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Introduction: Global climate change and associated stressors threaten forest ecosystems due to the rapid pace of climate change, which could exceed the natural migration rate of some tree species. In response, there is growing interest to research and implement forest assisted migration (FAM). Here, we used a species-independent indicator based on climate analogy, according to the sigma (dis)similarity (σd) index, to match planting sites across the eastern US with (future) climatically-compatible seedlots (CCS).

Methods: We developed CCS for a grid composed of 1 × 1° of latitude and longitude. CCS were based on future climate analogs with ≤2σd analogy to ensure CCS were representative of future climate change. CCS were located for three time periods, 2030's, 2050's, and 2090's and three emissions scenarios (SSP2-4.5, SSP3-7.0, and SSP5-8.5) from the Coupled Model Intercomparison Project phase 6 database, using 12 climate variables.

Results: CCS were identified for the majority of 1 × 1° grids based on the SSP3-7.0 scenario. Approximately 28% of 1 × 1° grid's 2090's projections included future climate novelty. The 2030's, 2050's, and 2090's CCS were located on average 222, 358, and 662 km or 1, 2, and 3 eastern seed zones away from the 1 × 1° grids, respectively. CCS were also located further south-southwest (188–197°). In addition, the average forest cover of CCS was approximately 2%, 5%, and 10% less than that of the 1 × 1° grids.

Discussion: Our development and synthesis of CCS emphasized four key results: (i) average distances to 2030's and 2050's CCS were similar to seed-transfer guidelines for some tree species, but 2090's CCS exceeded current recommendations; (ii) south-southwesterly locations of CCS aligned with tree species habitat distribution dynamics; (iii) future climate novelty potentially challenges the conceptual basis of FAM if tree species are not adapted to climate change; and (iv) variation in forest cover among CCS presents potential opportunities and challenges due the presence or absence of forestland to source seed. Ultimately, our goal was to locate and synthesize CCS that could enable FAM decision support.
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1 Introduction

Global climate change and associated stressors represent some of the greatest challenges facing forest ecosystems today (Parmesan et al., 2022; Domke et al., 2023). This is exemplified by the rapid pace of climate change, which could exceed the natural migration rate of some species, leading to maladaptation and ecological and economic losses (Aitken et al., 2008; Mckenney et al., 2011; Price et al., 2013; Etterson et al., 2020; Prasad et al., 2020; Bisbing et al., 2021). One adaptation strategy increasingly discussed is Forest Assisted Migration (FAM), usually as a mechanism to accelerate natural species or genotype migration to compensate for anticipated ecological, economic, and cultural losses (Millar et al., 2007; Pedlar et al., 2012; Williams and Dumroese, 2013; Nagel et al., 2017; Palik et al., 2022). The emerging consensus is that as forest vulnerability to climate change increases, FAM will likely become an increasingly important strategy in forest conservation and management.

The anticipated prevalence of climate-driven migration lags and variety of FAM forms can be illustrated through the United States Forest Service (USFS) Climate Change Tree Atlas (https://www.fs.usda.gov/nrs/atlas/tree/) (Iverson et al., 2019a,b). The Tree Atlas quantifies potential distribution dynamics of current and projected future habitat of 125 eastern US tree species. For example, within the Northeast region, 65 of these species are expected to experience regional habitat increases by 2100 (under a very high emissions scenario), of which 24 are non-endemic to the Northeast and only seven may naturally migrate into the region by 2100, despite expected habitat outfilling. Specifically, whether tree species or genotypes are sourced and transplanted within their current range, just outside their range, or far from their range refers to assisted population expansion, assisted range expansion, or assisted species migration, respectively—exemplifying different levels of FAM intensity, endemism, and associated risk. However, practitioners in the eastern US lack the resources and confidence identifying the precise optimal seed sources for these species—a topic described in recent FAM literature (Park and Talbot, 2018; Palik et al., 2022; Royo et al., 2023)—because resources such as the Tree Atlas do not currently account for intraspecies variation (Leites et al., 2019; Prasad and Leites, 2022) and guidelines for selecting the best genetic sources are unavailable for most species (Pike et al., 2020), including recently developed universal response functions that integrate both genetic and environmental information (Wang et al., 2010; Chakraborty et al., 2015).

Implementing FAM inherently involves a degree of risk due to many interacting factors (Dumroese et al., 2015; Park and Talbot, 2018). Perceived short- and long-term challenges with respect to local vs. non-local seed source optimality to potentially novel environmental and changing climate conditions threaten the potential success of FAM. From a climate standpoint, local seed sources are expected to progressively respond negatively to intensifying climate change. On the other hand, non-local seed sources identified for their future adaptation are expected to increasingly respond favorably to climate change. However, non-local seed sources must survive current climate conditions in which they may be less adapted due to phenological mismatches. In addition to short-term responses to climate, non-local seed sources must also adapt to potentially novel plant-soil feedbacks (Refsland et al., 2023), browsing pressure (Champagne et al., 2021a), and moisture regimes (Champagne et al., 2021b) that local seed sources may be better adapted. Thus, early seedling survival is key to FAM success (Corlett and Westcott, 2013). Provenance tests have historically been critical to providing information on short-term acclimatization of non-local seed sources and the development of seed transfer distances for a select number of tree species. Recent provenance trials and early results from FAM studies have shown that non-local seed sources can be successful and even outperform local seed sources during this crucial period (Lu et al., 2014; Palik et al., 2022). Hence, identifying appropriate seed sources is key to developing practical knowledge on how to guide FAM efforts.

Researchers have instead developed generalizable, sometimes species-independent, approaches to identifying appropriate seed sources or seed-transfer guidelines when optimum species or genetic information is unavailable. For example, tree seed zones may be based on climatic thresholds related to drought or cold hardiness (Bower et al., 2014; Erickson and Halford, 2020; Pike et al., 2020). The US Eastern Seed Zone Forum, for example, identifies current eastern seed zones as a combination of cold hardiness zones and ecoregions that are intended to delineate key adaptive responses in which native seed may be collected and planted without deleterious effects due to phenological mismatches (http://www.easternseedzones.com/) (Pike et al., 2020). To facilitate FAM when species or genotypes have not been field tested or when genetic information is unavailable, the Seed Zone Forum recommends seed transfers within or between adjacent seed zones, i.e., ~1–2 seed zones, to enable adaptation to future climate change as a general rule (Pike et al., 2020). Transfer distances >2 seed zones, however, are thought to pose risk of genetic maladaptation, especially in the near term before the climate has changed in favor of individuals from warmer regions. Nonetheless, these recommendations recognize that accelerating climate change may warrant transfers exceeding conservative movements between adjacent seed zones (Pike et al., 2020).

Alternatively, researchers may identify optimal seed sources using climate distances between two points in a fixed area, in which seed may be sourced from locations where climates are most similar, i.e., climatic distances are minimized (Doherty et al., 2017; Shryock et al., 2018; St.Clair et al., 2022; Royo et al., 2023). As opposed to ad hoc migration prescriptions, which may be comprised of indiscriminately-sourced seed from more southern locations, climate-distance approaches offer a more geographically- and thus climatically-precise approach that researchers are increasingly advocating (Young et al., 2020; Royo et al., 2023). In addition, collections across fixed seed zones may be compromised if zones are too large, increasing maladaptation across large distances, vs. too small, necessitating unwarranted or excessive collections (O'Neill et al., 2014). Similarly, more climatically-precise methods in the eastern US are expected to better capture a greater range (besides temperature-related variables) of key climatic responses, e.g., moisture, in the adaptive profile of selected seed sources, such that climatically-compatible seedlots may also be located further west or east, e.g., drier or wetter, of a planting site, as observed in the distribution dynamics of tree species habitat in the Tree Atlas (Iverson et al., 2019a).

Here, we used a standardized climate-distance and species-independent index, sigma (dis)similarity (σd) (Mahony et al., 2017), to identify climate analogs—contemporary locations with climates similar to the anticipated future climate of a planting site (Williams et al., 2007; Grenier et al., 2013). We refer to these new locations as (future) climatically-compatible seedlots (CCS). The general premise of this approach is that CCS located within future climate analogs are expected to better minimize risk and maximize seedling adaptation potential because they originated from similar climates to the planting site's anticipated future climate (Young et al., 2020; St.Clair et al., 2022; Royo et al., 2023). Thus, the expectation is that they are pre-adapted to the anticipated future climate of a planting site. Climate analog modeling within a FAM context is growing in popularity. However, broad syntheses for regions such as the eastern US are lacking. The eastern US is an ideal candidate for such a synthesis because it contains some of the most forested regions in the US, coincides with existing adaptive resources, i.e., Tree Atlas and eastern seed zones, and is where FAM is actively being used in support of climate-adaptive forestry (Nagel et al., 2017; Palik et al., 2022).

Climate analogy and σd also provides a basis for the identification of future climate novelty. Novel climates are emerging conditions with no analog in the observational record. Future climate novelty could challenge the conceptual basis of FAM because FAM is partially dependent on the premise that successful seedling establishment of future-climate-adapted tree species or genotypes is based on the complementarity of their fundamental niche to the anticipated future climate space (Williams and Jackson, 2007). However, if no reference conditions exist for a future climate, FAM may be less reliable due to climate change exceeding the adaptive potential of prospective seed sources. Some estimates suggest 10%−40% of Earth's terrestrial surface, including portions of the eastern US, are expected to experience climate novelty by 2100 (Mahony et al., 2017). Identifying the emergence and locations at risk of developing future climate novelty may be an important consideration in FAM adaptive planning and risk assessment.

Our objectives were to use climate analogy according to σd to quantify potential CCS for the eastern US and provide a broad synthesis on CCS patterns that may enable FAM decision support. We used a grid of 1 × 1° latitude and longitude as our frame of reference. Our work synthesizes geographic patterns in CCS: (i) climate analogy of CCS, i.e., (dis)similarity of future climates; (ii) distance to CCS (both in geographic distance and minimum number of seed zones and plant hardiness zones between CCS and planting sites); (iii) direction to CCS (as degrees bearing); (iv) emergence of future climate novelty; and (v) variation in forest cover between 1 × 1° grid planting sites and CCS as an examination of potential socio-environmental opportunities or challenges due to the presence or absence of forestlands at desired, i.e., most-climatically matched, locations. We used climate models based on 2030's, i.e., current (2021–2040), 2050's, i.e., mid-century (2041–2060), and 2090's, i.e., late-century (2081–2100) periods, according to three emissions scenarios, SSP2-4.5, SSP3-7.0, and SSP5-8.5, derived from the Coupled Model Intercomparison Project phase 6 (CMIP6) database (IPCC, 2022).



2 Materials and methods


2.1 Study area

We quantified CCS for a series of 494, 1 × 1° grids located in the eastern US (east of the 100th Meridian) developed as part of the USFS Climate Change Tree Atlas (Figure 1a). The geographic footprint provided a coarsely-summarized continuous grid of representative sites permitting sufficient climate observations from historical weather stations. In addition, the 1 × 1° grid focus complements the Tree Atlas, delivering a single information point enabling FAM decision support. Forest cover averaged 31.21 ± 2.14% (±95% CI) and ranged from 0.03 to 86.25% across the grid (NALC, 2020). CCS were located within a larger study domain encompassing the extent of the western hemisphere north of the equator as defined by the input climate data. The region was also partitioned into five geographic regions and 92 eastern US seed zones to assist in our synthesis (Iverson et al., 2008; Pike et al., 2020) (Figures 1b, c).
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FIGURE 1
 The eastern US 1 × 1° grid where we located (future) climatically-compatible seedlots (CCS) (a), including five geographic regions (b) and 92 eastern US seed zones (c). Note 1 × 1° grids are referenced by their southeastern corner, i.e., a coordinate of 45.89, −88.46 occurs in the S45_E88 1 × 1° grid.




2.2 Sigma (dis)similarity (σd)

We used climate analogy according to σd to locate CCS for each 1 × 1° grid (Mahony et al., 2017). This approach produces σd surfaces that depict geographic areas where current climate conditions are most similar, i.e., analogous, to each 1 × 1° grid's forecasted climate. σd is derived from standardized Mahalanobis distances and interpreted as a multivariate z-score metric (Mahony et al., 2017; Fitzpatrick and Dunn, 2019). The use of Mahalanobis distances reduces limitations in variable scaling, e.g., °C vs. mm, and variance inflation due to correlations. Mahalanobis distances were standardized with respect to local 1 × 1° grid climate variability and scaled according to the half-normal percentile of the associated chi distribution, where n df equaled the number of dimensions, i.e., climate variables, and 1σd, 2σd, and 4σd corresponded to the 68th, 95th, and 99.9th normal percentiles, respectively. A 0σd indicates identical climates, i.e., a 1 × 1° grid's future climate and its closest-matched contemporary climate analog are a perfect match. σd is both a measure of the strength of climate analogy and an indicator of future climate novelty. Hence, σd may serve as a proxy for seedling adaptation potential to future climate change, i.e., where analogy is strongest (σd lowest) seedling adaptation, e.g., survival, productivity, reproduction, may be greatest. Thus, we defined an upper threshold of 2σd (95th percentile), in which we confidently assigned CCS to each 1 × 1° grid's σd surface. This is because values >2σd generally indicate future climate novelty (Mahony et al., 2017). In other words, values >2σd indicate a 1 × 1° grid's future climate is dissimilar to any contemporary climate in the study domain, which we interpret as there being no CCS for that 1 × 1° grid's anticipated future climate.



2.3 Climate data

We used 12 climate variables and three datasets to map σd values and locate CCS for each 1 × 1° grid. The 12 climate variables consisted of mean minimum and maximum temperature (°C) and total precipitation (mm) for each of the four climatological seasons; winter (December, January, and February), spring (March, April, and May), summer (June, July, and August), and autumn (September, October, and November). The variables were selected because we considered them to represent fundamental elements of future climate change and because they have been supported in previous climate analog mapping applications (Mahony et al., 2017; Fitzpatrick and Dunn, 2019).


2.3.1 Contemporary climate data [A]

The first dataset was a contemporary climate surface [A] that we converted into the σd surfaces, serving as the regional climate pool and potential CCS. We used gridded 1-km resolution climate data for North America provided by the AdaptWest Project and generated using ClimateNA v7.3 software (AdaptWestProject, 2022). The geographic extent of [A] defined the larger study domain across North America. These data were based on downscaled PRISM (PRISMClimateGroup, 2022) and WordClim data (Fick and Hijmans, 2017), estimated over a 30-year period from 1981–2010.



2.3.2 Future climate data [B]

The second group of datasets were projections of each 1 × 1° grid's future climate [B], we spatially related to [A]. Future climate data in [B] were averaged within the extent of each 1 × 1° grid for the 12 climate variables. We used climate models derived from the Coupled Model Intercomparison Project phase 6 (CMIP6) database (corresponding to the 6th IPCC Assessment Report) (IPCC, 2022) and the 8-model general-purpose ensemble selected by Mahony et al. (2022). The raster surfaces were provided by the AdaptWest Project and included ensemble-mean projections from models ACCESS-ESM1.5, CNRM-ESM2-1, EC-Earth3, GFDL-ESM4, GISS-E2-1-G, MIROC6, MPI-ESM1.2-HR, and MRI-ESM2.0 (see AdaptWestProject, 2022, for details on these projections).

Future climate projections were provided in 20-year averages for the time periods of 2021–2040, 2041–2060, and 2081–2100 to accommodate a spectrum of climate-adaptation options in [B]. We refer to these temporal projections as enabling “adaptation” to 2030's, 2050's, and 2090's predicted climates or current, mid-century, and late-century, respectively. We also included Shared Socioeconomic Pathways, SSP2-4.5 (intermediate warming limited to < 3°C), SSP3-7.0 (high warming limited to < 4°C), and SSP5-8.5 (very high warming exceeding >4°C), to assess a range of emissions scenarios. We focused our results on SSP3-7.0 here as our objectives were to provide a general pattern of CCS representative of potential challenges for FAM, while acknowledging the likelihood of a given scenario is challenging (Hausfather and Peters, 2020; Schwalm et al., 2020; Hausfather et al., 2022). In addition, we found similarities in the geographic locations of CCS across emissions scenarios, e.g., 72% of all 2050's CCS were located < 100 km from one another across SSP2-4.5, SSP3-7.0, and SSP5-8.5 (though these similarities declined in 2090's projections). We provided results for all three emissions scenarios in the Supplementary material, using tables and interactive web maps created with the leaflet R package (Cheng et al., 2024).



2.3.3 Historical interannual climate data [C]

The third and final dataset was developed from NOAA weather station records to estimate historical interannual climate variability [C] within each 1 × 1° grid. σd standardizes climatic distances with respect to historical climate data. We estimated [C] for the 12 climate variables using the Global Summary of the Month (GSOM) dataset (Lawrimore et al., 2016). The GSOM dataset contains meteorological events at monthly resolution from 1763, composed primarily of daily Global Historical Climatology Network observations. We located all weather stations within each 1 × 1° grid that contained ≥20 years of observations over a reference period of 1961–2010 using the rnoaa R package (Chamberlain, 2020). We used the 50-year reference period and required a minimum of five unique weather stations per 1 × 1° grid to estimate [C] in order to ensure sufficient climate observations for calculating σd. Station records were averaged using inverse distance weighting to the center of each 1 × 1° grid and monthly records were aggregated to the four climatological seasons to match the climate data in [A] and [B]. For 1 × 1° grids (mostly located along coastlines with limited land area) without five weather stations or ≤ 20 years of observations, we searched outwards from the cell's centroid incorporating the nearest five weather stations with these criteria into the analyses, similarly using inverse distance weighting to calculate the 12 climate variables.




2.4 Statistical analyses

We located CCS for each 1 × 1° grid by converting [A] into surfaces of σd using future climate projections in [B] and scaling climatic distances with respect to local historical climate variability in [C]. All analyses were conducted in R (https://www.r-project.org/) and we adapted methods and R scripts provided in Mahony et al. (2017). We considered CCS to include ≤ 2σd analogy between [A] and [B] (in each 1 × 1° grid). We summarized the strength of analogy (or novelty), i.e., σd value, distance (km), and bearing (°) to the pixel with the least σd value. We provided summaries for 37 eastern US states and five geographic regions. The 1 × 1° grid cells were assigned to individual states, regions, seed zones, and plant hardiness zones using majority rule, i.e., the geographic feature with the greatest areal extent within a 1 × 1° grid was used. We used eastern seed zones version 2.2 and plant hardiness zones version 2023 (Pike et al., 2020; USDA Agricultural Research Service, 2023). The granularity and resolution of these maps can lead to over- or under-counting zones (from 1 × 1° grid to CCS) if they are spatially-disjoined and/or overly-small. For our purposes, we snapped the original maps to US counties to force small, spatially-disjoined sections of zones to be absorbed into larger zones (particularly in the case of plant hardiness zones) or be separated into individual zones (eastern seed zones). Finally, we estimated percent forest cover amount within each 1 × 1° grid and the landscape surrounding each CCS within a 50-km buffer radius (an area roughly similar in size to the average 1 × 1° grid). Forest cover was estimated with the 2020 North American Land Cover dataset provided in 30 m resolution, based on Landsat satellite imagery of Canada, Mexico, and the US (NALC, 2020).




3 Results


3.1 Distinguishing climatically-compatible seedlots (CCS)

We located CCS ≤ 2σd analogy for all (n = 494) of the 1 × 1° grids for the 2030's, i.e., current (2021–2040) period, all but one (n = 493) of the 1 × 1° grids for the 2050's, i.e., mid-century (2041–2060) period, and 356 (~72%) of the 1 × 1° grids for the 2090's, i.e., late-century (2081–2100) period, under the SSP3-7.0 emissions scenario (Figure 2, Table 1). In other words, 28% of 1 × 1° grids displayed emerging climate novelty under 2090's climate projections. Supplementary Tables S1–S9 and interactive web maps (Supplementary Figures S1–S3) summarize results for all three emissions scenarios (SSP2-4.5, SSP3-7.0, and SSP5-8.5). The fewer number of 2090's CCS resulted from accentuated >2σd novelty emerging throughout the southern portion of the eastern US, attributed to accelerated climate change and deficient land area further south, e.g., the Gulf of Mexico, to draw representative analogs.
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FIGURE 2
 Locations of (future) climatically-compatible seedlots (CCS) ≤2σd analogy for the eastern US 1 × 1° grid under the SSP3-7.0 emissions scenario and three adaptation planning periods: 2030's (2021–2040) (a), 2050's (2041–2060) (b), and 2090's (2081–2100) (c). Arrows point each 1 × 1° grid's CCS, omitting >2σd novelty (note only 50% of CCS in each period are shown for display purposes). The analogy (or novelty) of each 1 × 1° grid's future climate projection to its CCS is shown in color on each arrow and in inset maps (1 × 1° grids >2σd novelty are displayed in white color).



TABLE 1 Regional and US state-level statistics of (future) climatically-compatible seedlots (CCS) ≤2σd analogy for the three adaptation periods, 2030's (2021–2040), 2050's (2041–2060), and 2090's (2081–2100), and SSP3-7.0 emissions scenario, including the number (n) of CCS, i.e., 1 × 1° grids with CCS, and the mean (±95% CI) σd value, distance to CCS (km), bearing to CCS (°), number of seed zones from 1 × 1° grid to CCS, and difference (Δ) in forest cover (%) between 1 × 1° grid and CCS (note, only CCS located within established eastern US seed zones could be used in calculating the number of seed zones to CCS, generally excluding CCS west of the 100th Meridian).
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3.2 Analogy of climatically-compatible seedlots (CCS)

The σd value, as a potential measure of CCS adaptation to climate change, was on average 0.03 ± 0.01 (±95% CI) σd (~2nd percentile) for the 2030's, 0.20 ± 0.03 σd (~16th percentile) for the 2050's, and 0.71 ± 0.06 σd (~52nd percentile) for the 2090's periods (noting that 0σd is a perfect match, ≤ 2σd is up to a moderate level of (dis)similarity, and >2σd is indicative of future climate novelty) (Mahony et al., 2017) (Table 1). Altogether, the total area representing ≤ 2σd analogy for each CCS was on average 451-, 351-, and 177-thousand km2 for the 2030's, 2050's, and 2090's planning periods, respectively (Supplementary Tables S2, S5, S8).



3.3 Distance to climatically-compatible seedlots (CCS)

The geographic distance to CCS (from 1 × 1° grid planting cell's centroid to the pixel with the lowest σd value) was on average 222 ± 12 km for the 2030's, 358 ± 20 km for the 2050's, and 662 ± 35 km for the 2090's adaptation planning periods (Table 1). Regionally, 1 × 1° grids located in the Southeast and South Central regions generally displayed the greatest distances to CCS across the three adaptation periods, e.g., 353 ± 30 and 408 ± 87 for 2050's South Central and Southeast CCS, respectively, whereas 1 × 1° grids of the Great Plains region largely displayed the smallest distances to CCS, e.g., 293 ± 25 for 2050's CCS (Table 1).

Geographic distances to CCS, on average, roughly corresponded to 1, 2, and 3 seed zones (specifically 1.19 ± 0.09, 1.71 ± 0.10, and 2.94 ± 0.13 seed zones) from the 1 × 1° grid's native seed zone to the seed zone of its CCS for the 2030's, 2050's, and 2090's periods, respectively (Table 1). The distance to CCS also averaged 1–2 plant hardiness zones (specifically 0.92 ± 0.08, 1.27 ± 0.08, and 2.24 ± 0.10 plant hardiness zones) for the 2030's, 2050's, and 2090's periods, respectively (Supplementary Tables S2, S5, S8). In addition, CCS were located on average 2.18 ± 0.15, 3.41 ± 0.21, and 6.05 ± 0.39 1 × 1° grid cells from the 1 × 1° grid planting site for the 2030's, 2050's, and 2090's periods, respectively (Supplementary Tables S2, S5, S8). The CCS were also located 0.73 ± 0.07, 1.02 ± 0.08, and 1.83 ± 0.11 US states from the 1 × 1° grid planting site (based on majority feature) for the 2030's, 2050's, and 2090's periods, respectively (Supplementary Tables S2, S5, S8). This is important to note if statutes preclude the selling or procuring of seedlings from other jurisdictions, i.e., non-local sources.



3.4 Direction to climatically-compatible seedlots (CCS)

The bearing (representing the angle in degrees measured clockwise from north) to CCS was on average 191 ± 2°, indicating that CCS were generally located south-southwest of each 1 × 1° grid, with an increasing tendency for more southwesterly locations over extended planning periods, e.g., 2090's (Table 1). Specifically, CCS were located on average 188 ± 4°, 189 ± 4°, and 197 ± 4° from each 1 × 1° grid's centroid for the 2030's, 2050's, and 2090's periods, respectively. Some regional patterns were also apparent; CCS (across 2030's, 2050's, and 2090's projections) for the North Central region were located on average 184° to 190° to the southwest of each 1 × 1° grid, whereas CCS of the Northeast averaged 182° to 203°.



3.5 Forest cover of climatically-compatible seedlots (CCS)

The amount of CCS forest cover (based on % forest within a 50-km buffer radius) was on average −2.27 ± 1.31%, −4.77 ± 1.51%, and −9.56 ± 2.16% less than that of their associated 1 × 1° grid for the 2030s, 2050's, and 2090's periods, respectively (Table 1, Figure 3). The Northeast region displayed the greatest average difference in forest cover amount between 1 × 1° grids and CCS, e.g., −17.86 ± 4.13 for 2090's CCS. In contrast, the Great Plains region displayed the smallest average difference in forest cover amount between 1 × 1° grids and CCS, e.g., 0.48 ± 1.23 for 2090's CCS.
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FIGURE 3
 Color composite visualizing variation in forest cover (%) difference (ΔForest cover) between eastern US 1 × 1° grids and their (future) climatically-compatible seedlots (CCS) for the 2030's (2021–2040) (a), 2050's (2041–2060) (b), and 2090's (2081–2100) (c) periods. Forest cover values were transformed into channels of color in which 1 × 1° grid forest cover represented the green axis, CCS forest cover the blue axis, and a default value of 0 was set for the red axis. We provide seven examples for the 2090's period. Examples 1–2 (located in the greener color space) highlight potential challenges due the absence of forest cover (to source seed) at CCS (y axis in legend) relative to 1 × 1° grid (x axis). Examples 3–4 highlight dramatic differences in forest cover but still including CCS with >30% forest cover. Example 5 is neutral (1 × 1° grid and CCS both including >50% forest cover). Finally, examples 6–7 (in bluer color space) highlight potential opportunities for some 1 × 1° grids to source from regions with greater forest cover. Note 1 × 1° grids >2σd novelty are not displayed.




3.6 Regional comparisons

The majority of CCS (~96%−98%) ≤ 2σd analogy across the three adaptation periods were located within the eastern US (east of the 100th Meridian), whereas non-representative analogs (>2σd novelty) were more often located outside the eastern US (west of the 100th Meridian, including Mexico) (Figure 2); some of this is attributed to anticipated >2σd novelty observed in the southern US. CCS among the 2030's and 2050's periods were also generally located within the same geographic region as the 1 × 1° grid in which they represent, e.g., 75 and 70% of the Northeast region's CCS for the 2030's and 2050's planning periods were located within the Northeast, respectively (Figures 4a, b). However, only 54% of the Northeast region's 2090's CCS remained in the Northeast (Figure 4c). The majority (~30%) of the Northeast region's other 2090's CCS were located in the South Central region. This pattern is apparent for much of the 1 × 1° grid, especially in the Northeast and North Central regions, i.e., USFS Region 9. The South Central region is the only region to host CCS for all other geographic regions across each period, e.g., 37% of 2090's CCS (excluding the South Central region) were located within the South Central region (Figure 4c).
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FIGURE 4
 A flow diagram depicting the geographic region where 1 × 1° grids and their (future) climatically-compatible seedlots (CCS) are located under the SSP3-7.0 emissions scenario for the 2030's (2021–2040) (a), 2050's (2041–2060) (b), and 2090's (2081–2100) (c) periods. The size of the vertical bars represents the number of individual 1 × 1° grid cells (left) or CCS (right) and the width of the flows (left to right) indicates the number of connections.





4 Discussion

There is a growing need to manage for climate-driven range shifts (Bonebrake et al., 2018). Novel strategies and frameworks aimed to conserve ecosystem integrity under climate change, including FAM, are being increasingly researched and implemented (Millar et al., 2007; Pedlar et al., 2012; Nagel et al., 2017; Palik et al., 2022; Royo et al., 2023). Challenges implementing FAM include identifying optimal seed sources and estimating seed-transfer guidelines when relevant genetic information is unavailable. However, due to the need to implement these strategies under a rapidly changing climate, researchers must develop fast and efficient approaches to guide targeted collections, such as with the use of climate data. Here, we used climate analogy according to σd, a species-independent and climate-distance approach, to locate CCS for the eastern US that may serve as a surrogate for genetic information. The goal of this work was to provide a broad synthesis of CCS patterns that may enable greater FAM decision support across the eastern US.


4.1 Distance to climatically-compatible seedlots (CCS)

Average distances to CCS ≤ 2σd analogy were expectedly large (under the SSP3-7.0 emissions scenario), yet similar to maximum transfer distances (to avoid phenological mismatches) recommended for some species, as derived from provenance trials, common gardens, and other published resources (Pike and Haase, 2024). For example, maximum seed transfers of 100–200 miles (161–322 km) are commonly recommended for some species, e.g., sugar maple (Acer saccharum), and upwards of 300 miles (483 km) for others, e.g., red pine (Pinus resinosa), depending on the species (LaBonte, 2022; Pike and Bloese, 2022). These distances are similar to average distances to 2030's and 2050's CCS (222 and 358 km, respectively). Average distances across seed zones to 2030's and 2050's CCS (1 and 2 seed zones, respectively) were also similar to recommendations by the Eastern Seed Zone Forum (Pike et al., 2020). It is important to note that seed-transfer guidelines are different from CCS developed here—CCS show where to source seed and seed-transfer guidelines define the expected maximum distance seed may be moved before deleterious effects, which may help validate CCS or enable selection among species with least risk of maladaptation (see Tree Atlas section below).

In addition, recent studies in the eastern US show support for seed transfers and/or distances to assisted-migrated tree species' northern range termini of 100–200 km, including early survival results nearing 100% in one study (Muller et al., 2019). As a potential proxy to transfer distance, comparisons in survival among assisted population expansion vs. assisted range expansion plantings have also been examined, but results have been mixed (Muller et al., 2019; Palik et al., 2021, 2022; Clark et al., 2022)—likely because species vary in their tolerance to seed transfer (Leites et al., 2019). Nonetheless, these studies seemingly support seed transfers among CCS representative of adaptation to the next ~1.5–2 decades and ~200 km or 1–2 seed zones in distance, based on early survival results.

However, 2090's CCS average distances (662 km, ≥3 seed zones, and ≥2 plant hardiness zones) exceeded current seed transfer recommendations. It is important to note that geographic distance alone can sometimes be a poor correlate of adaptation to novel planting environments (Leimu and Fischer, 2008). Rather, it is the underlying differences in the abiotic, e.g., climate and soils, and biotic, e.g., competitors or pests or pathogens, environment that affects survival, which geographic distance may not always integrate because environmental gradients transition more gradually or sharply than expected, e.g., floristic tension zones between boreal and temperate forest types (Joyce and Rehfeldt, 2013). Some site-level differences may also be partially mediated by appropriately matching tree species to finer-scale habitat at the planting site (see below). Nonetheless, researchers are recognizing that more intense seed movements, strategies, and risk acceptance are needed to avoid the potential opportunity cost of FAM, which may include moving species or genotypes beyond current transfer recommendations—especially to enable adaptation to 2100 climate change, the risk of inaction may exceed FAM risks (Palik et al., 2022; Royo et al., 2023).



4.2 Direction to climatically-compatible seedlots (CCS)

Second, CCS were located on average south-southwest of the 1 × 1° grid planting sites—a pattern generally resembling drier, continental climates. This is important because it likely associates with longitudinally-aligned traits influenced by precipitation, such that moving genotypes south-to-north may not necessarily minimize maladaptation nor maximize resiliency goals under FAM (Zhu et al., 2012; Fei et al., 2017; Gougherty et al., 2021). These subtle shifts in degrees bearing relative to orientation north can produce different patterns in CCS geographies relative to 1 × 1° grid origin, especially as distances increase. For example, a shift in bearing from 190° to 203° would result in the movement of a CCS by 150 km (or 143 km west and 42 km north) using an average geographic distance of 662 km. It is difficult to disentangle how specific climate features contribute to the joint distribution of (dis)similarity change. However, these results generally reflect the nature of climate change within the eastern US (Dobrowski et al., 2013). In addition, these results are similar to anticipated range shifts in the mean centers of suitable habitat of many eastern US tree species that are expected to shift in a northeast direction and originate from more southwestern locations (Iverson et al., 2019a).



4.3 Future climate novelty

Third, we also detected large areas of emergent climate novelty >2σd across the eastern US, particularly in the Southeast and South Central regions and for later-century projections, e.g., ~28% of 1 × 1° grids may experience climate novelty during the 2090's period. This is partially attributed to deficient land area further south at southern latitudes at the extent of terrestrial habitat along the Gulf of Mexico. In contrast, areas along the Appalachian range, e.g., state of Vermont in the Northeast, may be buffered from >2σd novelty due to increased topographic heterogeneity, enabling CCS to be drawn from lower elevations throughout the study domain. However, other regions may experience future climate novelty, including ~9% of 1 × 1° grids in the North Central region. The only region expected to not experience future climate novelty (at the 1 × 1° grid scale) under the SSP3-7.0 emissions scenario was the Northeast. It is important to note that results emphasized in our study were based on the high SSP3-7.0 emissions scenario, according to global warming trends limited to < 4°C. For the unmitigated, very-high SSP5-8.5 emissions scenario exceeding >4°C, 46% of 1 × 1° grids in the eastern US may experience future climate novelty (at the 1 × 1° grid scale) (Supplementary Table S9).

Future studies might examine the influence of climate novelty on FAM outcomes. We currently cannot predict how seed sources collected across a range of analogies, i.e., σd values, will respond to climate change. For example, what impacts (if any) to short- or long-term survival may occur if CCS with moderate levels of (dis)similarity, e.g., 0.5σd, vs. CCS with perfect alignment to climate change, i.e., 0σd, are used? Similarly, at the other end of the gradient and from a local climate change perspective, understanding tree species and genotype response across a range of σd values could assist in whether or not to pursue FAM and perhaps even FAM timing. In other words, it may be that local seed sources are better than non-local seed sources up to a minimum threshold, i.e., σdmin, in which local climate change has exceeded historical variability and the tolerance of local tree species and genotypes. This could function as a means to trigger FAM consideration and enhance confidence in non-local seed source establishment because the climate now aligns better with the CCS in which seed were sourced. It is important to note that even for the 2030's earliest planning period, the most closely-matched climate analogs and subsequent CCS were located 222 km on average from the 1 × 1° grid planting sites. Because of these distances, it likely indicates we have already met a minimum threshold to begin engaging in FAM practices, emphasizing a need to consider non-local seed sources in forest management planning sooner than later.

It is also possible that survival and productivity are less influenced by subtle differences in analogy, local climate departure, or even possibly moderate levels of climate novelty because slightly missing the optimal habitat of seed sources may not be that serious (Gray et al., 2011). In addition, some tree species show levels of plasticity that could suggest an ability to respond to climate novelty (Hamrick, 2004; Leimu and Fischer, 2008; Copenheaver et al., 2020). Short-term responses of seedlings sourced along gradients of (dis)similarity may be tested in common gardens, greenhouses, or other controlled environments (Bronson and Gower, 2010). Identifying key demographic parameters along these gradients could help (i) refine the selection of CCS, (ii) determine how much of the optimal climatic habitat may be missed (Gray et al., 2011), (iii) whether subtle ( ≤ 100 km) differences among emissions scenarios affect future adaptation potential (at least from a FAM decision standpoint in selecting among emissions scenarios to inform collections), and (iv) enable identification of population structures that facilitate climate change adaptation within species. Ultimately, from an operational standpoint, some level of moderate climate analog mismatch would need to be incorporated into the decision-making process due to the presence of seed sources and nursery practice (see below).



4.4 Forest cover of climatically-compatible seedlots (CCS)

Fourth, we detected variation in forest cover amount among 1 × 1° grids and their CCS. Specifically, CCS were on average comprised of less (current) forest cover than that of the associated 1 × 1° grid. This is important because it may overestimate FAM confidence if seed sources are unavailable at CCS. In the provided examples, target 1 × 1° grids among the upper North Central region were comprised of 37 and 52% forest cover while their CCS were comprised of only 6 and 11% forest cover, respectively (Figure 3's examples 1–2). These differences were even more dramatic in other examples (3–4 highlight 1 × 1° grids comprised of >80% forest cover but with CCS comprised of at least 30%−50% forest cover) but neutral in another (example 5 highlights a 1 × 1° grid and CCS that were both comprised of 55% forest cover). Still, CCS may be located in landscapes with greater levels of forest cover (examples 6–7), presenting potential opportunities with increased area to locate seed sources. Our intention here was to highlight potential challenges and opportunities when identifying seed sources within CCS due to the presence or absence of forestlands, including the likelihood of missing ecologically, economically, or culturally important species.



4.5 Complementarity to species models and seed zones

The regional focus of our work was selected to coincide with the USFS Climate Change Tree Atlas. The CCS being located primarily within the eastern US and within the extent of the Tree Atlas allows for complementary information to be shared that either the Tree Atlas or CCS in this article do not provide individually (similar to seed-transfer guidelines). For example, the Tree Atlas predicts that post oak (Quercus stellata) and black hickory (Carya texana) may experience increasing habitat suitability within southeastern Ohio by 2100 (Peters et al., 2020). Here, CCS for this time period under the SSP3-7.0 emissions scenario were largely located across parts of the Ozarks in the state of Arkansas, also where these species occur likewise—though representing a large seed transfer of ~1,100 km. Hence, tree lists provided by the Tree Atlas support identification of future-climate-adapted tree species whereas CCS identify locations where these species may be sourced. Further refinement in FAM decision making may also incorporate seed-transfer guidelines (if available) or other information including seed zone or plant hardiness zone maps. In addition, the intersection of where within a species range climate analogs are located can provide more geographically-specific information to inform application of climate adaptation as well as a basic understanding to identify gradients of within species heterogeneity (Prasad and Potter, 2017; Gougherty et al., 2021).



4.6 Limitations and assumptions

Environmental data, particularly on soils, topography, and microbial communities and their interactions, are not currently incorporated directly into climate analog mapping, but these abiotic and biotic characteristics are known to impact the ability of tree species to adapt to new habitats (Leimu and Fischer, 2008; Lafleur et al., 2010; Refsland et al., 2023). Post-mapping environmental filters may be used to refine the selection of CCS where environmental conditions are agreeable to the planting site. In addition, FAM practitioners have the ability seek out suitable planting environments for specific tree species within the larger landscape, e.g., dry ridgetop vs. mesic bottomland (Iverson et al., 1997). Extreme weather events, particularly intense precipitation, that are expected to increase in frequency are also not easily incorporated into climate projections (Rastogi et al., 2020). Other challenges emerge if species currently occupy suboptimal habitat and are in climatic disequilibrium (Rehfeldt et al., 2018); this is particularly acute among species with narrow ranges (Seliger et al., 2021) and could affect FAM outcomes if species assemblages do not adequately reflect contemporary climate conditions. It is also unlikely to distinguish a species' pure climatic equilibrium because anthropogenic-climate forcing has been present throughout the observational record and tree species have been adapting to global change for a millennia (Davis, 1983; Hamrick, 2004; Prasad et al., 2024).

The selection of climate variables may also influence the location of CCS. However, our use of 12 seasonal climate variables, spanning a broad range of climate variation across the annual cycle, is likely to be applicable to most situations in a general way. In addition, these variables are fundamental, first-order variables that serve as the basis of more derived bioclimatic variables. Nonetheless, future work examining the effect of CCS analogy (or novelty) could also test a range of variables on seedling response because tree species are expected to respond independently to different climate features, including within-species variation (Joyce and Rehfeldt, 2013; Leites et al., 2019; Prasad and Leites, 2022). Species- or even population-specific CCS could be introduced through increased knowledge of inter- and intra-specific responses to different climate variables. In such a way, climate analog models could be tuned to the precise selection of species-relevant climate characteristics. While doing so may increase FAM confidence in enabling more species-specific CCS, the models do lose generality to be quickly applied across forest communities to rapidly enable fast and efficient seed collections. Still though, genetic information and field trials of provenance testing remain a critical step, including integration of genetic and environmental information into universal response functions (Wang et al., 2010; Chakraborty et al., 2015) to enhance basic understanding of physiological responses and inform management implementation. In addition, the coarse grain of the 1 × 1° grid likely masks fine-scale climate variation (within future climate projections) along topographic gradients or supplemental warming due to heat island effects. On the other hand, examining CCS at too a fine resolution could necessitate unwarranted or excessive collections (O'Neill et al., 2014), but may be useful in identifying terrain features or refugia that buffer against the most severe of anticipated impacts (Morelli et al., 2016; Stralberg et al., 2020). Our 1 × 1° grid focus ultimately balances some of these scale-based constraints by providing a discrete set 494 representative sites across the eastern US.



4.7 Potential barriers to assisted migration implementation

Climate-distance models offer a geographically- and thus climatically-precise approach to match CCS to planting sites. However, there is tension between current nursery practice and the desire to know the precise geographic origin of seed sources as this is not currently a common practice (Palik et al., 2022; Clark et al., 2023). In fact, it is unlikely that when the geographic origins of seed sources are known, it will match the precision of CCS in this study at 1 km resolution. Rather, climate-distance approaches may be treated as providing a general pattern in which CCS may be identified. The recent development of the eastern seed zone map is meant to in part define the origin of seed sources, i.e., “collections zones.” However, CCS may occur within smaller subsections of a seed zone, i.e., seed zones may be too large, or CCS may be distributed across more than one seed zone, providing opportunities to possibly blend these approaches in the future (see Supplementary Figures S1–S3). In addition to the challenges outlined throughout, nursery production and access is also broadly considered a potential key barrier to forest restoration and FAM operationalization (Fargione et al., 2021; Clark et al., 2023). It is also apparent that broad interregional cooperation is needed. For example, CCS were located on average ~1–2 US states away from the 1 × 1° grids across the three climate periods. As FAM increases, practitioners are expected to increasingly rely on CCS in other jurisdictions, potentially far from their region of comfort or within disallowed areas due to statutes that preclude selling seedlings from non-local sources. Of particular note is USFS Region 9's (North Central and Northeast) anticipated reliance on CCS located within Region 8 (Southeast and South Central).




5 Conclusion

Our development of (future) climatically-compatible seedlots (CCS) for the eastern US 1 × 1° grid and following synthesis emphasized four key results: (i) Average distances to 2030's and 2050's CCS were expectedly large, yet within range of maximum transfer distances recommended for some tree species. These distances also seemingly validate the Eastern Seed Zone Forum's recommendations of moving seed across 1–2 seed zones (as a general rule when species or genotype information is unavailable) to support adaptation to climate change (within this time frame). In contrast, average 2090's CCS' distances were larger than recommended, highlighting the magnitude of climate change and need for forest assisted migration (FAM) research that examines seed transfers this large. (ii) CCS were located south-southwest—not directly south—resembling the nature of climate change projections and mean centers of habitat shifts anticipated for eastern US tree species. (iii) Future climate novelty was present in future climate projections, potentially challenging the conceptual basis of FAM if tree species are not adapted to these changes. (iv) CCS typically occurred in areas with dissimilar levels of forest cover as the planting sites, presenting potential opportunities or challenges due to the presence or absence of forestlands at CCS. This also implies potential differences in forest assemblages between sites and future work may consider examining associated impacts to sourcing ecologically, economically, or culturally important species. The overall goal of this work was to provide a set of outputs that may enable FAM decision support. The need to implement forest climate change adaptation strategies designed to manage for tree species habitat redistribution under climate change is exceeding the knowledge base needed to inform management guidance. Climate-based and species-independent approaches can help bridge this gap and enable identification of CCS to support FAM.
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