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Recent and projected changes in climate over this century pose an unprecedented threat to the health, diversity, and productivity of forest ecosystems. Forests have migrated and adapted to long-term changes in climate over thousands to millions of years; however, natural migration rates and adaptive responses of tree populations cannot match the rapid pace of current climate change. Consequently, more climate-informed approaches to reforestation are needed as current reforestation strategies using local seed sources may no longer be adequate to meet forest management objectives. Assisted migration is a climate change adaptation technique that can help maintain the ecosystem services and economic value that forests provide. Forestry assisted migration (FAM) focusses on the movement of populations of widespread, commercially, or ecologically important forest tree species within or just beyond their current ranges as a way to maintain forest productivity and health in the face of climate change. Although the forestry community recognizes FAM as a reforestation tool, guidance for planning and implementation of FAM is lacking and a framework that provides this guidance can prove useful to land managers with limited time and resources available who want to undertake FAM. We developed a practical framework (the FAM Framework) to provide a structured approach to ensure the most important considerations and best available science are utilized by land managers wanting to implement FAM on their land base. The FAM Framework incorporates multiple factors for the application of FAM in four sequential phases: assessment and analysis, climate-based plant material selection, seed procurement and deployment, and documentation and monitoring. The FAM Framework was tested by developing an assisted migration plan for the Superior National Forest, Minnesota (MN), and lessons learned from the development of this specific plan were used to revise and improve the FAM Framework for suitability across all lands. While originally designed to meet the needs of National Forest System land managers, it is relevant and applicable across the spectrum of land ownership because it incorporates consideration of critical elements in planning and implementing FAM on any landscape while facilitating adaptive management for active learning and future implementation.
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1 Introduction

There is overwhelming evidence that the earth’s climate is changing at a rate unprecedented in the last 2,000 years (USGCRP, 2023). Mean global surface temperatures have increased by ∼1.1°C from 1850–1900 to 2011–2020 and are projected to increase by 1.4 to 4.4°C by 2100 (IPCC, 2023). The rapid rate and magnitude of these climatic shifts may exceed both the adaptive capacity of local tree populations and rates of natural seed and pollen dispersal to more climatically appropriate regions (Aitken et al., 2008). As tree populations become increasingly stranded in unsuitable climates, forest health and the sustained provisioning of ecosystem services are at risk (Allen et al., 2010; van Mantgem et al., 2009). The harmful impacts of climate change on forest ecosystems are already evident in forest health declines and tree mortality episodes (Anderegg et al., 2012; Betzen et al., 2021; Breshears et al., 2005; Fettig et al., 2019; Hartmann et al., 2022; Hennon et al., 2016; Mohan et al., 2009; van Mantgem et al., 2009). Moreover, in some locations long-term forest inventory data and modeling exercises both suggest seedling recruitment at range margins lags behind climatically suitable habitat shifts, further constraining the ability of forests to adapt and shift in response to climatic changes (Boisvert-Marsh et al., 2022; Dobrowski et al., 2015; Woodall et al., 2018; Zhu et al., 2012).

Tree planting is the primary tool for re-aligning populations and species with shifting climatic conditions on the landscape to sustain healthy and productive forest ecosystems. In the face of climate change, conventional regeneration strategies, including a reliance on natural regeneration or locally sourced seedlings grown as nursery stock, may no longer be adequate, (Hancock et al., 2023). Forest geneticists have recognized the need to adapt reforestation and seed movement guidelines in the face of changing climates for over 30 years (Ledig and Kitzmiller, 1992). Because natural selection reduces the prevalence of genotypes that are poorly adapted to their local environment, most plant populations, especially those of long-lived trees, are usually considered to be locally adapted (Linhart and Grant, 1996). Foresters recognized this early on after plantation failures with non-local seed and developed seed movement guidelines and seed zones to ensure the use of local seed sources—operating under a “local is best” paradigm (Buck et al., 1970; Cunningham, 1975; Fowells, 1946; McCall, 1939; Pike et al., 2020; Randall, 1996; Randall and Berrang, 2002; Rudolph, 1956; Schmidtling, 2001; Schubert and Pitcher, 1973.).

Increasing evidence suggests that the rate of climate change relative to the long lifespan of trees imparts an intergenerational adaptation lag where individuals are better adapted to the climate in which they germinated, decades to centuries in the past, than contemporary climatic conditions (Rehfeldt et al., 2012). For example, Gray and Hamann (2013) found that due to climate change that has occurred since the reference period of 1961–1990, climatic niches for 15 tree species of major commercial value in western North America, lagged behind their optimum by an average of 130 km or approximately 1.5°C. They projected that this lag would more than double before the mid-21st century. The assumption that local is best may still be conceptually valid but interpreting “local” in the wide-sense rather than the strict sense (Alía et al., 2022). This means using materials from locations with similar climates even if they are geographically distant, rather than using materials only from at or near the deployment site. Therefore, climate change creates an opportunity to reevaluate and potentially decouple seed collection zones and seed deployment zones through the use of assisted migration.

Assisted migration is a general term for the deliberate movement of genotypes, populations, or species to locations or areas outside of their current ranges to maintain biological diversity or ecosystem function in response to climate change (Richardson et al., 2009; Schwartz et al., 2012). Assisted migration actions can be divided into three broad categories: assisted population migration (APM), assisted range expansion (ARE), and assisted species migration (ASM) (Williams and Dumroese, 2013; Figure 1). Contemporary forestry assisted migration (FAM) (Pedlar et al., 2012), focusses on APM and ARE, whereas ASM moves species well outside of their native ranges (Figure 1). Although ASM may be used in targeted circumstances, [for example in a research context (Nagel et al., 2017; Palik et al., 2022; Royo et al., 2023) or for the conservation of a rare, threatened, or endangered species (USFWS, 2024)], it is generally not under broad consideration by the United States Forest Service (USFS) at the landscape scale because it is the most controversial of the three assisted migration types with the highest possible risks (Figure 1). However, it should be noted that due to the lack of standardized terminology for assisted migration the distinction between range expansion and species migration is not clear-cut due to uncertainty on locations of species range limits and varying opinions on what constitutes a natural migration barrier for a given species, or what distance is great enough to make an action ASM. The focus of the framework presented here is on APM and ARE, but this does not necessarily preclude movements that are bordering on species migration when appropriate.


[image: image]

FIGURE 1
Three types of assisted migration where different tree symbols represent different species ranges with historical climates ranging from warm (red) to cool (blue). Gray areas represent tree populations and colored arrows indicate human assisted movement of plant materials. Risks associated with assisted migration generally increases with transfer distance (from USDA Climate Hubs, 2024a).


Discussions of the various potential benefits and risks of assisted migration are covered in depth elsewhere both generally (Hunter, 2007; McLachlan et al., 2007; Ricciardi and Simberloff, 2009a,b; Stanturf et al., 2024; Vitt et al., 2009; Vitt et al., 2010; Xu and Prescott, 2024) and specific to FAM (Palik et al., 2022; Pedlar et al., 2012). In brief, by utilizing seed sources pre-adapted to projected future climates, FAM seeks to maintain forest health and productivity in the face of climate change. This is accomplished by reducing the likelihood of maladaptation and thereby sustaining the full range of ecosystem services that forests provide such as wildlife habitat, erosion prevention, and carbon uptake and storage (Pedlar et al., 2012; Xu and Prescott, 2024). Healthy forests also take up and store more carbon than unhealthy forests and, thus, are a powerful tool counteracting atmospheric carbon dioxide (CO2) increases that cause climate change (Bastin et al., 2019). Therefore, it is important that tree planting campaigns are conducted in a climate-informed manner. Climate-informed reforestation explicitly incorporates the best available science to plan for, monitor, tend, and adaptively manage naturally seeded or planted tree seedlings so they successfully establish under current climates and persist under a range of projected future climates (USDA Forest Service, 2024a). It considers both challenges and opportunities to foster resilient, healthy, and productive forests that sustain ecosystem services into the future. FAM is one element of climate-informed reforestation that can help to ensure that the right tree (both source population and species) is planted in the right place at the right time. Assisted migration is not without risks, however, with the type and degree of risk varying among the three types of assisted migration (Figure 1). There is also an inherent risk in doing nothing resulting in maladaptation and reduced forest health, diversity, and productivity; so there are risks on all sides of the assisted migration debate.

There is a growing literature on FAM covering its potential benefits, risks, and implementation in large-scale forest management operations and in research (Benomar et al., 2022; Twardek et al., 2023; Xu and Prescott, 2024). Previous frameworks have been developed to address various aspects of assisted migration, including the need for and type of assisted migration (Hällfors et al., 2017 and McLachlan et al., 2007) and the threats and vulnerabilities to species posed by climate change (Potter et al., 2017, Thomas et al., 2010), but often these frameworks are in the context of conservation (Chen et al., 2022, USFWS, 2024). Palik et al. (2022) present a conceptual framework for FAM intended to examine its role in the context of a range of climate adaptation strategies, and they identify a range of institutional barriers to its wide-scale adoption. Royo et al. (2023) present a research framework designed to address some of the uncertainties that likewise limit the implementation of FAM through the use of modeling to identify seed sources, experimentally testing these sources in greenhouses and growth chambers as well as silvicultural field tests, and then using these results in forest dynamics models to forecast the long-term outcomes of FAM. However, what is lacking is an applied framework designed to directly translate the principles of FAM into practice to assist land managers. The focus of this paper is to build upon the recommendations of Palik et al. (2022) and provide a practical framework to facilitate the planning and routine implementation of FAM on a landscape scale.

Our practical approach, the FAM Framework, a process model by which to implement management is comprised of four phases, each incorporating multiple factors: (1) assessment and analysis, (2) climate-based plant material selection, (3) seed procurement and deployment, and (4) documentation and monitoring (Figure 2). The benefit of the FAM framework is that it is science-based and utilizes a structured approach to ensure the most important considerations are utilized by land managers wanting to implement FAM. Use of the FAM Framework should lead to scientifically defensible planning and socially acceptable implementation of FAM as a climate adaptation technique. This is important because as pointed out by Palik et al. (2022) and Royo et al. (2023), FAM is still in its infancy, and many questions, uncertainties, and barriers exist to its application at the landscape scale. To maintain forest health and productivity, changes to the status quo are needed now, and this will require planning prior to implementation and monitoring after implementation in order to enable adaptive management in the future.
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FIGURE 2
Practical FAM framework for applied forest assisted migration.


The Superior National Forest (SNF) in Minnesota, USA, used the FAM Framework in the development of an assisted migration plan for their forest, the first such plan developed for a national forest. The insights gained from this pilot effort were used to refine the final version of the FAM Framework presented here. We present the FAM Framework through this case study and provide details for how the SNF implemented each phase below.



2 Case study–Superior National Forest

The Superior National Forest is in northeastern Minnesota, along and to the west of Lake Superior and within the 1854 Ceded Territory of the Grand Portage Band of Lake Superior Chippewa, the Fond du Lac Band of Lake Superior Chippewa, and the Bois Forte Band of Chippewa (Figure 3). It has a mix of boreal and temperate forest ecosystems and associated tree species. The SNF encompasses a transition zone between boreal and temperate ecological regions, where several important tree species are near their southern range limits, including white spruce (Picea glauca) and jack pine (Pinus banksiana), along with significant boreal wildlife species that are rare in other Great Lakes states, such as the moose (Alces alces). Other trees are at the northern extent of their current natural distribution on the SNF, such as sugar maple (Acer saccharum), yellow birch (Betula alleghaniensis), and northern red oak (Quercus rubra). The SNF uses tree planting on a large scale (approximately 1 million seedlings across > 1,200 hectares per year) to meet forest management objectives. Climate change is expected to have significant effects on growing conditions on the SNF (Handler et al., 2014) and will likely cause shifts in species composition across its landscape (Iverson et al., 2019). Aware of these projected changes and the unique value of the SNF’s boreal characteristics for diverse communities that use the forest, the forest leadership team requested that the SNF become the first national forest within the United States Department of Agriculture (USDA) Forest Service to pilot the FAM Framework (Frerker et al., 2023; Handler et al., 2022).
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FIGURE 3
Superior National Forest (in green) and ceded territories (yellow line).


To develop the plan, the SNF formed an initial core team. This core team engaged a broad group of over 20 partner organizations and 100 individuals from state and local governments, local Tribal Nations, academic researchers, and private industry. Nine working groups contributed to various components of the plan (Table 1). The final plan was published in November of 2023 (Frerker et al., 2023) and an Implementation Guide was developed for SNF use that will be updated as needed as knowledge is gained through experience with FAM implementation (see Supplementary material).


TABLE 1 SNF assisted migration plan working groups.
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2.1 Phase 1–Assessment and analysis

The assessment and analysis phase of the FAM Framework is an appropriate starting point for developing a plan for FAM and helps determine where, when, and what type of FAM is appropriate. This phase comprises (1) a science-based assessment of the need for FAM, (2) analysis of risk to determine the most appropriate type of FAM, (3) Tribal engagement to understand Tribal priorities and perspectives, (4) community/partner engagement, (5) and policy and legal considerations.


2.1.1 Science-based assessment

An important first step is to evaluate the past, current, and projected future climate to determine whether the use of local seed sources based on current seed zones or seed movement guidelines is likely to result in a forest that is maladapted to its future climate. Mature trees that produce the seed used for reforestation germinated from seeds in the past, and survived because they were adapted to the climatic conditions at that time. However, the current climate where a particular tree is growing may have measurably changed from the climate at the time when the seed first germinated and began to grow. Online tools such as ClimateNA1 (Wang et al., 2016) can be used to determine how much the current climate at a given location departs from its historical climate. These comparisons between the past and current climate can indicate the extent to which local seed sources are suitable for use in reforestation. For example, on the SNF from the 1961–1990 to the 1991–2020 time period mean annual temperature has increased nearly 0.5°C and mean coldest month (winter) temperature has increased > 1°C. This analysis can be extended to projected future climate of the intended planting site (see “2.2.3 Climate-matching tools and resources” below). In addition to climate, other factors are important when assessing the suitability of FAM, including stand management history; protected areas and land classification; physiography; ecological, social/cultural values, and edaphic factors; biological interactions, including insect and disease threats and wildlife issues; fire history and future fire risk; and economic values.

Decision support tools such as flowcharts, checklists, or decision trees can be useful to assist land managers in asking the right questions and incorporating the necessary information to determine when, where, and what type of FAM to use. For example, the SNF used USDA Forest Service Forest Inventory and Analysis (FIA) plot data to determine tree species abundance for the suite of species they commonly plant to determine which type of FAM would be applicable to which species. Using Hierarchy of Ecological Units Sections and Subsections as the geographic boundary and FIA abundance values as summarized in the Climate Change Tree Atlas (Peters et al., 2020), a species was determined to be abundant, common, rare, or absent in the Section or Subsection where the planting site is located. If a species was abundant or common, APM of that species was considered. If the species is absent, this was considered ARE or ASM depending on how far away the seed source is located. If a species is “rare” on the landscape, the SNF agreed to coordinate with Tribal Nations to ensure planting of the species considers Tribal priorities. The SNF then developed decision trees that considered site conditions (e.g., land classification, soil and slope parameters, tree species vulnerability, past management), insect and disease issues, and wildlife and other species of interest to help guide which type of FAM to implement on a given planting site (see Supplementary material). These decision trees referenced geospatial data in a mapping exercise that factored in forest type, soil characteristics, and slope together as a tool to assess how climate change risk is distributed across the landscape. In addition, there are other post-fire restoration tools that can be used to prioritize areas for tree planting and inform the choices involved in FAM implementation such as the Southern Rockies Regeneration Tool (Rodman et al., 2022), Regen Mapper (Holden et al., 2022), and the Postfire Conifer Reforestation Planning Tool (Stewart et al., 2021).



2.1.2 Analysis of risk

Assessing the risk of various assisted migration strategies and predicting how well each addresses the desired land management objectives will help managers determine what approach may be appropriate in terms of implementing FAM. Risk can be considered as the probability of a less-than-desired outcome and the severity of the associated impact (USFWS, 2024). A risk assessment identifies relevant risk factors for a variety of risk types (see Karasov-Olson et al., 2021), whether those factors are present or not, and the potential consequences or impact of that risk. A risk assessment also considers ways to reduce the risk of undesirable outcomes and describes the uncertainty associated with various alternatives being assessed, including not implementing FAM (USFWS, 2024). The extent and level of detail of the risk assessment will depend on both the context and the level of identified risk considering all management alternatives. A risk assessment can be done either using a formal quantitative approach (Karasov-Olson et al., 2021) or using a more informal qualitative guide or checklist to ensure that all types of risks are addressed appropriately (National Invasive Species Council [NISC], 2024). In addition to assessing the potential risks associated with FAM, the risk posed by not implementing FAM is an important consideration. A key risk of not implementing FAM is “adaptation lag” or maladaptation as local adaptation is decoupled from the selective pressures of the environment to which a population is adapted (Jordan et al., 2024) resulting in continued, and potentially irreversible, decline in forest health and productivity. As the earth’s climate continues to change, the risk of not implementing FAM has the potential to outweigh the risks its use may pose (Palik et al., 2022).

The SNF did not do a formal risk analysis but did analyze risk through the development of the flow charts and mapping climate change risk (see Supplementary material) combined with a series of Tribal roundtables described in section “2.1.3 Tribal engagement”. Ultimately the SNF determined there was a need to be proactive in their approach to implementing assisted migration because of the vulnerability of the forest’s boreal ecosystems to climate change (Handler et al., 2014). The map, flowcharts, and roundtable information led them to develop an overall approach of pursuing APM where possible and implementing ARE and ASM with caution, and only after careful consideration of risk categories and formal consultation with Tribal Nations.



2.1.3 Tribal engagement

An important step in the assessment and analysis phase of FAM projects is to understand Tribal perspectives and priorities. Land management decisions on public lands have the potential to affect Tribal sovereignty, treaty rights, and cultural values of local or removed/relocated Indigenous communities including the relationships between plants, animals, water, and people. Tribal engagement can occur through formal government to government consultation and/or more informal collaboration. The SNF developed a model for engaging local Tribal Nations to hear their perspectives on FAM before drafting their plan. To do this, a series of roundtable discussions were convened with a network of Tribal staff and community members. Each roundtable focused on a set of discussion questions/topics (Box 1) and information from these sessions ultimately informed the type and depth of Tribal consultation that would be required for FAM actions (see section “3.2.1 - Consider tribal perspectives early”). An additional resource that provides a framework to integrate Tribal perspectives in FAM planning is Dibaginjigaadeg Anishinaabe Ezhitwaad–A Tribal Climate Adaptation Menu (Tribal Adaptation Menu Team, 2019). This resource provides some guiding principles for Tribal engagement and contains an organized collection of general climate change adaptation actions that reflect Indigenous perspectives which may be applicable for FAM.


BOX 1  Sample questions and discussion topics for Tribal engagement.

Some suggested questions and topics include:

• What climate impacts are you most concerned with and why?

• What are our best opportunities for collaboration?

• What are the climate change effects to culturally important species?

• What are the concerns about AM regarding culturally important species?

• What are some potential effects of AM on these species? (positive or negative)

• How should we be mindful of relationships between these species and other beings or other values?

• Are you already doing, or planning, other or other complementary climate adaptation action(s) for these species?





2.1.4 Community/partner engagement

Regardless of land ownership, there are potentially multiple relevant community groups and partners that may have an interest in FAM. Forest management projects of any size on public lands require engagement with the public to elicit ideas, gain support, and ultimately be implemented. This may be especially true for FAM, which is an emerging issue. Key interest groups could include adjacent public and/or private/industry landowners and local communities that use forest lands that could potentially be impacted by FAM. The successful implementation of FAM may benefit from collaboration or partnership with other landowners and all activities on public lands require appropriate environmental analyses and public scoping. Community engagement and partnerships from the earliest stages of planning can help to build support and approval proactively rather than responding to objections at later stages of planning. The SNF actively engaged many partners from the onset of the development of their AM Plan by inviting these stakeholders to provide input and participate in the core team and be active participants in the development of the plan (Table 1).



2.1.5 Policy and legal considerations

Policy regarding use of FAM likely differs among land ownership and land management organizations, and potential restrictions on using non-local seed need to be considered during planning. There may be policies restricting the use of non-local seed sources that organizations may need to revise before FAM can be implemented operationally. Moreover, it is important to consider how any implementation of FAM aligns with land management goals even if it may not be explicitly addressed in existing planning documents. For example, the SNF Land Management Plan (LMP) states that desired conditions include native vegetation communities that are diverse, productive, healthy, and resilient, and that ecological conditions are maintained or restored at multiple landscape scales (USDA Forest Service, 2004). The SNF determined that that there was no language in their LMP that would prohibit them from implementing FAM and its use is consistent both with current and proposed Agency policy and is in alignment with achieving their LMP’s desired future conditions.




2.2 Phase 2–Climate-based plant material selection

The success of reforestation is determined by a variety of biotic and abiotic factors at the planting site and hinges on the ability for seedlings to synchronize their growth to the local climate. This phase of the FAM Framework comprises the selection of plant materials that will be needed to ensure seedlings will be adapted to their planting site under a changing climate, including: (1) considering transfer limits and seed transfer guidelines, (2) assessing species choice, and (3) utilizing tools and resources to identify climate-matched seed source locations.


2.2.1 Seed transfer guidelines

Many tree species of commercial value have been extensively studied in common gardens replicated across different environments to develop seed transfer guidelines (Bower and Aitken, 2008; Rehfeldt, 1994; Rehfeldt and Jaquish, 2010; Savva et al., 2007; Schmidtling, 2001; Sorensen, 1992, 1994; St. Clair et al., 2005). These transfer limits and guidelines indicate whether a species is a climatic specialist or generalist and how adaptive genetic diversity is distributed throughout a species’ range. For species where species-specific seed zones based on empirical research are not available, provisional seed zones can be used (Bower et al., 2014; Pike et al., 2020). Provisional seed zones are delineated based on areas with climatic conditions that fall within set thresholds. The assumption is that because individuals are adapted to the climate within their local seed zone they can be transferred to planting sites within that zone with limited risk of maladaptation (Bower et al., 2014). However, when implementing FAM, seed will likely need to be moved outside its local seed zone because of mismatches with the projected future climate. For example, seed zones for the SNF were originally developed in 1970 (USDA Forest Service, 2006), and seed for reforestation was collected solely from local stands. Those seed collection zones were updated in 2019 to account for climate change (Berrang, 2019), and climate-matched seed collection areas for future reforestation are in areas to the south of the forest with almost no overlap with SNF forest boundaries (Frerker et al., 2023).



2.2.2 Species choice

Although implementation of FAM involves lower risk movement of populations within or just beyond their current species ranges, species choice will still be a consideration if FAM is employed. Tree species vary in their vulnerability to the impacts of climate change (Potter et al., 2017) and nearly all forest tree species are projected to experience changes in their distribution (Iverson et al., 2019; Peters et al., 2020). If a planting site is near a contracting (i.e., warmer, in most cases lower latitude or elevation) range margin, it may mean that this species, even if currently abundant, may not be well suited to projected future climates at that location (Aitken et al., 2008). In these cases, it may be desirable to focus reforestation efforts on other species present at the site that are not at the potentially contracting edge of their distribution. Conversely, populations of tree species that are near the edge of a distribution projected to expand under climate change may be good candidates for ARE as new suitable habitat becomes available. Populations of trees that exist within the core area of their species range are likely the best candidates for APM (Aitken et al., 2008).

In addition to climate change impacts, some tree species also have important disease or insect considerations that may need to be taken into account when selecting seed sources [e.g., white pines (Pinus spp. subgenus Strobus) (Keane et al., 2022), Port-Orford-cedar (Chamaecyparis lawsoniana) (Sniezko et al., 2020), and eastern hemlock (Tsuga canadensis) (Evans et al., 2011)]. For some species where disease or insect resistant seed sources are available these may be the best-adapted even if they are at a higher risk of climate maladaptation. For other species, the presence of insects or diseases in some parts of the range may preclude or complicate seed and seedling movement. Additional resources are available that may be helpful to assess potential future risks from insect and disease incidence increases due to climate change, for example the National Insect & Disease Risk Map (USDA Forest Service, 2018).

The SNF is in a unique ecological position at the transition between the boreal forest to the north and temperate hardwood forest to the south. Depending on the species, any of the three types of assisted migration could potentially be appropriate in this kind of situation. The SNF used species abundance values calculated from FIA data, predicted species distribution maps from the Climate Change Tree Atlas (Peters et al., 2020), as well as feedback from Tribal engagement sessions to choose species for FAM planning. In addition, they also incorporated other considerations such as insect and disease issues {e.g., emerald ash borer (Agrilus planipennis) and spruce budworm (Choristoneura fumiferana) as well as culturally significant species [e.g., moose, northern white cedar (Thuja occidentalis), sugar maple, and paper birch (Betula papyrifera)]} in their species choice decisions.



2.2.3 Climate-matching tools and resources

One of the primary justifications of implementing FAM is to prevent a decrease in forest health and productivity due to maladaptation. Global circulation models can project the values of a large suite of climate variables for future time periods and online tools such as ClimateNA (Wang et al., 2016), CHELSA (Karger et al., 2021), and Climate Toolbox (Hegewisch and Abatzoglou, 2024) are available to obtain past, current, and future climate data for the site to be planted and the seed source locations. Simple calculations of the difference between the climate of the seed source location and the planting site provide the climatic transfer distance (St. Clair et al., 2022) and can be used to evaluate the risk of climatic maladaptation. Under the assumption associated with clinal genetic variation that fitness gradually decreases as climatic transfer distance increases, climatic transfer distances that exceed a pre-selected threshold would indicate that this seed would likely be maladapted for a future projected climate. Beyond calculating climatic transfer distance, several climate-matching tools have been developed to assist in matching seed sources with planting sites (e.g., the Seedlot Selection Tool and Climate Adapted Seed Tool) (St. Clair et al., 2022; Stewart et al., 2023). These tools are powerful and can be extremely useful, but they also require varying levels of user input.

When using modeled future climate data, it is important to select the appropriate future time period in order to assess the magnitude of climatic differences and potential maladaptation. Time periods in the near future (e.g., through 2040) may lead to selection of seed sources that will still become maladapted as the climate continues to change beyond that timeframe. Time periods too far into the future (e.g., 2071–2100) may lead to selection of seed sources that are maladapted to current conditions (Aitken and Bemmels, 2016). For example, if seed sources are chosen for much warmer future climates projected at the end of the century, they could suffer frost damage during the critical establishment phase because they are poorly adapted to current temperatures. Mid-century (2041–2070) time period balances the risks of under- or over-estimating future projected climate change (Aitken and Bemmels, 2016). For example, British Columbia uses a climatic transfer that matches the seed source climate prior to significant anthropogenic climate change (1931–1960) with the climate projected for the planting site at a quarter of the rotation age or approximately 15 years after planting (O’Neill and Degner, 2024). This accounts for climate change that has already occurred with a conservative buffer for expected future projected climate change.

It is also important to choose climatic variables carefully, considering local and/or specialized knowledge of the planting site and species of interest. Plant distributions are generally driven by the annual supply of energy (temperature) and water (precipitation) (Stephenson, 1990) and for many temperate forest trees, past research has shown that temperature (both mean annual temperature and winter temperature) is a driving force in local adaptation of populations (Aitken and Bemmels, 2016; Bower and Aitken, 2008; St. Clair et al., 2005). Both mean annual temperature and winter temperature are projected to increase to varying degrees in most locations (IPCC, 2023; Marvel et al., 2023). Projections of precipitation have greater uncertainty both annually and seasonally. However, when precipitation is combined with increased temperatures, it is projected that moisture deficit (either annual or summer) is likely to increase in many locations. Additionally, more extreme events are projected, and many areas may experience both an increase in heavy rain events and dry periods (IPCC, 2023; Marvel et al., 2023). Therefore, it is important to include a measure of precipitation or aridity when determining climate analogs.

The SNF used seed collection zones mapped to climate analogs based on the Seedlot Selection Tool (SST) to identify climate-matched seed collection locations before 2040 and from 2041 to 2070. They combined this information with species-specific transfer distance recommendations to determine the best location for future seed collection. For example, the SNF assisted migration plan includes shifting seed sourcing of some species (e.g., white spruce) to existing orchards that roughly match the Forest’s climate analog zone as identified by the SST, while identifying new collection areas within climate-adapted seed zones for species that need to be collected every year [e.g., bur oak (Quercus macrocarpa)].




2.3 Phase 3–Seed procurement, management, and deployment

Tree seed is a critical resource of reforestation efforts. Insufficient seed availability is creating constraints for reforestation as well as for implementing FAM. This phase comprises the suite of considerations relevant to the reforestation pipeline including: (1) considerations for seed use planning and seed procurement, (2) seed inventory management, and (3) considering various strategies for mixed provenancing of seed sources during deployment.


2.3.1 Seed procurement considerations

Implementation of FAM will require seed sourced from geographic areas that match the future climate analog, which may mean procuring non-local seed or seedlings from seed zones matched to the climate of the target project area. These non-local sources may, in some cases, include adjacent lands under different jurisdictions or ownership. Land managers that plan to implement FAM will benefit from developing a multi-year seed planning effort to identify locations of appropriate non-local sources to procure sufficient seed ahead of time. Surplus seeds collected for most conifers and hardwood tree species with seeds that can be dried and frozen can be stored for years or decades. Tree species with large seeds that cannot survive drying and freezing, however, would require seed collection areas or seed orchards to ensure dependable annual seed inventories. Several geospatial products are currently available to estimate future seed needs based on forestland risk to disturbances and future climates including the LANDFIRE Fire Return Interval (La Puma, 2023), the USDA Forest Service Climate Risk Viewer (USDA Forest Service, 2024b) and Climate Change Vulnerability Assessments (USDA Forest Service, 2024c), among others.

In the case of the SNF, a portion of the plan is dedicated to identifying seed sourcing cooperators in the event that climate-matched seed is not available from within the boundaries of the forest. The list identifies other national forests, Tribal Nations, state, and private cooperators and information such as species available, the cooperator’s ability to collect seed and point-of-contact for seed collection are listed.



2.3.2 Seed inventory management

Climate-informed reforestation requires precise knowledge of seed origin to match the projected climate with a planting site. Where collections are identified only at a coarse scale level (e.g., seed zone, breeding zone, county), an average value (e.g., the climatic center, median value) for climatic variables is used but at the expense of climatic accuracy compared to more precise location identification (e.g., GPS acquired latitude and longitude). This may be especially problematic in areas with steep elevational gradients. Information on seed source location is most useful when conserved at the most descriptive level available so that seed can be deployed in the most precise manner possible. Seed sources that reside in storage but are designated using imprecise source location information from older or improper documentation methods create a challenge for geneticists to align current seed inventory with climate models, making it difficult to provide fine-scale guidance for AM deployment by managers. If source location information is not tracked for a seedlot, this could preclude the use of that seed for FAM because the source climate cannot be determined.

New accessions would benefit from being labeled with the most refined location information available (latitude, longitude, and elevation). This information is also necessary to understand the potential factors affecting planting outcomes (e.g., seedling survival) over time for both FAM projects and reforestation more broadly. In the western US, because of the complex topography, seed collection for FAM will only be useful if collections are separated into accessions that represent relatively small geographic areas, recording the latitude and longitude of the stand of origin. In the eastern US, such as the SNF, tracking seed to the county or counties of origin may provide enough information in many areas for assisted migration where the seed is bulked by state and seed collection zone. Currently, standards for defining seed accessions vary depending on the collector and requirements set by the nursery or other buyer. Improved communication of seed-source identification standards, including seed origin labeling, between seed collectors and nurseries or buyers will help improve the availability of source-identified seed for FAM use on all lands.



2.3.3 Strategies for mixed provenancing

There are benefits and risks to mixing seed sources (e.g., increasing genetic diversity vs. potential outbreeding depression) (Bucharova et al., 2019). The proportion of seedlings that will be from local vs. non-local sources is a consideration when planning FAM. This mixing of seed sources employs portfolio theory (Crowe and Parker, 2008) to minimize risk by increasing genetic diversity to buffer against the impacts of climate change. There are different strategies that have been developed for determining how to mix various seed sources based on planning and land management objectives (Figure 4). A variety of different provenancing strategies have been described elsewhere (Figure 4A), including composite provenancing, which aims to mimic natural patterns of gene flow by mixing seed from multiple source locations, but with a larger proportion of local seed, and progressively smaller amounts of seed as the distance of the collection site from the planting site increases (Broadhurst et al., 2008); admixture provenancing which also mixes seed source locations, but aims to maintain a wide genetic base, without regard to the location of the source population relative to the planting site (Breed et al., 2013); predictive provenancing where seed from areas where the current climate matches a future predicted climate of the planting site (Sgrò et al., 2011); and climate-adjusted provenancing where the seed sources are biased in the direction of projected future climates (Byrne et al., 2013). Both predictive provenancing and climate-adjusted provenancing account for just a single projected future climate at a time. Prober et al. (2015) state that although future climates cannot be predicted without uncertainty the general trend is robustly predicted and the climate-adjusted provenancing approach incorporates a mix of seed sources from a climatic gradient biased toward the direction of predicted climate change. However, it is important to consider a diverse range of potential future climates based on a suite of models and climate scenarios to account for uncertainty. Managing for specific future climates, even if based on ensemble projections may be easier operationally, but this can provide a false sense of certainty and security. Portfolio climate-adjusted provenancing is a variation that simultaneously considers a diverse range of plausible future climates (Figure 4B). This approach can be used in a practical manner to bracket the range of plausible futures considering different representative concentration pathways (RCPs), climate models, time-periods, and climate variables. It establishes sideboards on the range for which seed sources can be collected and/or used, but also ensures the entire range is considered. Managing for the range of potential future climates is more complicated but intentionally and purposefully provides for designing seed mixes to be robust to the range of future climates. This will require land managers to use professional judgement to select the sources to include in seed mixes.


[image: image]

FIGURE 4
(A) From Prober et al. (2015) (used with permission). The star indicates the planting site and the green circles represent seed sources used for reforestation. The size of the circles indicates the relative quantities of each seed source used at the planting site. (B) Portfolio climate-adjusted provenancing. In this example climatic variables are (a) temperature, which increases from left to right, and (b) aridity which increases from bottom to top. When using portfolio climate-adjusted provenancing, multiple future climates (RCPs and time-periods) are considered to identify a diverse range of potentially adapted seedlots. Yellow colored circles indicate a potential set of seed sources for a seed mix designed to be robust to a range of possible future climates.


The SNF decided on a staggered process of FAM implementation that combines provenancing strategies outlined above. The SNF will gradually use up local seed caches while new protocols are developed for collecting seeds in climate analog zones. Full conversion of the reforestation program to APM stock is anticipated by 2050. ARE will be implemented on a case-by-case basis only after formal Tribal Consultation.




2.4 Phase 4–Documentation and monitoring

In the US, tens of millions of hectares of both public and private land are in need of reforestation (Fargione et al., 2021) and the increasing size and severity of wildfires is increasing the number of hectares in need of reforestation through planting (Fargione et al., 2021; USDA Forest Service, 2022). As public land managers strive to scale up and optimize climate-informed reforestation to meet land management goals (e.g., Executive Order 14072), it will be critical to establish clear protocols and guidelines to ensure that the necessary data are collected to determine the outcomes of management work. Only monitoring can ascertain when FAM approaches are working and when they are not, to ensure forests continue to provide the ecological benefits on which Tribes, communities, and stakeholders rely. The final phase of the FAM Framework comprises (1) documentation of activities at the time of planting and (2) monitoring of plantings to guide adaptive management.


2.4.1 Documentation at the time of planting

Planting is a critical time to ensure robust documentation and data archiving because of that information’s importance to tracking the success of FAM over time. It is helpful to plan and track information about the seedlings and how seedlings are planted as well as identify information needs about the planting site to inform future monitoring. During FAM plantings, the design of the physical layout of the planting may require tradeoffs between achieving silvicultural objectives and the ease of future monitoring. It is important to track the seedling sources to compare growth and survival among different seed sources, especially when multiple seed sources are planted on a single site. Comparisons of growth and survival rates can help managers identify which seed sources are performing well and can highlight under which circumstances the local (i.e., status quo) seed source is showing maladaptation or performing poorly relative to a FAM source. It typically is easiest to track seed sources if blocks are planted from a single seed source. The risk from this layout is that if a seed source proves to be unsuitable for a location, the whole block is more likely to fail. To buffer against having large areas with failed establishment or poor survival, seedlings from different seed sources could be intermixed in a planting. However, with multiple sources, unless seedlings are labeled by source at the time of planting, it will be impossible to track seed source over time. With a modest amount of pre-planning, it is possible to incorporate a small monitoring plot within operational plantings where seedlings are labeled by source location. Ideally, the plot is representative of the broader planting site so that it can be utilized for monitoring throughout the lifespan of the stand and reliably inform future management decisions.

When implementing FAM, it will be important to not only plan for the layout of the planting, but also to determine the information to be collected and recorded at the time of planting and where to store that information for future use. Data standards and stewardship are critical for future use of the data to inform adaptive management of the stand and future seed selection and procurement across the ecological region. Data can be maintained in both spatial and tabular databases, and in operational use, it is important to develop minimum data requirement guidelines and distinguish any optional elements. It is critical that the protocol captures data and information necessary to determine the success of FAM while simultaneously minimizing the impact on the field-going staff. A minimum standard set of core data for FAM will require components related to seed sources, planting, and initial survival. When possible, FAM efforts can leverage existing systems and practices to streamline adoption and determine what augmentations to those systems are needed to ensure FAM can be identified and tracked. For example, the SNF identified places in an existing agency database, the Forest Service Activity Tracking System, that could record when and where FAM took place at the time of planting, and developed protocols for properly monumenting FAM seedlings in the field.



2.4.2 Monitoring

Monitoring provides feedback and forms the critical link to close the loop in our FAM Framework to inform adaptive management so that based on lessons learned as FAM is implemented, future implementation can be adjusted. The data gathered through monitoring provides the information to initiate the Assessment and Analysis phase for future FAM projects and ensure (if not improve) their success.

A monitoring protocol will help ensure that relevant information is collected at appropriate intervals to inform future analyses. Important monitoring information for FAM plantings is data related to survival and health for each seed source, and land managers may also wish to collect climate data (e.g., temperature, precipitation, occurrence of extreme events) for additional analysis. Depending on the planting site’s location, local weather stations may be sufficient, or this information could be supplemented with local meteorological data collection in remote locations or when additional precision is needed. The seedling stage is when trees are most vulnerable to abiotic stressors such as cold injury or drought stress (Aitken and Bemmels, 2016), and collecting data on survival at frequent intervals can be particularly informative during early years of stand development. One-year and three-year post planting assessments are suggested to detect potential impacts of planting technique and to respond in the event of failure. After initial establishment, seedlings should be free-to-grow, and monitoring of both growth and survival could shift to longer intervals (e.g., every five years). The number of trees monitored is an important consideration in the monitoring protocol. If FAM is implemented over hundreds or thousands of hectares, it will be impractical or even impossible to monitor all trees or even all stands. This is where monitoring plots established at the time of planting may be most efficient, effective, and valuable. An additional consideration is who will be responsible for carrying out monitoring over time. When local staff and technicians are unable to accommodate the increased workload, it is worth considering collaboration with external partners to provide staff and/or contracting capacity for monitoring. In some instances, researchers may want to partner with managers where FAM provides opportunities to address outstanding research questions [e.g., The Experimental Network for Assisted Migration and Establishment Silviculture (USDA Forest Service, 2023)]. No matter who is assigned the role and responsibility for monitoring, it will also be important to ensure any data collected during monitoring be incorporated into appropriate databases so that it can be linked back to the planting information and be queried for future planning analyses and to inform future management decisions. For example, the Superior NF devised a monitoring protocol that built on established protocols, modifying the existing survey techniques to be conducted at a higher intensity and with additional information collected on tree condition and competition from surrounding vegetation. In addition to monitoring survival and condition of seedlings, climate conditions from the nearest weather station will be monitored to help determine potential causes of seedling mortality.





3 Discussion

Applying an early draft of the FAM Framework in the development of the first Assisted Migration Plan for a national forest, the SNF gained considerable insights into each of the four phases of the FAM Framework. These insights helped to refine the final FAM Framework presented here. During each phase of the FAM Framework, it became apparent that a one-size-fits-all approach for planning and implementing FAM is not possible, but rather, the broad FAM Framework can be adapted and tailored to suit local needs. A key outcome of implementing the FAM Framework was interpersonal networking between SNF staff, the Minnesota Department of Natural Resources, county governments, and others who will have important roles in procuring climate-adapted tree seed for the SNF. The roundtables that were conducted also fostered relationship building and provided key information to the Core Team on what Tribal community members and natural resources staff did and did not want to see from the SNF’s FAM efforts. Following are some key insights gained from the development of the SNF Assisted Migration Plan.


3.1 Key insights - assessment and analysis


3.1.1 Consider Tribal perspectives early

Climate change impacts and decisions related to FAM implementation will undoubtedly affect the ability of Tribal citizens to fully exercise their formal treaty rights within the 1854 Ceded Territory within which the SNF is located. Utilizing the FAM Framework, the SNF engaged with local Tribal Bands at the onset of the Assessment and Analysis phase to ensure FAM would be considered in a respectful manner. It immediately became apparent that there was a difference in opinion on how proactive the SNF should be with FAM on the landscape. The SNF felt a great urgency to begin shifting species compositions on the landscape in order to adapt to future climates and was initially pushing for an aggressive approach that considered both APM and ARE strategies. However, Tribal engagement via the roundtables revealed that there was discomfort from the Tribal Nations around these aggressive types of FAM because of the cultural value that current species and species assemblages on the landscape hold. As a result of these early dialogs, the final approach to FAM outlined in the SNF plan is more conservative, focusing on APM of the entire planting stock (∼1 million seedlings annually) by 2050. The SNF plan outlines requirements to receive consent for ARE and ASM actions through formal consultation meetings. APM actions, by contrast, may proceed with informal Tribal collaboration.



3.1.2 Define a process for distinguishing between the three FAM types—scale matters

When considering FAM for different tree species, it is important to acknowledge the different risk levels associated with each type of AM (Figure 1). However, distinguishing between APM, ARE, and ASM in practice and on the ground is less clear-cut than the definitions on paper. Through Tribal roundtable discussions, it became apparent that there was comfort with implementation of APM on the SNF but discomfort with ARE and ASM on the landscape. Further conversation revealed that it can be hard to distinguish where a particular species range begins or ends on the edge of species distribution limits like on the SNF. For example, a SNF staff member may consider moving a species from a neighboring state onto the forest a form of ARE, a Tribal Band member may consider ARE to be moving a species from a neighboring county. To resolve this difference in perception of scale and develop a way to clearly articulate when each type of FAM was being implemented, the SNF developed a process for distinguishing between the three types, based on species abundance at the planting site location.




3.2 Key insights - climate-based plant material selection


3.2.1 Consider species genetics

In order to select the appropriate species and populations within species for use in FAM, it was important to review information regarding genetic diversity, population structure, and any existing seed zones and/or seed transfer guidelines developed for species commonly used in reforestation. This information is critical to ensuring the appropriate choice of seed source. It is helpful to consult information available on these topics for the species of interest when planning FAM. The SNF provided a team of geneticists with a list of 16 tree species of interest (most commonly planted or ones they were interested in introducing in the future) and asked them to provide recommendations on transfer distances (Pike and Haase, 2024). This information can be found for many commercially important species in the published literature and will be included in the forthcoming update to the Silvics of North America (USDA Climate Hubs, 2024b).




3.3 Key insights - seed procurement and deployment


3.3.1 Partnerships are critical

Based on climate-matching analyses and established seed transfer guidelines, a series of maps of analog zones were produced for potential future seed collection locations for the SNF. It was immediately apparent that none of these locations were located within the SNF boundary. Some collection zones before 2040 overlapped other national forest boundaries in the area, but by mid-century the analog zones have little to no overlap with USDA Forest Service National Forest Systems lands (Berrang, 2019). This means that partnerships will be critical to the SNF for obtaining FAM seed, emphasizing the importance of collaboration with state, county, Tribal, private, and non-profit organizations to gather and obtain seed. Obtaining seed for FAM on national forests in the Eastern US poses additional challenges because of the varied land ownership. Administrative boundaries likely will be a consideration when identifying suitable seed sources regardless of whether neighboring lands are other national forests or under a different jurisdiction. Therefore, establishing partnerships to ensure the species of interest are available and accessible in off-site locations and establishing a mechanism for obtaining the seed (SNF seed collections crews or purchasing of seed from the landowner) are logistics that are important to address in the near-term.




3.4 Key insights - documentation and monitoring


3.4.1 Timing and communication of FAM seed availability are critical

FAM implementation is only beginning on the SNF, however, it is apparent that detailed documentation and continuous communication are necessary for success. There are many unknowns related to when a stand will be harvested and ready for planting and when the desired seed stock will be ready for deployment in the field. Because of this unpredictability related to timing, continual feedback on the process is critical to make sure the proper FAM stock is available for planting when the SNF needs it and that it is tracked and recorded once it is placed in the ground to allow for future monitoring.





4 Conclusion–toward national-scale implementation

Land managers on the SNF and elsewhere are eager to implement FAM on the ground, but thoughtful planning is important to ensure this adaptation technique is implemented in a climate-informed and a culturally and ecologically respectful manner. Before implementing FAM at the landscape scale, it is important to consider each of the elements in the FAM Framework so that managers can work in a consistent and coordinated approach that fully accounts for cultural (Tribal, wildlife, and other social values), ecological (species ranges, genetic diversity and structure, and climate change) and operational factors specific to their local landscape. Further, the burden of figuring out the logistics for selecting, procuring, deploying, and monitoring FAM seedlings cannot be placed on one individual land manager, and local policy and management guidelines for the landowner/manager will also be important to consider. Also, FAM is one just tool in the climate adaptation toolbox and can be employed alongside other climate adaptation treatments and practices that can be selected and combined to fit local challenges, concerns, and situations (Halofsky et al., 2018; Janowiak et al., 2014; Nagel et al., 2017; Ontl et al., 2018).

In a time of rapid climate change, there is no clear guidebook on how to implement FAM and professional judgement will be critical. The FAM framework is a structured approach to ensure the most important considerations and best available science are utilized in the planning and implementation of FAM. The practical FAM Framework developed here follows a logical cycle from planning, to implementation, to follow-up monitoring that is intended to facilitate the application of FAM in a scientifically, culturally, and ecologically defensible way. The piloting of the FAM Framework by the SNF provided valuable insights and helped to refine the final version presented here, and in addition, the SNF developed some useful tools and resources to accompany the FAM Framework. Using lessons learned from this pilot, it is hoped that this framework can be applied to other national forests and public lands more generally.

As Aitken and Bemmels (2016) state: “it’s time to get moving.” Over three decades ago Ledig and Kitzmiller (1992) predicted the need for deploying non-local seed and promoted the idea of broader deployment of species, seed sources, and families. Today, FAM is still not widely implemented outside the context of research. Given the current rapid pace of change, land managers do not have the luxury of waiting another 30 years to implement these practices. Land managers can use the FAM Framework to apply FAM and learn as we go. Documentation and monitoring will be crucial to allow adaptive management as we learn from our collective experience. Every instance of reforestation using FAM will have its own nuances, but our FAM Framework seeks to overcome some of the institutional barriers to wide-scale adoption of FAM identified by Palik et al. (2022). Ultimately, our FAM Framework is relevant and applicable across the spectrum of land ownership because it incorporates consideration of critical elements in planning and implementing FAM on any landscape while facilitating adaptive management for active learning and future implementation.
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