multitude of factors (e.g., soils and
drainage, nutrient availability, microclimate, fire history). Coniferous boreal forests are widespread
in the global boreal forest with black spruce (Picea mariana (Mill.) BSP), for instance, as one of the
dominant tree species of the boreal forests of North America [14,15]. Black spruce forests occupy
both upland and lowland peat bog sites and are well adapted to high soil moisture levels and cold,
poorly aerated peat soils with low nutrient availability [16]. These forests generate litter that is
relatively resistant to decomposition and, in the absence of severe fire, that promotes the formation of
a thick forest floor layer dominated by feather moss and sphagnum that immobilizes nutrients [17].
In the context of global climate change, black spruce forests are important because of the substantial
quantity of carbon accumulated in their soils, the occurrence of permafrost, and the close relationship
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between black spruce forest type and fire disturbance (e.g., [18,19]). Consequently, expected climatic
change in boreal forests [20] may accelerate decomposition rates of organic matter [6], increase soil
moisture [21], elevate soil temperatures [22], alter water balance [23], reduce the duration of snow
cover [24], degrade permafrost [25–27], and change in the frequency of wildfires [28,29]. Collectively,
all of these effects may increase the release of carbon stored in boreal soils and have a significant,
positive feedback on global warming through rising atmospheric CO2 and CH4 concentrations [30,31]).
However, the loss of organic carbon caused by these positive feedbacks may be partially or entirely
compensated by the gain in organic carbon stocks resulting from increased productivity or changes in
the soil conditions that could include both wetting and drying trends [6].

The response of paludified boreal forests to changes in temperature and precipitation is related to
complex interactions between soil, nutrient availability, water table level, soil biota, root respiration,
and, where present, permafrost [32]. For instance, peatlands will likely adjust to expected increasing
temperature through enhanced soil organic matter decomposition rates, which may make nutrients
more readily mineralized and available to plants [33]. A better understanding of the effects of
climate change on boreal forested peatlands soils is critical, since the functioning of boreal forest
tree species and their capacity to adapt to environmental changes appears to depend mostly on soil
conditions. The question that is addressed here is whether or not soil conditions (e.g., temperature,
moisture, and soil nutrients) could limit the adaptation of boreal plant species to climate change.
Consistent with the definition employed by Trainor et al. [34], “adaptation” is defined here as an
adjustment or acclimation in ecological systems in response to actual or expected climatic stimuli and
their effects or impacts. Thus, for the purpose of this work, the term adaptation does not refer to any
genotypic changes.Forests 2020, 11, x FOR PEER REVIEW 4 of 15 
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Figure 1. Global extent of the boreal circumpolar forest ((A): North American and (B): Eurasian) and
major vegetative cover according to the 2000 Global Landcover dataset (www-tem.jrc.it/glc2000/) and
modified after Bradshaw et al. [35].

The main goal of this work is to understand the effects of climate change on North America boreal
paludified soils. To this end, we reviewed and synthesize results from reported studies, as well as
analyzed studies showing modification of soil conditions as result of global warming and discussed the
potential of boreal forest species to adapt to soil conditions under climate warming. We further discuss
some processes (e.g., paludification, moisture dynamics) that will likely moderate or constrain the
ability of boreal forest species to adapt to changing soil conditions. To this end, this paper will analyze
the effects of climate warming on paludification processes in the Clay Belt region using different
hypothetical climatic scenarios within northern boreal forested areas of eastern North America.

In this review we focused on studies from North American boreal forested peatlands, but studies
from other forest regions or cold biomes were considered when they contributed to the understanding
of the process. These studies were performed on a variety of substrates under a variety of conditions,
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and have yielded different conclusions regarding the effects of climate warming on boreal soils.
We reviewed, analyzed, and synthesized 99 published studies that we extracted from different research
databases (i.e., SCOPUS, Web of Science, and Science Direct), and we explain in detail divergences
and convergences between reviewed studies. North American boreal forests, Boreal soils; peatlands,
adaptation; soil processes; soil warming experiments; climate change; precipitation; temperature;
paludification; and productivity were the main keywords used (i.e., single and/or combined) as
research criteria

2. Study Area and Boreal Forest Soils

2.1. Sudy Area

The boreal biome is the second largest biome in the world, and the circumpolar boreal
forest stretches across Sweden, Finland, Norway, Russia, Alaska, and northern Canada (Figure 1).
Twenty-two percent of the boreal forest is found in Russia (more than three-quarters in Siberia);
the remaining majority is split between five other countries: Canada, USA, Sweden, Finland,
and Norway (Figure 1). Some large areas of boreal forest are found in northern Mongolia and
northeastern China. For the purpose of this synthesis, we defined the study area as the North American
boreal forest that stretches across Alaska and Canada (Figure 1A).

2.2. Boreal Forest Soils and Classification

Boreal forests contain substantial amounts of organic carbon (~1700 Pg of C; [36]), which has been
accumulating since the last deglaciation (e.g., the retreat of the Laurentide ice sheet in North America,
6000 y BP, [37]). These soils represent one-third of the world’s soil organic carbon and are characterized
by relatively cool temperatures that limit soil microbial activity and, therefore, decomposition rates [38].
Organic carbon plays a major role in nutrient cycling; as a result, the characteristics and quantity of
organic layer input in soils both reflect and control soil development and, ultimately, the productivity
of boreal ecosystems. Boreal forests also have an acidic upper soil layer, low evaporation, and frequent
wet soil conditions, which tend to limit nutrient cycling [39]. In boreal forests, a variety of soil-forming
processes can be found (e.g., organic matter accumulation, leaching, gleying, podzolisation, and clay
mineral transformations). Among these, podzolisation is the most common soil-forming process [40],
and podzols are therefore the typical soils of boreal forests [41]. Podzolisation is a complex process or
number of sub-processes in which organic material and soluble minerals (e.g., commonly Fe and Al)
are leached from upper horizons (e.g., A and E) to the lower B horizon [42]. A detailed description of
podzolisation processes is provided in [43].

Boreal forest soils are generally young and have developed overt time on mineral substrates.
The composition of boreal soils commonly ranges from sand, loamy sand, and sandy loam soils
(typically moderately acidic to neutral) to silty loam and clay loam heavier soils. Boreal forest soils
that occur over bedrock are often of similar bedrock origin (e.g., granitic) and characterized by shallow
organic soils or more humus. The influence of topography on boreal soil properties can be more
important than other soil-forming factors such as time or parent material [44]. For instance, the flat
topography (e.g., low slopes) in the two major peatlands of the world (e.g., the Russian West Siberian
Plain and the Canadian Hudson Bay–James Bay Lowlands) illustrates the significance of this factor [45].
These low slopes lead to the important inference that such flat topography promotes the accumulation
of organic matter, forming a thick forest floor layer in these regions.

In general, one cannot expect to find a standardized nomenclature of soil horizons because the
boreal eco-region biome covers many countries that have their own systems of soil classification.
While several studies from North America have used different nomenclatures, soil layer descriptions
were occasionally very similar. According to the FAO’s international soil classification system
(IUSS Working Group WRB, 2015 [46]), the major soil orders in the boreal forest are Podzols, Cryosols,
and Retisols, which are mainly conditioned by climate; Gleysols, which are mainly conditioned by
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topography and physiography; and Histosols, which are conditioned by both climate, topography,
and physiography that promote the accumulation of organic materials. In this paper, we used the
Canadian Soil classification [47], which appears to better reflect soil decomposition processes (Table 1)
in the North American context.

Table 1. Soil horizon characteristics according to the Canadian Soil classification.

Soil Characteristics/Drainage
Conditions Horizon Features/Composition

Organic/
Well-drained

L Fresh organic residues, recognizable plant material, i.e., leaves,
on the surface of the forest floor.

F Decomposed plant material, i.e., roots, but the origins of plant
residues are still distinguishable.

H Humified plant material where plant residues are not
recognizable, with the exception of some roots or wood.

Organic/
Poorly drained

Of Fibric horizon where there are more roots and amorphous
material than moss detritus

Om
Mesic horizon where plant residues are partly

decomposed/amorphous. Intermediate decomposition between
Of and Oh.

Oh Humic horizon with highly decomposed organics,
amorphous and unrecognizable organics.

Mineral Ah Typically a brown silt loam, sometimes grading into sandy loam
or loam, occasionally with charcoal and/or rocks

This classification defines organic horizons as layers with more than 17% organic carbon by weight
(or more than 30% of organic matter). Organic horizons occur in organic soils or they may be present
at the surface of mineral soils. There are two groups of organic horizons: (i) those that are formed
in relatively well-drained conditions (LFH) and those that are formed in poorly drained conditions
(Of, Om, Oh). A mineral soil horizon (A) is generally formed underneath the organic soil surface and
contain less than 17% organic carbon by weight. Horizon Ah is the only mineral horizon included
in humus form classification. Ah is at least 0.5% more carbon than the inorganic carbon horizon of
the profile.

3. Expected Effect of Climate Warming on Boreal Soil Processes

The Intergovernmental Panel on Climate Change (IPCC; [20]) has arrived at the conclusion that
climate change is no longer a subject for debate. Climate change manifests its presence in many ways,
including increased temperature, together with changes in precipitation and precipitations trends.
Several studies reported that soil temperature is a major factor affecting organic matter decomposition;
consequently, global warming may accelerate decomposition processes (e.g., [48]), and the rates
of decomposition are linked directly to temperature and moisture or nutrient availability [49],
and indirectly to substrate quality [50]. Consequently, soil warming in boreal regions has the
potential to create a very large, positive feedback in the global carbon cycle [51] if not compensated by
increased forest productivity.

The effects of warmer climate on soil organic processes in cold biomes (e.g., from high latitude
or high altitudes) have been the subject of many studies with a variety of substrates and under a
variety of conditions (e.g., [52,53]). Yet, these studies have come to different conclusions regarding the
effects of warming on important ecological processes (e.g., decomposition and mineralization rates,
soil respiration, and soil moisture). Responses to soil warming have varied in the treated ecosystems
(e.g., cold biomes or temperate) [54,55]; therefore, soil warming experiments have produced equivocal
results. Most of these experiments showed that soil warming could increase litter decomposition,
as well as nitrogen and phosphorus mineralization [56]. In contrast, other authors found no significant
effects of warming on decomposition [54,57] or soil respiration [58]. Other studies found that litter
decomposition could even be reduced by soil warming; this effect was probably caused by increased
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drought in the litter [59]. A number of studies have found that respiration rate increases over the first
few years (i.e., 2–10 years), with no significant increases in the long-term [56,60].

4. Anticipated Forest Soils and Species Distribution in Response to Global Warming

One of the anticipated responses of boreal forests to global warming is the migration of tree
species to higher latitudes as climate and soil conditions to which they are adapted also change.
Will such forest movements be realized, as suggested by many Dynamic Global Vegetation Models?
Some vegetation models project that forests may eventually replace between 11% and 50% of tundra
under doubling atmospheric CO2 scenarios [61]. However, such migration is likely to be moderated
or constrained by many processes, such as soil formation and paludification, moisture dynamics,
local genetic adaptations, or topographic gradients, all of which have yet to be considered in most
models (e.g., [62]), seed dispersal capacity of some species, and natural disturbances and their increased
frequencies (i.e., wildfires and diseases outbreaks). The latter are not dealt with in this synthesis.

In the context of a warming climate, soil temperature and decomposition would likely increase
in upland areas of boreal forests where drying occurs as a result of drought and/or well-drainage.
For instance, a study [63] demonstrated that under a drier future climate, natural regeneration of
conifers could be significantly reduced in the southern boreal forest of western Canada. Therefore,
expected increases in boreal soil temperatures may shift boreal vegetation composition from coniferous
to deciduous tree species [64]. In addition, greater nitrogen mineralization for deciduous than
coniferous stands in both the mineral soil and forest floor of boreal mixedwood forests of northeastern
Canada was found [65]. As the rate of decomposition is higher in boreal deciduous forests because
of both litter and site conditions, this may further raise nitrogen availability, leading to increase
in productivity.

In a two-year in situ soil warming experiment (e.g., 2.3 ◦C soil heated plots using open-topped
chambers) conducted in boreal lowland peat bog forests where the water table is maintained,
soil warming was found to have little or no significant impact on soil organic matter decay [57].
Higher water tables would increase soil heat capacity, possibly protecting soil organic against
heterotrophic respiration [63]. Thus, climatic warming is expected to have a slight or no effect on
decomposition in these lowland areas, which in turn will not affect the adaptation of boreal tree species
to the elevated air temperature. Therefore, current soil conditions may persist for many decades in
response to increasing temperature and climate change. Similarly, Dabros and Fyles [57] stated it is
possible the threshold for changes in soil conditions required to significantly impact decomposition of
northern plant species is high enough (e.g., at least within the mixedwood boreal regions) that climatic
changes will have a slight or no impact on decomposition in the likely future.

In the context of climate warming, soil responses will likely also vary with site topography.
Boreal upland areas with rapid drainage may experience more droughts than lowland peat bog
areas, which could limit growth and forest productivity. For instance, a study [64] has found that
the effects of a 2001–2003 drought period on net ecosystem productivity at several boreal sites were
largely determined by topography. Ultimately, we believe that topography will play a major role
in determining microclimate, snow accumulation, growing season length, soil water availability,
as well as forest species distribution and adaptation across boreal landscapes. In areas of the northern
boreal forest, global warming may lead to higher soil and permafrost temperatures and possibly
the development of a deeper active layer [66,67]. As permafrost melts in the northern boreal forest,
exposed soil becomes increasingly saturated with water [68]. One particular consequence of increasingly
saturated soil, in the absence of high water demand of trees, is forest bogs and the process known
as paludification. Paludification is the accumulation of organic layer over time and is generally
thought to be caused by increasing soil moisture accumulation [45,69–71]. It reduces soil temperature,
decomposition rates, microbial activity, and nutrient availability [45]. This process creates wetter
conditions, which promote the growth of Sphagnum mosses [72] and the conversion of potentially
forested areas to large bog landscapes that are largely resistant to forest establishment and growth [69].
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If paludification occurs as a result of climate warming, boreal plant adaptation (movement toward
higher latitudes) will be constrained by predicted changing soil conditions. Indeed, Crawford et al. [69]
suggested that paludification may lead to a retreat rather than an advance in the northern limit of the
boreal forest, contrary to general expectations. This suggestion was corroborated by another study [73],
who reported that climatic warming may result in a retreat southwards of the boreal forest due to
increased northerly bog development. However, the progression of forest changes within regions of
discontinuous permafrost regions of Canada will be highly variable and potentially linked to local
topographic variation induced by permafrost. As characterized by the conceptual models of [74],
black spruce forests rise above flooded bogs and fens on peat plateaus underlain by ice-rich permafrost.
Melting of permafrost results in subsequent subsidence of the elevated plateau causing inundation
of the forest within the permafrost free bog or fen. In the southern regions where permafrost is no
longer present, if drainage of the landscape has occurred there is evidence of forest regrowth in former
bog locations [27]. These changes suggest various cycles of boreal forest loss and regrowth are highly
dependent on the hydrologic functioning within the local environment.

The issue of paludification as a possible consequence of climatic warming and its effects on boreal
soils must be further examined (e.g., [69–71]). Therefore, we believe the question of whether or not
global warming will cause northern boreal forests to become paludified, together with the projected
magnitude of this process, should be a high research priority. To this end, the potential effects of
climate warming on paludification processes in the Clay Belt region are discussed hereafter through
different hypothetical climatic scenarios.

5. Potential Effects of Climate Warming on Paludification in the Clay Belt Region

The Clay Belt region forms part of the Hudson Bay–James Bay lowlands of boreal eastern
Canada. In this region, the mineral substrate is mostly composed of clay deposits resistant to water
penetration that were left by pro-glacial Lake Ojibway [75], and which generally has flat topography
(e.g., plains broken by gentle undulations or ridges; [76–78]). The location of these deposits promotes
the accumulation of organic layer and landscape paludification [45,76,77] as well as an increase in
water availability. The latter is related to precipitation (P) exceeding evapotranspiration (ET). In this
region, a positive hydrological balance (e.g., P minus ET plus runoff) is critical for the initiation of peat
formation and thus, paludification), especially in forested peatlands.

According to Canada’s changing climate projections [79], summer temperature and precipitation
are expected to increase in the Clay Belt region by 1–5 ◦C and 20%, respectively. For this region,
projected annual mean temperature, precipitation, and maximum annual potential evapotranspiration
were projected to increase by 4.7 ◦C, 15%, and ~12%, respectively, for the period 1951–2099 [80].
Based on many model scenarios we have a rather accurate prediction of future warming trends for the
region [81]; however, much uncertainty regarding precipitation and evapotranspiration projections for
the Clay Belt have also been identified, which might due to insufficient data to provide reliable and
accurate precipitation trends [20].

Within the context of this study, we analyzed the effects of climate warming on paludification
processes in the Clay Belt region for one temperature scenario (e.g., increase) and three precipitation
scenarios (e.g., increase (S1), decrease (S2), or unchanged (S3)) (Table 2). To do so, we formulated
the following questions: (i) how does paludification change across the Clay Belt landscape under
climate change? (ii) Given these changes in paludification amplitude, should we also expect to
see changes in vegetation composition? (iii) Finally, what would be the relative effects in future
silvicultural treatments?
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Table 2. Response of paludification to predicted climate change under three different scenarios (S1–S3)
in the Clay Belt region, expected vegetation changes, and proposed silvicultural treatments.

Scenarios
Site Response Vegetation

Changes †
Silvicultural
Treatments ‡Indicators Paludification

S1: ↑T & ↑ P ↑ ET & WTL = = or slightly favored BS + MW + WS TC + PB

S2: ↑T & ↓P
↑ ET & ↓WTL
↑ decomp. rate

↓ Sphagnum growth

↓ & ↑ soil nutrient
availability AS + JP + WS TC + PC + Rep.:

JP, WS, Po

S3: ↑T & P =
↑ ET & ↓WTL
↑ decomp. rate

↓Sphagnum growth

↓ stands prone to
paludification AS + MW + BS TC + PB + Rep.:

JP, WS, Po

T = Temperature. P = Precipitation. ET = Evapotranspiration, WTL = Water-table level. Increases are indicated by
↑, decreases by ↓, unchanged by =, and significant increases and decreases by bold ↑and ↓, respectively. † Expected
vegetation changes: BS = black spruce; MW = Mixedwoods, WS = White spruce; AS = Aspen; JP = Jack Pine; Po = Poplar.
‡ Suggested silvicultural treatments for climate change mitigation: TC = Total clear-cutting, PB = Prescribed burn;
PC = Partial cutting, Rep. = Replanting.

5.1. The Anticipated Effects on Paludification and Related Changes in Vegetation

The first scenario S1 will show greater precipitation that offsets increased evapotranspiration (ET)
in forested peatlands. We believe that this scenario should not lead to significant soil moisture content
alterations, an increase in ET and, consequently, water-table level (WTL) would be maintained, and peat
accumulation should remain unchanged or be favored. As a result, currently existing paludified
sites may persist indefinitely in response to climate warming and in the absence of fire. Under such
conditions, mixedwood (MW) and white spruce (Picea glauca (Moench) Voss) will eventually replace
black spruce (BS) in upland areas, while black spruce stands will likely remain dominant in lowland
areas [82] or degrade into forested bogs or open peatlands. Under this scenario there is a possibility
that increased precipitation will compensate for increased ET in a warmer climate. However, a recent
study by Helbig et al. [83] suggested that there may not be enough precipitation to outpace with the
rate at which peatlands are losing water because of increasing temperatures.

In the second scenario S2, soil moisture content in forest peatland is expected to undergo significant
alteration, with a much lower WTL and higher ET. Consequently, this would result in an increase
in organic matter decomposition, a reduction in sphagnum growth and, therefore, a decrease in the
abundance of paludified sites in the Clay Belt. Such conditions may result in excessive soil moisture
stress and conversion of peatland forested sites to aspen (Populus tremuloides Michx.) (AS) and white
spruce (WS) dominated forests. This scenario is expected to lead to an increase in forest productivity.

The third scenario S3 is the reference scenario but with increased temperature combined with
unchanged precipitation. This scenario increased ET and decreased WTL, but with lower intensity
than S2. As a result, the thick organic layers are expected to dry out and bring about a decline in
sphagnum growth within stands that are prone to paludification. Consequently, mixedwood and
white spruce will eventually replace black spruce-dominated sites in lowlands and dry, well-drained
uplands, respectively.

5.2. Silvicultural Treatment Changes under the Three Scenarios

Given the expected paludification response (i.e., maintaining, adaptation, reversing) to climatic
scenarios, we revisited the different silvicultural treatments in regard to the vegetation composition
changes following the three scenarios (Table 2). For S1 and S3, summer clear-cut (TC: total clear-cutting)
and prescribed burning (PB), when combined with appropriate site preparation that removes the thick
organic layers, will have the potential to reduce or reverse paludification and consequently increase
site productivity [45,84]). However, we believe that this is a problematic scenario for climate change
mitigation that would result in lots of carbon emissions. From an industrial perspective, partial cutting
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(PC) is much more expensive than TC. However, TC offers an open sun-exposed habitat that would be
favorable to sphagnum growth [85] and increasing the rate of paludification [73].

Under scenario S2, nutrient availability should increase (e.g., nitrogen) because of enhanced
decomposition rates and dry conditions in the thick organic layers. In this case, silvicultural treatments
such as TC and PC followed by site replanting with non-N-limited boreal species that are adapted
to dry soil conditions and shade intolerant (e.g., poplar, birch (Betula papyrifera Marshall), jack pine
(Pinus banksiana Lamb.) (JP), WS) should be more appropriate in the context of reversing paludification.

Under the three scenarios, precipitation is likely to play a major role in the Clay Belt boreal forest.
For the 21st century, increased precipitation (e.g., ~15–20%) would likely increase peat accumulation in
boreal forest stands that are prone to paludification and facilitate the expansion of forested peatlands into
upland forests, while reduced or unchanged precipitation levels combined with increased temperatures
(e.g., ~4.7 ◦C) would most probably favor development of forested peatlands towards upland boreal
forests [70].

6. Will Soil Conditions Limit the Adaptation of Boreal Ecosystems to Climate Change?
Concluding Synthesis

6.1. Boreal Ecosystem Response to Climate-Induced Changes

Expected climatic warming in boreal forests can clearly alter processes in soils by changing
forest composition, vegetation uptake rates, soil conditions, moisture and temperature regimes,
and soil microbial activity. Several studies in the literature have shown that these alterations in
soil conditions often led to increases in CO2 emissions [30,31,60,61] and greater nutrient availability
(e.g., N and P) [16,45,49]. Warming may affect microbial abundance and biomass as well in different
ways and will depend on soil conditions (e.g., drier upland vs. wetland boreal ecosystems). It is also
apparent that soil responses to warming can be highly variable and will depend on site conditions.
The extent and magnitude of warming on boreal soil conditions will depend on soil types and site
(e.g., permafrost sites), with strong regional differences. In addition, some of the variability among
results reported in published studies could have arisen from differences in methods used and sampling
designs. Indeed, many of the warming soil studies reported in the literature have been short-term,
usually less than three years duration with an emphasis on the first year or two [56,60]. Because some
impacts on soil could be prolonged or delayed for many years, long-term warming experiments in
boreal forests are necessary to evaluate transient responses, to determine longer-term trends, and to
give the boreal ecosystem the time necessary to respond to climate-induced changes. Indeed, a number
of soil warming studies found that the respiration rate increased over the first few years, but there was
no significant increase in the long-term.

6.2. Effects in Future Silvicultural Treatments in the Context of Expected Changes of Paludification under the
Three Selected Scenarios

Most of the reviewed studies indicated or inferred that, under soil warming conditions,
boreal forests may respond positively to increased CO2 levels and temperature, provided that water does
not act as inhibitor at high and low levels. The most frequently cited response of boreal forest species
to global warming is northward migration to track soil conditions (e.g., temperature and moisture)
to which they are adapted. Yet, some constraints may influence this kind of adaptation (migration),
such as water availability, changes in fire regimes, decomposer adaptations, and paludification.
Precipitation played a major role in the potential paludification response. Given the expected climate
change in the study region, where precipitation is expected to increase, we believe that S2 appears the
least probable outcome. Summer clear-cut harvesting and prescribed burning followed by appropriate
site preparation have been suggested for the more probable scenarios S1 and S3. Partial harvesting
followed by site replanting with adapted boreal species to dry soil conditions is suggested as well [86].
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Because climate change is expected to be more pronounced in boreal regions, efforts to maintain
or enhance the ability of boreal forests to adapt to climate alterations are essential. An overview of
possible approaches for adapting forests to climate change has been provided in [87,88].

The growing demand for wood products is expected to increase pressure to harvest sites that
are undergoing paludification in the Clay Belt region. We believe that forest management practices
should be planned in context with forest adaptation to expected climate changes, and eventually
under one of the more probable scenarios (S1 or S3). Recent studies by Laamrani et al. [75–77,89]
have demonstrated that, in order to maintain or improve forest productivity in the Clay Belt region
under current conditions, management strategies should focus on sloping sites rather than on almost
flat sites (≤2%) that are associated with deep organic layers. The latter are often not suitable for tree
plantations [90], provide few ecological or economic motives to manage soils with low slopes [91],
and are expected to limit the use of equipment that would be required for mechanical site preparation
and harvesting within the highly paludified areas [92–94]. We believe that these studies, for instance,
can be used for defining promising areas where efforts and investments should be made to obtain
higher soil carbon storing and planting and where structure and biodiversity of paludified forests can
be preserved.

Although this analysis was an attempt to predict paludification responses through three
hypothetical scenarios for the Clay Belt lowland region, some site-specific features such as topographic
depressions with higher peat accumulations [95] should be taken into consideration in the anticipated
response. Further research is needed to (i) improve these predictions (e.g., quantitative relationships
between precipitation and ET) for a better understanding of the impact of climate change on boreal
forest stands prone to paludification. (ii) Incorporate other influential factors in peatland formation
such as deposition of dust and pollutants and fire [96,97], and most importantly the roles of human
interference as future development that will certainly stress the peatlands including paludified areas.
We believe that human impacts on such sensitive areas can even overwhelm the effects of the climate
and contribute to drying peatlands, which can lead to releasing stored carbon and contributes to further
warming [83,98]. (iii) Explore in detail real climate-induced changes in species diversity, mosses and
shrub abundance, and aboveground vascular plant biomass both in Canadian boreal upland and
peatland forested regions.

Finally, despite the fact that boreal soils are not expected to constrain adaptation of boreal forests,
some consequences of climatic warming may reduce the ability of certain species to respond to natural
disturbances (e.g., pest and disease outbreaks, and extreme weather events). Under such conditions,
a study [99] predicted a greater extinction risk for a number of species and, given the rapid rate at
which climate change is expected to occur, greater pressure for many other species to adapt to their
new northern soil conditions.
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