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* Increasing fire activity is reshaping post-disturbance landscapes in boreal forests.

»  Post-fire sites offer new opportunities for introducing climate-resilient tree species.

»  Fire can improve or impair site conditions for forest regeneration.

»  Assisted migration of tree species may enhance reforestation success after severe wildfires.
*  Research on post-fire regeneration of introduced species remains critically limited.

Climate change is intensifying fire regimes in boreal forests, leading to ecological disruption
and raising concerns about forest resilience and post-disturbance recovery. Altered fire dynamics
creates novel opportunities for implementing adaptive silviculture for climate change, including
assisted migration, the intentional movement and establishment of tree species or tree populations
outside their current range of distribution to better match anticipated future climates. Here, we
examine how the increasing frequency, severity, and spatial extent of Canadian boreal wildfires
can serve as strategic windows for introducing climate-resilient tree species and genotypes. We
review how fire influences the availability and suitability of post-fire sites for assisted migration,
highlighting how fire-induced changes in soil abiotic and biotic properties may facilitate or hinder
the establishment of relocated tree species. While fire can simplify site preparation, reduce biotic
competition, and temporarily enhance soil nutrient availability, it may also degrade soil structure
by consuming or altering soil organic matter and increasing soil susceptibility to erosion and dis-
rupt essential mycorrhizal associations. We argue that assisted migration of tree species can be a
proactive silvicultural tool when used in areas with regeneration failure or where future climate
conditions are likely to exceed the tolerance limits of native species. Whilst scientific evidence
remains limited on the regeneration success of migrated species and genotypes in post-fire envi-
ronments, we argue for an integrated adaptation strategy that combines natural regeneration with
targeted assisted migration interventions, guided by local site conditions, genetic considerations,
and policy support, to build resilient boreal forests under changing disturbance regimes.
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1 Introduction

Global warming is now a reality, bringing significant social, economic, and ecological disruptions.
Despite efforts to limit warming to 1.5 °C, some tipping points may still be reached, as emissions
from hard-to-mitigate sectors will persist (Abrams et al. 2023). Evidence of climate change on
forest fire regimes is increasing worldwide. In Canada, ca. 17.2 million hectares burned in 2023
(CIFFC 2023), followed by 5.4 million hectares in 2024, far above the average of 2.5 million
hectares/year (NRCan 2024). Mega-fires >100 000 hectares are more common, with over 29 such
events recorded in Canada in 2023. The record-breaking area burned in 2023 resulted from only
~7100 fires, whereas ~10000 fires were responsible for burning just half as much area in 1989
(Macdonald and Gauthier 2025).

Under climate change, boreal forests are expected to lose more area due to fire compared to
temperate forests (Boulanger and Puigdevall 2021). This is partially due to the Arctic amplification
effect, where higher latitudes undergo a greater temperature rise than the global average (Previdi
etal. 2021). Fire activity is likely to increase in western Canada, whereas eastern regions may see
more stable fire occurrences due to changes in the hydrological cycle (Coogan et al. 2021).

Fires play a key role in boreal forest regeneration by enabling tree seed dispersion from
serotinous/semi-serotinous cones (Lamont et al. 2020), replenishing soil nutrients, favoring seed
germination, reducing competition and preparing a favorable seedbed. However, while fire occurs
naturally in many ecosystems, the relationship between climate change and fire regimes introduces
uncertainties for forest health and resilience (Gauthier et al. 2015). Once considered stable carbon
sinks, boreal forests are now switching to net carbon sources, including the Canadian boreal, mainly
due to altered fire dynamics (Zhao et al. 2021).

Assisted migration (AM) involves the human-facilitated movement of species or genotypes
from one location (or habitat) to another as a means to cope with changing environmental condi-
tions such as those brought on by climate change (Aitken and Whitlock 2013). In the context of
adaptive silviculture for climate change, this approach aims to aid tree species unable to shift at a
rate sufficient to track shifting climatic niches. Trees, being stationary organisms reliant on seed
dispersal to shift, are more vulnerable at their distribution range peripheries, where more extreme
environmental conditions limit their survival (Padullés Cubino et al. 2024). New dynamics of forest
disturbances under climate change will exacerbate these extremes, thus leading to new ecosystem
trajectories in boreal ecosystems (e.g., favoring of temperate deciduous tree species in its southern
regions) (Nayomi et al. 2022).

Assisted migration of tree species is increasingly framed as a strategy to maintain ecosystem
services in boreal forests and elsewhere while supporting conservation and forestry objectives
(Thiffault et al. 2024). In this paper, we argue that increased fire activity in Canadian boreal eco-
systems presents a challenge for resilience, but also a critical opportunity to accelerate the imple-
mentation of AM of tree species, as part of adaptive silviculture for climate change. We explore
how fire: (1) reshapes site availability and suitability, and (2) creates an opportunity for aligning
post-fire reforestation with AM strategies. These complex interactions are synthesized in Fig. 1,
which illustrates the intersecting roles of climate change, wildfire regimes, and boreal dynamics
in shaping opportunities for AM of tree species (Fig. 1).
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Fig. 1. Conceptual framework illustrating the interacting roles of climate change, wildfire regimes, and boreal forest
ecosystems in shaping opportunities for assisted migration. Each circle represents a major driver of forest change,
with overlapping zones identifying key consequences (zones 1 to 6) and the central intersection (zone 7) representing
the opportunity space for implementing assisted migration strategies. Arrows indicate reinforcing feedbacks between
drivers, which contribute to altered disturbance dynamics and ecosystem responses.

2 Fire and site availability for assisted migration of tree species

Asignificant increase in the number and size of wildfires worldwide, including the Canadian boreal
forest, is anticipated under climate change (Grillakis et al. 2022). In addition to the recent mega-
fires, fire disturbances could become 10 times more frequent by the end of the century under a
medium-high GHG emissions scenario (Jones et al. 2024). Rising temperatures, prolonged droughts
and extended warm seasons contribute to tree mortality, increasing the amount of available fuel
(Matusick et al. 2018), although frequent fires may also reduce fuel loads and thus lead to less
frequent and intense fires over time (Janssen and Veraverbeke 2025). High-intensity fires (releas-
ing much energy as heat) have greater severity, which means more extensive tree mortality (Rossi
et al. 2020) and possibly reduced organic-layer depth (Greene et al. 2007). Whereas prolonged
droughts enhance fire intensity, cooler/wetter conditions mitigate it (Dong et al. 2021). Human
activity also influences fire regimes through ignition, suppression, and prevention measures (e.g.,
prescribed burning) (Hunter and Robles 2020). As a whole, the annual area burned is projected
to rise, although regional variations are expected due to changes in weather, fuel availability and
even topography (Finney et al. 2021).

The increasing extent of burned landscapes is expected to create new opportunities for AM
efforts. With increasing fire frequency and severity, regeneration failures of common tree species
are anticipated to rise (Boucher et al. 2020). Forest regeneration, whether natural or through human
intervention, is increasingly at risk. Thus, large-scale reforestation efforts (i.e., through planting or
seeding) may be required to maintain forest landscapes and meet management objectives (Thiffault
etal. 2025). Hence, land suitable for AM of tree species will not only become more abundant, but
will also be available across larger spatial scales. Mega-fires are expected to create extensive areas
where large-scale AM projects can be deployed, thus aligning with forest management planning,
which is done at large spatial scales and over long periods (Zou et al. 2024). In Canada, forest
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management typically occurs on public lands under long-term, spatially explicit forest management
plans that integrate silvicultural treatments, harvest scheduling, and regeneration objectives. These
plans often cover decades and emphasize both timber production and ecological sustainability,
providing a framework that can accommodate AM strategies at operational scales (Wotherspoon
et al. In press).

Fire amplification effects will be more important in the higher-latitude boreal and temperate
forests (Cunningham et al. 2024). Fire intensity and prevalence will more largely increase in these
forests, meaning that long-distance AM may be necessary due to rapid shifts in climatic niches.
Lower-latitude forests, however, may require strategies that focus more on altitudinal AM. Several
AM approaches are possible for tree species, i.e., population migration, range expansion and species
migration which are respectively movements (1) among seed zones within existing range limits,
(2) at or just beyond existing range limits, and (3) well beyond existing range limits. Regardless
of the specific approach, increasing fire activity will expand options for the deployment of AM
programs for tree species. Large post-fire openings will create more suitable sites for establishing,
through planting and sowing, tree species and genotypes better adapted to future climatic condi-
tions, particularly in areas where natural regeneration is uncertain. Thus, AM of tree species is one
potential response to the upcoming challenges that wildfires pose to maintaining productive forests.

3 Fire and site suitability for assisted migration of tree species

The impact of fire on soil varies depending on soil type and fire intensity and severity (thus affecting
combustion completeness), as well as past disturbance history, fuel type, topography and post-fire
precipitation patterns (Agbeshie et al. 2022). Low-intensity fires promote ash deposition, which
contains nutrients such as Ca**, Mg?" and K", thereby increasing their availability for plants, includ-
ing tree seedlings (Zhang and Biswas 2017). The release of base cations also increases soil pH, as
they displace acidity (e.g., H*, AI**) from exchange sites. This alkalinity increases cation exchange
capacity (CEC) and P and N availability (by affecting microbial activity, which is influenced by
pH) (Neina 2019). Charcoal and organic matter addition after fire can also increase CEC, and soil
microbial activity can be triggered by a heat-induced change in the lability of carbon inputs, as
well as a change in the soil C:N ratio (Eckdahl et al. 2023). However, alkalinization and nutrient
enrichment are transient and mainly localized to surface soils (Reid and Watmough 2014).

Fire can also lead to the oxidation and volatilization of growth-limiting nutrients in the boreal
forest, such as N and P, and the destruction of soil organic matter (Agbeshie et al. 2022). This
decreases soil productivity and structure over time. High-intensity fires can also cause mortality of
soil microorganisms, particularly fungi, thus affecting nutrient cycling (Nelson et al. 2022). Bacteria
can recover quickly, but fungal recovery takes longer and may be incomplete (Prendergast-Miller et
al. 2017). This shift in microbial composition can temporarily enhance N availability, but there are
long-term implications for ecosystem stability (Wang et al. 2012). Severe fires can also potentially
degrade soil structure by destroying organic matter and thus lead to erosion (Mataix-Solera et al.
2011). The formation of hydrophobic layers during fire can increase surface runoff and erosion in
some forests, but this is less common in boreal landscapes due to organic-rich and moist soils as
well as moderate fire temperatures. In severely burned sites, changes include loss/alteration of soil
organic matter, and reduction of essential nutrients, which may impair seedling establishment and
long-term forest recovery. The transformation of soil organic matter into pyrogenic compounds
may also reduce microbial activity and affect nutrient cycling (Jiménez-Morillo et al. 2020).

The extent to which these fire-induced changes in soil properties aid or harm post-fire
regeneration of tree species potential depends on fire characteristics and the local soil and environ-
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ment. Fire can also possibly facilitate the establishment of tree species and genotypes, not just by
improving soil quality, but also by removing competing vegetation and thus, creating pathways that
are favourable for the next tree cohort (Dawe et al. 2022). A key challenge in AM will be to select
appropriate tree species and genotypes according to climate and soils (MacKenzie and Mahony
2021). The success of relocated tree species depends on matching their ecological requirements
with the conditions of the host environment (Williams and Dumroese 2013).

Assisted migration may offer an opportunity to introduce such climate-resilient tree popula-
tions to sites where natural regeneration is likely to fail. Species such as eastern white pine (Pinus
strobus L.), northern red oak (Quercus rubra L.), red pine (Pinus resinosa Sol. ex Aiton), and white
oak (Quercus alba L.), native to more southern forest regions in Canada, may be suitable candidates
for AM into boreal landscapes affected by high-severity fires, due to their tolerance to drought,
nutrient-poor soils, and fire disturbance (Swanston et al. 2016). Other tested species for AM that
have shown positive results include whitebark pine (Pinus albicaulis Engelm.), southern genotypes
of trembling aspen (Populus tremuloides Michx.) and white spruce (Picea glauca (Moench) Voss)
(e.g., Casmey et al. 2022). High-severity fires could even create potentially favourable condi-
tions for nutrient-sensitive species such as sugar maple (Acer saccharum Marshall), yellow birch
(Betula alleghaniensis Britton), or American beech (Fagus grandifolia Ehrh.) (Collin et al. 2017).
However, such efforts must be informed by site-specific constraints and the ecological traits of
potential candidate species. Some negative outcomes may hinder tree regeneration, particularly
where mycorrhizal associations are essential for nutrient uptake and thus, seedling establishment
(Bennett et al. 2017). In addition to selecting tree species and genotypes adapted to emerging post-
fire conditions, using seedlings with mycorrhizae-inoculated roots is thus one approach that could
enhance regeneration success. Silvicultural trials are beginning to explore how different manage-
ment systems interact with forest AM (Thiffault et al. 2024), but long-term data on regeneration
pathways and successes are still needed to guide effective deployment strategies (Thiffault et al.
2025). This could enhance forest stability and ecosystem function by ensuring that regenerating
stands are better adapted to future climate stressors, including warmer temperatures, prolonged
droughts, and changing soil microbial communities and nutrient availability.

A critical operational challenge for AM at the scale required after high-severity fires is
the availability of appropriate seed sources. Large fires can affect tens of thousands of hectares,
requiring rapid access to genetically suitable and climatically adapted reproductive material. In
Canada, seed for reforestation is typically sourced either from seed orchards or collected from
natural stands within established seed zones (Pedlar et al. 2012). However, current seed production
capacity may not be sufficient to support large-scale implementation of AM, particularly for tree
species outside their historical range. Also, planning of seed collection and storage can be com-
plicated by species that exhibit specific mast-year seed production cycles. Strategic investments
in seed supply infrastructure, including new orchard establishment, improved access to wild seed
sources, and forward-looking seed planning, are essential research and policy priorities to support
climate-adaptive reforestation strategies (Wotherspoon et al. In press).

Since most wildfires occur independently of human intervention, they eliminate, at least in
part, the ecological or social concerns associated with removing native species to create space for
AM efforts for trees, especially if natural regeneration is compromised. However, for other sites
where natural regeneration is expected to be successful, a decision must be made between allowing
regeneration of local species or introducing new ones that will be better suited to future climatic
conditions. Other biotic interactions that play a role in determining whether relocated species can
integrate successfully without disrupting the existing ecosystem must also be considered, such as
potential predation (animals and insects) and diseases (Kracke et al. 2021).
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4 Final thoughts on the possibility of a coherent adaptation strategy

Recent large-scale fires in the boreal forest raise a key question: can post-fire landscapes be
leveraged to accelerate the implementation of AM strategies for tree species? The answer is not
straightforward. As illustrated in Fig. 1, the convergence of altered fire dynamics, environmental
stress, and climate pressures creates a multi-dimensional opportunity space for implementing AM
of tree species. However, while fire can simplify site preparation and improve soil quality in the
short term, it also introduces variability and unpredictability in post-disturbance conditions. Fire
thus acts as both a catalyst and a constraint for AM deployment.

Fire creates a temporal and spatial window to introduce new species or genotypes without
displacing established native vegetation, hence mitigating ethical concerns often associated with
AM (Kracke et al. 2021). However, where natural regeneration of tree species is expected to suc-
ceed, a decision must still be made between allowing natural recovery and actively favouring tree
species better suited to future climatic conditions. At the same time, AM strategies for tree species
must navigate climate-related constraints, such as mismatches in phenology, spring frost risk, and
photoperiod sensitivity (Ren et al. 2020). Mixed results from AM experiments for tree species
such as sugar maple or oak reflect this complexity in the Canadian boreal forest (Kellman 2004).
Provenance-based approaches, such as the migration of southern seed sources of white spruce or
hybrid spruce (P. glauca * P. engelmannii), have demonstrated success in improving survival and
growth under changing conditions (e.g., Casmey et al. 2022).

Assisted migration of tree species offers opportunities to match planting material to altered
soil conditions, either by selecting genotypes pre-inoculated with compatible mycorrhizae or by
favouring species with greater adaptability to soil disturbance (Bennett et al. 2017). Moreover,
fire-driven mortality of overstory trees can reduce biotic competition and facilitate colonization
by planted species, a phenomenon observed in initial succession following wildfire (Dawe et al.
2022). Despite this, regeneration pathways using AM tree species and genotypes under post-fire
conditions remains largely undocumented.

Ultimately, fire reshapes both the urgency and the opportunity space for AM in the boreal
forest. Leveraging this disturbance requires integration with silvicultural decision-making and
forest policy. A hybrid strategy may be needed, supporting natural regeneration where viable,
while introducing AM material in areas of high severity or uncertain recovery. Doing so aligns AM
with climate-informed reforestation efforts (Cyr et al. 2022), while contributing to the long-term
resilience of boreal forests in an era of increasing fire disturbance.

As fire activity intensifies in boreal regions, we thus argue that post-fire landscapes are
emerging as strategic entry points for AM of tree species. These disturbances offer not only
ecological conditions favourable to establishment but also a social and operational rationale for
accelerating intervention. Fig. 1 provides a conceptual foundation for guiding such integrated
responses to climate and disturbance-driven forest change. Assisted migration of tree species,
when deployed thoughtfully alongside natural regeneration, can help align reforestation with future
climatic realities. However, because empirical evidence remains scarce on regeneration outcomes
of climate-adapted species and genotypes in post-fire environments, research and policy must
converge to evaluate these pathways at the operational scale (Wotherspoon et al. In press). Doing
so would position AM of tree species not as a last resort, but as an integrated, proactive tool for
climate-adaptive forest management.
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