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As the Anthropocene tightens its grip on the world, forests are facing escalating disturbance rates, tree mortality, degradation and risks of catastrophic collapses. A popular and controversial proposition is to enhance forests’ response diversity by adding novel tree species with missing functional traits through forest assisted migration (FAM). Beyond tests of the survival and growth of southern species or provenances in colder regions and studies of the socio-ecological challenges facing FAM, little interest has been paid to the silvicultural system for FAM implementation. Yet, the topic could influence its biological success, social acceptability, and economic feasibility. For example, southern light-intolerant tree species introduced into northern uneven-aged forests may experience a lack of light availability. Likewise, implementing FAM in clearcuts raises social acceptability issues. The patch-cut system combines advantages of even- and uneven-aged systems useful for FAM; however, perhaps due to the difficulty of its operationalization, it is rarely used. We propose a new way to implement the patch-cut system, enabling from the get-go to plan the location and timing of treatment of each patch in a stand. We discuss the advantages that this revisited patch-cut system presents for FAM: (i) the testing of various planting environments, (ii) easy monitoring in an adaptative management context where each patch is a replicate of a repeated-measure experiment and (iii) low intensity planting for efficient future dispersion of species adapted to a changing climate. We end with a call for the development of an international network of FAM trials within the revised patch-cut system.
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1 Introduction

As the Anthropocene tightens its grip on the world, our natural ecosystems are facing escalating disturbance rates (Ellis, 2011; Worm and Paine, 2016; Nyström et al., 2019; Folke et al., 2021; Anderegg et al., 2022). Forest health and functioning are particularly affected by the rapidly mounting direct and indirect impacts of climate change along with invasive pests, diseases, and exotic species. Numerous scientific papers indicate rising levels of tree mortality, forest degradation and forest disturbances around the world (Trumbore et al., 2015; Seidl et al., 2017; Hartmann et al., 2022; Patacca et al., 2023). Others report increasing risks of catastrophic collapses of forest ecosystems and functions (Lindenmayer et al., 2016; Silva Junior et al., 2020; Canadell and Jackson, 2021; Forzieri et al., 2022; Parisien et al., 2023).

An increasingly popular and controversial proposition is to enhance the overall response diversity of natural ecosystems such as forests (Mori et al., 2013; Walker et al., 2023) by adding novel tree species with specific key missing functional traits (Mouillot et al., 2013; Messier et al., 2019) to the ecosystem to bolster the forest’s resilience and adaptation to future novel climates and other biotic threats. Forest assisted migration (FAM) is such a tool and has emerged as a burgeoning field of study. FAM consists of favoring the establishment of new species in forests within or at varying distance from their current range (Williams and Dumroese, 2013).

While the concept of FAM has been scrutinized (Neff and Larson, 2014; Michalet et al., 2023; Refsland et al., 2023; Argüelles-Moyao and Galicia, 2024), Xu and Prescott (2024) found that 60% of recent papers on FAM express a positive stance toward FAM. They advocate for a holistic approach to its implementation.

Examples of FAM implementation are relatively scarce (Palik et al., 2022). For example, Messier et al. (2019) proposed using functional complex networks as an approach to favor connectivity among stands in a landscape in which FAM was suggested as a tool to increase functional diversity, but without silvicultural strategies ensuring FAM success. Similarly, (Royer-Tardif et al., 2021) suggested a new zoning strategy using FAM in stands with high vulnerability to global change. Royo et al. (2023) present the Desired REgeneration through Assisted Migration (DREAM) network where they focus more on species provenance and physiology than on silvicultural systems. While considerations for connectivity, vulnerability, and species provenance are important, we believe that it is equally important to develop/adapt silvicultural systems that favor FAM success; silvicultural systems could significantly impact the biological success, social acceptability, and economic feasibility of FAM. For instance, introducing temperate light-intolerant tree species into uneven-aged forests managed under the single-tree selection system presents limited chances of success due to lack of light availability. Although the use of even-aged treatments (e.g., clearcuts) could be used to implement FAM, it is likely to raise social acceptability issues (Arnberger et al., 2022).

We believe that there is a silvicultural system which combines the best of both even- and uneven-aged systems — the patch-cut system (Box 1). We believe its advantages of promoting the regeneration of forest tree species that are moderately to highly shade tolerant (Schnake et al., 2023) and maintaining old-growth attributes (Bauhus et al., 2009) would both be very useful when implementing FAM.


BOX 1  The patch-cut system in the silvicultural literature.

While the concept of patch cutting, involving selective cutting of parts of a stand larger than a tree or small groups of trees, is not new, it is often not formally classified as a distinct regeneration method but rather considered a variant of selection cutting (Leak and Filip, 1975; Nyland et al., 2016; Ashton and Kelty, 2018), irregular shelterwood (Raymond et al., 2009) or clearcutting (Ministry of Natural Resources and Forestry, 2008). Many silvicultural textbooks do not explicitly mention the patch-cut system (Daniel et al., 1979; Schütz, 1990, 2002; Matthews, 1991; Lanier, 1994; Bailey et al., 2015; Savill, 2019). The definitions of the silvicultural systems are highly variable among jurisdictions and authors, and the way the patch-cut system fits in theses definitions reflects this variability. Despite the patch-cut system’s potential benefit in integrating aspects of both even- and uneven-aged approaches, its practical application remains limited. This is revealed by its disproportionately low occurrence in the scientific literature; a search in Google Scholar using the phrases “forest and patch cut,” “forest and single-tree selection,” and “forest and clear-cut,” yielded 261,000, 1,300,000, and 1,610,000 results, respectively. It is even possible that the patch-cut approach is over-represented in scientific studies compared to forest practices used in real-world forest management.



While the patch cut system concept relies on solid bases (e.g., improving structural and tree species diversity) (Runkle, 1992; Coates and Burton, 1997), its operational implementation remains underdeveloped. Much of the literature on patch cuts focuses on tree species regeneration (Béland and Chicoine, 2013; Gauthier et al., 2016) and determining the optimal size and positioning of the patches during the initial harvest to promote this regeneration (Coates and Burton, 1997; Parish and Antos, 2005; Bolibok and Szeligowski, 2011; Kern et al., 2017). However, even when patches or gaps have been implemented in a FAM context (Palik et al., 2022), there is a lack of long-term planning regarding how and where subsequent patches (in subsequent entries or harvests) should be located without disrupting the regeneration established in earlier patches.

In this paper, we propose a new way to implement the patch-cut system, enabling forest practitioners to plan from the very beginning the location and timing of treatment of each patch and corresponding forwarding trails in a stand for the whole rotation. We hereafter refer to this new implementation as the STEP (Spatially and Temporally Explicit Patch-cut) system. After describing the basics of the STEP system, we delve into the numerous advantages as well as some disadvantages and limitations that this revisited patch-cut system presents for FAM. Afterward we discuss its flexibility and the contexts most suitable to its application. We end with a call for the development of an international network of assisted migration trials using the STEP system.



2 Basics of the STEP system

When planning the STEP system, a stand is subdivided into multiple patches. I. The subdivisions are based on a planned permanent network of forwarding trails adapted to the terrain; these trails are designed in such way that they allow a continued and direct access to each patch (Figure 1A). This is essential to enable the implementation of treatments beyond the primary harvesting operation, such as commercial thinning or a cleaning treatment to release regeneration. Direct access ensures that movement between patches does not disturb regeneration within them. Otherwise, moving through the second patch could harm the regeneration. This planned permanent network of trails is a fundamental distinction between the STEP system and the irregular shelterwood approach proposed by Saunders et al. (2014). II. Each subdivision is large enough (e.g., 0.1 ha) to ensure that most trees will have competition from trees of the same cohort during their whole lifespan, as in even-aged silviculture, thus limiting treatments on a given subdivision to a single development stage. In a FAM context, the patch size is particularly important so as not to restrict our species choice to only light-tolerant species. III. Each subdivision is small enough (e.g., no more than 0.2 ha) to avoid leading to some negative impacts of clear-cutting. e.g., social acceptance or soil erosion (see Nolet et al., 2018). IV. No more than 1/4 of the subdivisions are harvested successively over the whole rotation, providing at least 4 cohort of patches in the stand and a constant area harvested each time. For example, a stand with 100 subdivisions (of similar sizes) and an 80-year rotation could experience a harvest in 20% of its subdivisions (no adjacent subdivisions) every 16 years (Figure 1A). The relationship between number of cohorts of patches (NCP), age at maturity or rotation age (RA) and cutting cycle (CC) is NCP = RA/CC (Nyland et al., 2016). Of course, productivity could vary among patches and the forest practitioner may choose to modify the harvest schedule during the course of the rotation.
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FIGURE 1
To-scale 2D rendering of the layout of trails and 97 patches for the spatially and temporally explicit patch-cut (STEP) system applied to a shade-tolerant hardwood stand with five cohorts. In this example, the average patch size is 0.097 ha and the total area of the stand is 9.43 ha. (A) Patches of the same color belong to the same cohort, (B) Test of different forest assisted migration species mixtures in one of the cohorts of patches within the spatially and temporally explicit patch-cut (STEP) system.


In the stand example presented in Figure 1, the network of trails and mosaic of patches have been sketched manually using a GIS software. This process was time-consuming and would not be efficient on an operational basis. Hence, the implementation of the STEP system on a large scale would require the development of a GIS-based tool to locate the trail network and the patches. Such a tool could first use LiDAR-based elevation model to identify potential trails that avoid terrain obstacles (e.g., steep slopes) for forest operations. Second, the patches could be located and delineated through an optimization algorithm that would consider the potential trails, and the number, size and shape of gaps. Afterward during forest operations, high-accuracy GPS would allow the implementation of both trails and patches that accurately reflects their localisation planned through the GIS based-tool.



3 Advantages of the STEP system for forest assisted migration

In a FAM context, the goal is to utilize as many species as possible to adapt to future climates. In regions where forests are primarily managed through uneven-aged or irregular silviculture, such as single-tree selection cutting or continuous-cover irregular shelterwood, the light-tolerance of dominant species and social pressures often limit the introduction of light-intolerant or mid-tolerant species for FAM. The STEP system enables the use of more light-intolerant species in an environment resembling uneven-aged or irregular structure. This is achieved through larger canopy openings that allow for higher light levels compared to single-tree selection, group selection, or continuous cover irregular shelterwood. Additionally, it involves enhanced care for seedlings and saplings, which can be accessed via a permanent trail network and permanent patch locations. This approach contrasts with current suggestions for group selection or expanding-gap irregular shelterwood. In essence, the STEP system facilitates more efficient implementation of FAM in uneven-aged stands.

Another advantage of the STEP system is that it allows for a gradual introduction of new species into an ecosystem. First, the patches are not harvested and regenerated all at the same time; while FAM is implemented in a patch, there are other patches in which regeneration is naturally established. Second, even within a patch, it is possible to promote both natural regeneration and assisted migration. Hence, if one method fails, the other can step in. In other words, natural regeneration and FAM can co-habit; it is not one or the other. The gradual aspect of FAM implementation in the STEP system is also in line with the gradualness of the effects of global warming. For example, a given southern species may not yet be suitable for a northern site and regenerating a patch with this species may fail. However, the climate may eventually become suitable for that species, and regenerating a patch with this species 10 or 20 years later might have greater chances of success (Nabel et al., 2013). The gradual introduction of species through assisted migration in patches contributes to maximize the dispersion of assisted migrants where patches can act as nuclei for dispersion (Corbin and Holl, 2012). This approach could potentially achieve FAM more efficiently compared to area-wide planting in clearcuts, irregular shelterwood or selection systems.

We argue that the STEP system is inherently a suitable silvicultural approach for implementing forest assisted migration. When implementing FAM, foresters must acknowledge that they are venturing into the unknown underscoring the importance of learning from both successes and failures (Achim et al., 2022). Each patch within a stand managed using the STEP system can be viewed as a replicate of an experiment at the stand level. Implementing the STEP system in a stand aligns with principles of active adaptative management (Walters and Hilborn, 1978), since it can be designed explicitly for continuous learning. For example, if a stand is managed through the STEP system, patches could be planted using various species potentially interesting in a FAM context and compared to patches where indigenous species (natural and/or artificial) are favored (Figure 1B). Enough patches of species (or species assemblies) should be replicated to obtain valuable scientific results. As the knowledge improves with the monitoring of the results from the first cohort of patches, more sound management decisions can be made for the following cohorts of patches. Afterward, the following cohorts should be utilized with the same learning and replication principles in mind. Moreover, as there should be several stands managed through the STEP system in a landscape, the experience could be repeated in time and space in other stands or other questions could be tested in other stands (e.g., the effect of the size of the gaps). When applied within the framework of active adaptive management, the STEP system facilitates the evaluation of concerns related to FAM and influences its associated regulations. This ensures that management practices are based on rigorous scientific knowledge.

Numerous studies have shown that there are segments of society that are reluctant to implement FAM for various reasons including, risks of displacement of indigenous species, potential maladaptation of planted species and risks of pest introduction (Neff and Larson, 2014). Of course, the use of the STEP system cannot completely alleviate these concerns. However, if the STEP system is used in the context of an active adaptive management framework (as it should be), these risks will be monitored, and modifications can be made, if needed. Also, to some extent the STEP system can be considered as an uneven-aged system. As such, the residual trees surrounding a patch can (i) provide propagules for regeneration into the patches and (ii) act as a barrier to potential invading species. Finally, uneven-aged silviculture is generally much more accepted socially than even-aged management. Even though the patches represent small clear-cuts, they are unlikely to raise major esthetics concerns with the public as their visual effects are limited, as illustrated through this landscape visual simulation (Figure 2).
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FIGURE 2
Visual effect of implementing the spatially and temporally explicit patch-cut (STEP) system simulated with Visual Nature Studio 3, (A) before cutting; (B) after cutting the first cohort of patches. The appearance of patches will vary depending on colors of the soil in patches, view angle and distance. All these factors can be modeled according to local conditions.




4 Flexibility of the STEP system

The patch-cut system offers inherent flexibility and variability, as heterogeneity in light conditions within patches favors a diversity of species (Lu et al., 2021). The STEP system allows this flexibility to be more efficiently implement. While a number of examples are provided here, we recognize that foresters would use their knowledge, experience, and imagination to adapt the STEP system to their specific needs. For example, when harvesting the patches, residual trees could be left behind for regeneration, ecological (variable retention) or societal reasons. These trees could either be harvested later when other patches are harvested or could be left permanently. A patch that is to be harvested in a defined year could benefit from a commercial thinning treatment or seedcut 10 to 20 years before the harvest. This commercial thinning could be synchronized with the harvesting of other patches, using the permanent trails to provide access to the patches. Likewise, a patch that had been harvested 10–20 years previously could benefit from a non-commercial treatment (e.g., removal of competing vegetation) to promote the growth of seedlings/saplings of desired species. While we usually consider a stand as homogeneous, there is often small-scale heterogeneity within a stand. Hence, patches within the same stand may show abiotic variability especially for soil thickness, slope, moisture regime and aspect. Hence with the STEP system, tree species adapted to the specific conditions of the patches or tree species already present as advanced growth can be favored in given patches. In order to favor the establishment of natural regeneration, the creation of patches can be synchronized with seed years. The size of the patches can also be adjusted to local tree height and to shade tolerance of the desired species. Also, patch size can be adjusted as a function of biodiversity (Schall et al., 2018) or social acceptability concerns. Finally, some patches (clustered or not) could even remain free of harvesting to develop old-growth forest legacies structures (Ezquerro et al., 2019).



5 Contexts appropriate for the application of the STEP system

Minimally, as for any partial harvest silvicultural system, stands appropriate for the application of the STEP system should meet a number of criteria: (i) have a sufficient level of maturity to sustain a financially viable harvest, (ii) not be overmature with short-lived species unable to remain standing until the entire stand is harvested, (iii) be in areas accessible by a regularly maintained road network to facilitate frequent entries, and (iv) present few obstacles hindering the configuration of regularly spaced skidding trails leading to each patch.

More specific to the STEP system, cutting a stand using patches implies either adapting to the current spatial configuration of age classes or imposing a regular configuration. The STEP system advocates for the latter, which implies transforming the natural horizontal structure of the stand and acknowledging that the current state of an untreated stand will never naturally align with this configuration. Consequently, patches where interventions are needed may contain trees that are either younger or older than optimal maturity, potentially leading to sacrifices in wood production during the conversion to the STEP system.

Opting to implement the STEP system in stands of long-lived species could reduce the production sacrifices mentioned earlier, given that these species encompass a wide range of ages suitable for commercial wood volume extraction. Likewise, stands with an irregular or uneven age structure and shade-tolerant species are ideal candidates for the STEP system. These stands typically have enough volume to justify cutting operations, along with advanced growth ready to be promoted into the canopy within newly cut patches.

Despite the above limitations mainly pertaining to the conversion period of the stand into the STEP system, assuming acceptance of production sacrifices, and implementation of artificial regeneration, the STEP system could in theory be applied in stands of any species composition, shade tolerance, longevity or stand structure. Success is however not guaranteed and may vary depending on herbivory, the presence of advanced growth or microsite quality (Kern et al., 2017).

Other considerations, specific to the context of adaptation to climate change, include a strategy promoted by Royer-Tardif et al. (2021) which suggests focusing the effort devoted to assisted migration in portions of the forest that are highly vulnerable to forest ecosystem loss and where wood production is a priority. Similarly, Aquilué et al. (2021) suggested planting novel tree species with specific functional traits that were missing in the forest in centrally located and highly vulnerable stands having low functional diversity. One may assume that in these areas, the current horizontal structure would also be very vulnerable so there would be less wood production sacrifices from converting to the STEP system.

Moreover, in the context of using the STEP system for assisted migration, choosing stands that have many species which are at the northern limit of their distribution could be a good opportunity for introducing these species or provenances or increasing their abundance. Assisted migration of the kind that extends natural distribution has higher social acceptability than assisted migration of species far outside of their current range.



6 The STEP system and forest assisted migration: a call for the development of an international network of experiments

As the interest and number of FAM experiments are increasing worldwide, it is becoming important to start implementing them using appropriate silvicultural systems. We have argued in this paper that the STEP system is one of them, given its advantages for FAM, especially its flexibility and capacity to be designed for continuous learning. This is especially important because we have to keep in mind that using FAM may produce profound changes in ecosystem functioning. Forest scientists thus have the burden of proof to show that they do not play the “sorcerer’s apprentice.” Therefore, we are calling for the establishment of an international network of STEP system assisted migration experiments in different forest biomes and forest types in close collaboration with both researchers and forest managers. We also suggest pairing this network with other FAM experiments and networks already established using other silvicultural systems for comparison (DREAM: Palik et al., 2022; ASCC: Royo et al., 2023).

The main objectives of this paired network should be the following. First, to undertake a world inventory of experimental and commercial FAM tests set up in various biomes to determine which tree species could be tested using different silvicultural approaches. Second, to coordinate the establishment of different silvicultural experiments, ideally but no exclusively based on the STEP system, to address a set of important socio-ecological questions that are directly relevant to policy makers, stakeholders, and the public regarding FAM. Third, to encourage the writing of scientific papers and technical reports to help establish the silvicultural basis on which FAM could successfully be established in various forest biomes, forest types, silvicultural systems and socio-political conditions. The successful implementation of such a novel silvicultural system as STEP could be crucial in transitioning forest management into the integral role of adapting our world forests to global change.

We invite researchers and practitioners to contact us to report on any assisted migration silvicultural experiments or to express their interest in establishing STEP-based trials. Both old and new assisted migration silvicultural experiments will be registered within DIVERSE1 as a new global research initiative.
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