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Introduction: There is growing recognition that restoring species diversity
is crucial to maintaining ecological functions and services. Increasing the
diversity of species used in restoration programs has placed greater emphasis
on determining the seed transfer needs for a wider array of plants. However,
many plants, outside of commercial forestry, lack information that would
provide guidance on seed transfer for current or future climates. Generalized
seed transfer approaches use climate partitioning to approximate adaptive
differentiation among populations and provide an estimation of seed transfer
distance for such species.

Methods: Herein, we describe a generalized seed transfer approach that uses
Euclidean distance of 19 climate variables within North America (from northern
Honduras to the Arctic). Euclidean distances are used to identify climate analogs
from vegetation databases of about 685,000 plots, an average density of 1 plot
per 32 km?. Analogs are classified into three thresholds (strong, moderate, and
weak) that correspond to altitudinal climate gradients and are guided by the
scientific literature of observed adaptive variation of natural tree populations
and seed transfer limits.

Results: For strong threshold observations, about 97% of the analogs had climate
distances equivalent to <300 m elevation, whereas for the weak threshold
observations, 53% had an elevation equivalence of <300 m. On average 120,
267, and 293 m elevation separated two points under strong, moderate, and
weak thresholds, respectively. In total, threshold classification errors were low
at 13.9%.

Discussion: We use examples of plot data identified from a reference period
(1961-1990) and mid-century (2056-2065) analogs across North American
biomes to compare and illustrate the outcomes of projected vegetation change
and seed transfer. These examples showcase that mid-century analogs may
be located in any cardinal direction and vary greatly in spatial distance and
abundance from no analog to hundreds depending on the site. The projected
vegetative transitions will have substantial impacts on conservation programs
and ecosystem services. Our approach highlights the complexity that climate
change presents to managing ecosystems, and the need for predictive tools
in quiding land management decisions to mitigate future impacts caused by
climate change.

KEYWORDS

assisted migration, climate change, decision support tool, Euclidean distance, novel
climates, reforestation, restoration, vegetative transition
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1 Introduction

There is a growing appreciation for restoration that encompasses
proactive planning and broadening species diversity (Erickson and
Halford, 2020), but genetic information remains scarce for many
ecologically important plant species, especially in countries with high
biodiversity like México, creating a dilemma for restoration and
reforestation programs. On one hand, focusing restoration on well-
researched restoration species can limit species diversity and
ecological function (Cadotte et al, 2011); on the other hand,
expanding the number of restoration species to those that lack genetic
information could lead to misguided seed transfer, resulting in
maladaptation or outbreeding depression (McKay et al., 2005).
Decision support tools that recognize the risks and limitations of seed
transfer and broaden the palette of under-utilized species can augment
restoration and ecosystem service outcomes by increasing flora and
fauna diversity.

Defining the climate space that reflects genetic adaptation is
integral to seed transfer and assisted migration. To provide seed
transfer guidance for species lacking genetic information, researchers
have developed varied approaches using partitioned climate data. One
approach defines temperature and aridity thresholds for climatic
surfaces to delimit zones for seed transfer (Bower et al, 2014;
Castellanos-Acuna et al., 2018; Pike et al., 2020). Another approach
uses climate-based Euclidean distance, hereafter referred to as climate
distance, to provide a calculation of climate (dis)similarity. Climate
distance has been used to identify climate appropriate crops (e.g.,
Ramirez-Villegas et al., 2011), future refugia (Michalak et al., 2018),
and seed transfer zones for wildland restoration (Doherty et al., 2017;
Shryock et al., 2018; St Clair et al, 2022). For example, Seedlot
Selection Tool (SST, St Clair et al., 2022) is an interactive webtool that
calculates climate distance based on user-specified locations. This
webtool provides guidance to species seed transfer for which genetic
information is not necessarily available, enabling the development of
restoration programs for ecologically important species. However, SST
requires user-selected climate variables and transfer limits. User-
selected variables and limits could lead to either under or over
estimation of seed transfer limits depending on the user’s knowledge
of the species, climate, and climate variation occupied by the species.
Because plants can be adapted to seasonal temperature, precipitation,
and their interactions (e.g., Putz et al., 2021; Richardson et al,, 2021),
defining seed transfer limits with a few climate variables can lead to
an overestimation of seed transfer limits. More precision in defining
climate is needed when considering wide-ranging species and assisted
migration due to climate change.

We offer an approach for calculating climate distances to identify
future climate analogs—sites with contemporary climate similar to the
future climate at a target location. Analogs are drawn from biome and
plant inventory databases which provide projections of potential
future vegetation for developing strategic seed transfer and proactive
restoration plans. The approach is species-independent, operating
entirely in climate space, incorporating 19 climate variables, and
projections for three Representative Concentration Pathways (RCPs)
from three general circulation models (GCMs) for future mid-century
climates (IPCC, 2014). We take into consideration a large amount of
variation that accompanies future climate projections and simplify the
decision process by averaging large climate variability into a single
criterion to determine climate analogs. As such, the approach has
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broad applicability, from land use management to municipal planning.
Thus, we hope that our work might contribute to fill an information
gap between complex research papers showing the large extent of
diverse combinations of GCMs, scenarios of accumulated greenhouse
gas emissions and projected climate futures, and on the opposite
spectrum, an urgent need for tools to guide practical forest
management decisions by foresters and conservationist practitioners.
The need to move on from the academic rumination to specific forest
management decisions to face climatic change impacts, is becoming
more urgent, due to the current acceleration of climatic change
(Hansen et al., 2023; Saenz-Romero, 2023).

We define three analog classes, referred to as thresholds, as an
interpretative aid by relating Euclidean climate distances to
documented genetic responses to climate. To do this, we note that
historic case studies of geographic variation in forest trees, patterns
of genetic variation invariably were related to either latitude or
elevation, promoting the conclusion that clines in intraspecific
genetic effects were largely controlled by temperature (Sorensen,
1992, 1994). Recent climate-based genecological studies (e.g., St
Clair et al., 2005; Joyce and Rehfeldt, 2013, 2017; Leites and Benito-
Garzon, 2023) have verified this conclusion, although clines
occurring along temperature gradients can either be steep (adaptive
specialists, Rehfeldt, 1994a,b; St Clair et al., 2005) or shallow
(adaptive generalists, Rehfeldt, 1986; Leites and Benito-Garzon,
2023). In specialists, for instance, the interval across which genetic
differentiation is first detected can be as small as 300 m elevation,
while in generalists, the interval can be 500m or higher. Indeed,
adiabatic effects govern elevation’s negative correlation with
temperature and positive relationship with precipitation, and these
relationships have pronounced effects on ecology (Dobrowski et al.,
2009). Therefore, to provide context to Euclidean climate distances,
we use elevation to link climate distances, temperature, and
genecology. We argue that climate distance thresholds can be defined
from the relationship between climate distances and elevation, that
is, their equivalence.

Altitudinal clines are well documented, but the interval across
which differentiation can be detected varies between specialist and
generalist species (e.g., Rehfeldt, 1994a,b). Yet, there are almost no
cases where documented clines have been so steep that climate-
induced genetic differences could be expected at altitudinal intervals
<300m (e.g., Sorensen, 1992, 1994; Rehfeldt et al., 2020). Adiabatic
lapse rates, which are depicted in mean annual temperature estimates
from spline surfaces [see Saenz-Romero et al. (2010)], suggest further
that annual temperatures should change by only 1.5°C across a 300 m
interval. We reason that climate distances equivalent to an altitudinal
difference of 300m would make a biologically reasonable upper
threshold for defining analogous climates. We reason further that a
logical upper limit for the strong analog class would be a climate
distance equivalent to a 200 m elevation difference, also equivalent
roughly to MAT=1°C. Temporal fluctuations in weather and
topographic effects such as aspect seemingly dwarf subtle climate
differences at scales less than 200m (Holden et al.,, 2011; Rehfeldt
et al., 2015) and, therefore, finer resolution of climate distances would
be a false precision. For subtending the moderate analog class,
we simply use the climate distance midway between that for the strong
and weak analog classes.

Our goals are to: (1) present and illustrate a climate distance
approach to locating reference period climates (1961-1990) that are
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climate analogs to projected mid-century climates (decade centered
in 2060: 2056-2065) for target locations, (2) define climate analog
thresholds by relating climate distances to elevation differences along
altitudinal clines at a random selection of geographic points, and (3)
infer vegetative changes to plant communities, potential impacts to
conservation, and the climatic factors affecting these changes using
target locations examples from a wide array of contrasting North
American ecosystems.

2 Materials and methods
2.1 Analytic overview

Euclidean distances between a targeted location and
reference period climates were calculated with the ‘yalmpute’
(Crookston and Finley, 2007) and ‘gower’ (Gower, 1971)
packages for R (R Development Core Team, 2021) using 19
climate variables. The yalmpute algorithm calculates nearest
neighbor statistics between all observations in the reference
period dataframe with each observation in the target dataframe,
defined below (see 2.1.1). All climate variables were standardized
before analysis to assure that climate distances calculated from
disparate databases and disparate geographic localities would
be derived from the same statistical distributions and, therefore,
be comparable. Because standardization was done prior to
analysis, yalmpute’s ‘raw’ option was used to calculate Euclidean
distances. Examples of the R code for the methods described
here and below can be found at https://github.com/ermilano-fs/
ClimDist.

2.1.1 Reference period climates

All climate estimates used herein are from the thin plate splines of
Rehfeldt (2006) and Sdenz-Romero et al. (2010), available online at
https//charcoal2.cnre.vt.edu/climate/. We use the term ‘reference
period climate’ for 1961-1990 normals from this climate model. The
reference period, therefore, is not only incipient to anthropomorphic
climate change but also approximates the climate when much of the
current plant communities became established. Additionally, the
‘target’ is the site for which reference period or mid-century climate
analogs are desired.

Nearest neighbor climate analogs for target locations are drawn
from a pool of locations within five reference period vegetation
databases (Table 1). Four of these databases contain ground plot
species identifications; one contains North American biomes.
Together, these databases contain 1961-1990 climate normals from

TABLE 1 Climate databases used as reference period (1961-1990) files.

10.3389/ffgc.2024.1325264

about 685,000 locations in North America, a density of approximately
1 plot per 32km™

2.1.2 Future target climates

Target dataframes consist of mid-century climate estimates for
locations where contemporary analogs are desired. Nearest neighbors
are those locations with 1961-1990 climates most similar to the future
climate of the target. Future climate estimates of target locations
were calculated as the mean of 13 projections of 2060 climates.
The projections include five GCMs and 3 RCP scenarios
(Supplementary Table S1). See Van Vuuren et al. (2011) for
supporting documentation.

2.1.3 Climate variables

Euclidean distances are based on 19 climate variables
(Supplementary Table S2) and are of documented utility in studies of
plant responses to climate (e.g., Saenz-Romero et al., 2010; Rehfeldt
etal, 2012; Chaney et al., 2017; Worrall and Rehfeldt, 2021). Climate
variables include six variables of temperature, seven precipitation
variables, and six variables involving temperature-precipitation
interactions. Temperature was selected to depict winter cold, summer
heat, continentality, and the onset of spring; precipitation variables
express the amount and periodicity of precipitation; and temperature-
precipitation interactions (e.g., aridity indices) concentrate on the
balance between heat and moisture both seasonally and annually.

While collinearity is of no consequence in calculation of the
climate distances, surrogates could unduly bias estimates of climate
distances. To be sure, on a continental scale, several of our variables
show strong simple correlations. Yet, because of this geographic scale,
the coeflicients are misleading. According to the biome database
(Table 1) for instance, the correlation between DD5 and MAT is
r=0.91; yet the relationship is pronouncedly non-linear. For D100 and
MAT the correlation is r=—0.94, but for D100=200, MAT can range
from —15°C to 3°C. We maintain that the array of climate variables
we use refines the climatic breadth of reference and target sites to
provide a necessary specificity for choosing analogs.

2.1.4 Standardization

Nearest neighbor analyses frequently employ standardizing
procedures to convert variables to a distribution with a mean of zero
and a variance of 1, thereby providing equal weights to the variables.
Because operative climate variables are not known for most species,
we transformed climate variables to standard normal deviates before
analysis. First, a climate dataset was built by randomly selecting 988
locations (Figure 1) from the North American biome database
between 14° to 60° latitude and 250 m to 3,200 m elevation. Our goal

Database Basic unit Species identification Records (K) Compiler
North America biomes Shape file polygons None 436.5 Rehfeldt et al. (2012)
West USA forest inventory Ground plots Forest trees 101.0 Rehfeldt (2006)
East USA and Eastern Canada Ground plots Selected conifers and hardwoods 104.8 Joyce and Rehfeldt (2017)
forest inventory'
Mexico forest Inventory Ground plots Conifers 20.7 Saenz-Romero et al. (2012)
BLM Geospatial Ground plots Selected shrubs, forbs and grasses 219 Herein’
Incomplete south of 35°N. 2Data source: hitps://gbp-blm-egis.hub.arcgis.com/pages/aim, accessed November 2022.
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FIGURE 1

defining analog thresholds

Geographic distribution of 988 locations (points) and their mean annual temperature distribution (histogram inset) used to construct a dataset for
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was to provide a broad range of climates representative of the
continent’s vegetation ( , insert). However, the biome database
was built by sampling shapefiles at a rate inversely proportional to
their size, so our sample was concentrated in mountainous regions
where climate heterogeneity is greatest. Elevation restrictions were
imposed to facilitate the definition of climate distance thresholds (see
section 2.2). Then, target and reference dataframes were standardized
by subtracting the means and dividing by the standard deviations
( ) for climate of locations. This
process assures that Euclidean distance output from our analyses are
comparable despite disparate input. Because our calculations occur
entirely within climate space, the lack of a quasi-systematic geographic

sample is immaterial.

2.2 Thresholds

To calculate thresholds for the Euclidean climate distances,
we constructed a series of synthetic altitudinal clines of 500 m centered
on each of the 988 locations of . Each cline was then sampled
at a 10m interval. Because the spline climate model uses latitude,
longitude, and elevation as predictors, climate estimates produced for
this dataset consisted of 51 observations with the same coordinates
but differing elevations for each of the 988 locations.

Euclidean climate distances were calculated between the 51
observations in the same cline to produce &1.25 million climate
distances between pairs of observations at known differences in
elevation but with the same geographic coordinates. Because the
altitudinal clines consisted of 51 data points, the elevation differences
within each cline consisted of only 50 unique values with a highly

Frontiers in

disproportionate number of observations having the same elevation
difference. There were, for instance, 48,410 observations in this dataset
with an elevation difference of 10 m, but only 988 observations with
an elevation difference of 500 m. As a result, the variance in climate
distance was directly proportional to the elevation difference
( ). Therefore, to relate climate distances to
elevation differences, we used the mean climate distance for each value
of elevation differences in a linear regression (R base,

) of climate distance on elevation difference with 48
degrees of freedom. Predicted climate distances at 200 m and 300 m
established the upper thresholds for strong and weak analogs,
respectively. Moderate analogs were equated to the climate
distance midpoint.

To evaluate the effectiveness of these thresholds, we selected
at random 25,000 data points from 15°<latitude <60°
and —130° <longitude < —90° from the biome database and
calculated climate distances from each point to that of all other
data points lying within +£0.025° in latitude and longitude. The
maximum geographic distance between observations in this
dataset was 3.1 km, assuring low impacts of geographic distance on
climatic differences. After discarding all observations with climate
distances of zero, the resulting dataset contained about 48,500
observations. However, the observations were highly skewed
toward low differences in elevation: nearly 60% involved data
points <100 m apart, and about 30% were of locations within 25m
of each other. To create a balanced dataset for verification analyses,
we obtained a random sample of about 5,000 observations from
each of 4 classes of elevation differences: 0-100, 100-200, 200-300,
and >300 m. The sample for the 0-100 class was composed of 25%
from 0 to 25 m, 25% from 25 to 50 m; and 50% from 50 to 100 m.
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TABLE 2 Confusion matrix showing the error structure when climate distances are classified by analog thresholds and segregated according to

elevation differences between pairs of point locations.

Climate distance

Elevation difference (m)

FAIESAOIES 200-250 250-300

Strong analogs 9,279 1,759 753 410 (0.034) 12,201
Moderate analogs 296 427 515 641 (0.341) 1,879
Weak analogs 157 206 287 785 (0.547) 1,435
Dissimilar 268 337 408 3,911 4,924
Column sum 10,000 2,729 1,963 5,747 20,439

The dataset is independent of that used to develop the thresholds. Threshold errors in commission, false positive frequency for elevation differences >300m, [e.g., 1 -
(9,279+1,759+753/12201)] are shown in parentheses. Error of commission' was 0.119; error of omission’ was 0.069; and the total error® was 0.139.
'Proportion false positives = (410 + 641 +785)/(12,201 + 1879 + 1,435). *Proportion false negatives = (268 + 337 +408)/(10,000 + 2,729 + 1963). *Proportion total

errors=(268 + 337 +408 + 410 + 641 + 785)/20,439.

We then tallied the number of strong, moderate, and weak climate
analogs for the classes of elevation differences to produce a
confusion matrix.

2.3 lllustrating climate distance analogs

For mapping, we used the digitized elevation model of the GLOBE
Task Team (1999) and R packages ‘ggplot2’ (Wickham, 2016) and
‘terra’ (Hijmans et al., 2022) to illustrate for numerous geographic
locations (Supplementary Table 53) having applications in restoration
or reforestation. In the case studies below, all climate analogs are
mapped across geographic window, North America. Rasters of analog
predictions used the climate grids at https//charcoal2.cnre.vt.edu/
climate/. 'When compiling potential species composition for
contemporary analogs to the contemporary climate of a target, we use
>30 strong analogs per target location. Species composition for the
future climate of a target is dependent on the number of analogs found.

3 Results
3.1 Analog class thresholds

The regression of climate distance on elevation differences had 48
degrees of freedom and produced a fit that was nearly perfect
(R*=0.9999, Supplementary Figure S1). Predicted values of climate
distance for 200 and 300m of elevation difference produced a
threshold of 0.60 for strong analogs and 0.84 for weak analogs with a
midpoint of 0.72 for moderate analogs. On average, strong analogs
had an elevation equivalency between 0 and 214 m; moderate analogs
between 214 and 268 m; and weak analogs between 268 and 302 m.

An empirical assessment of the efficacy of our thresholds is
summarized in Supplementary Table S4. Cumulative distributions
within analog thresholds showed that for strong analogs, 50% of the
analogous pairs fell within 100 m of each other and 98% were within
300 m. Pairs within this class differed in altitude by 120 m on average.
For moderate analogs, the average elevation difference between pairs
was 267 m, and 68% of the pairs were within 300m of each other.
Weak analogs averaged 293 m separation on average with 53% of pairs
being less than 300 m apart (Supplementary Table 54). False positives
arise from the variances within classes (Supplementary Figure S1),
which are attributable to imperfect relationships between climate
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model estimates and adiabatic lapse rates, particularly for locations
lacking topographic diversity.

The confusion matrix (Table 2) produced from an independent
evaluation of classification errors allowed quantification of the risks
associated with each threshold. Errors of commission (false
positives) are observations classified as analogs but involve elevation
differences >300 m. For observations classified as strong analogs,
only 410 out of 12,201 (3.4%) involved locations separated by more
than 300 m elevation. Therefore, strong analogs at target locations
are correctly classified at 96.6% below 300 m elevation and 76%
below 200m. Moderate analog target locations were correctly
classified at 65.9% below 300 m, while weak analogs dropped to
45.3% below 300 m. The summaries suggest high confidence in the
strong analog classification, but low confidence in weak analogs, as
their error was more than 50%. In total, errors of commission
amount to 11.8%, and errors of omission (false negatives) are 6.9%.
Together, the errors produced by our classification system
were 13.9%.

3.2 Focal point climate analogs

We chose two target locations, Moscow Mountain (northern
Idaho, United States) and Tiger Mountain (northwestern Washington,
United States), to illustrate our approach. First, at Moscow Mountain
mapped mid-century analogs (Figure 2A) depict a downward shift in
elevation compared to the reference period shown in the elevation
profiles (Figure 2B). This example also shows the relationship between
climate distance thresholds and elevational breadth. Weak thresholds
(dark blue), representing adaptive generalists, span wider ranges of
elevation (e.g., 1,000 m under the reference period), whereas strong
thresholds (red), representing adaptive specialists, span the narrowest
ranges of elevation (e.g., 600m). At Tiger Mountain our analyses
detected numerous climate analogs to this site for the reference period,
164 of which were strong (red dots, Figure 3A). The strong analogs
surround the site in both elevation and geographic distance. Only six
analogs were found for the mid-century climate, and only one of them
was strong (Figure 3B). The strong analog is ~200km to the south and
~250m lower in elevation than the target location. In addition to the
single strong analog, the algorithm located two moderate analogs
(violet dots) and three weak analogs (dark blue dots, Figure 3B).
Nearest neighbors with climate distances outside the 0.84 threshold
are plotted as white dots, which we use occasionally in subsequent
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FIGURE 2

(A) Map of mid-century (2055-2065) climate analogs for the Moscow Mountain target location (yellow diamond) in northern Idaho, United States.
(B) An elevation profile of analog counts for the mid-century (shown in A). A reference period (1961-1990) analog elevation profile is shown for
comparison. The dashed horizontal line indicates the elevation of the target location.
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FIGURE 3

(A) Reference period climate (1961-1990) and (B) mid-century (2055-2065) analogs (colored circles) for the target location, Tiger Mountain, in the
Pacific Northwest (Oregon and Washington, United States). The yellow diamond indicates the target location, with strong, moderate, and weak analogs
represented as red, violet, and blue colored circles, respectively. In (B), white circles show nearest neighbors too distant to be considered analogs. The
green gridded polygon represents areas under all three classes (i.e., weak to strong threshold).
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maps. In addition to mapping analog point locations from plot data,
we predict the location of analogs on a 1 km grid of climate variables.
In Figure 3, gridded predictions of all three analog classes are colored
green. The green encapsulates the plot data supporting the low levels
of classification errors.

The single strong analog to the future climate of the Tiger
Mountain target offers a glimpse at the internal functioning of the
climate distance function. During the reference period, the target had
a mean annual temperature (MAT)=9.7°C and a mean annual
precipitation (MAP) = 1,664 mm. According to the mean of 13 GCM
climates for 2060, the future climate at this site would have
MAT=12.9°C and MAP=1,683mm. Our algorithm locates the
strongest climate analog (red dot, Figure 3B) to this site at 211 km to
the south and 250 m lower in elevation, having a reference period
MAT =11.7°C and MAP = 1,676 mm. The future climate of the target
and the reference period climate of the closest neighbor have a
climate distance of 0.591, slightly beneath the strong analog threshold
for two sites differing by 1.2°C in MAT and 19 mm in MAP.

By assessing the vegetation components of analog sites, we would
conclude that at Tiger Mountain, the reference period vegetation that
is dominated by Pseudotsuga menziesii and Thuja plicata would
continue to be suited to the future climate. Yet, it is probable that the
most suitable populations for the mid-century climate would originate
from the south and lower elevations. Further examples from other
biomes with varied analog outputs are provided in the
Supplementary Figures S2-S5.

4 Discussion

We present a climate distance-nearest neighbor approach to
locating mid-century climate analogs by searching biome and species
inventory databases containing climate estimates for point locations.
The approach is independent of species genetic information.
Populations of all species occurring at the analog site should be suited
to the mid-century climate of the target location. This species
independence is a distinguishing feature of our approach from trait-
based seed transfer approaches (e.g., Rehfeldt et al., 2014; Richardson
and Chaney, 2018) and carries advantages and disadvantages for
developing seed transfer guidance. The advantage is that the approach
can be applied without genetic information, which would benefit
many research limited plant species, especially in regions or countries
with high biodiversity. The disadvantage is that this approach can
potentially be excessively specific to generalists, species that have
broad adaptive clines [e.g., Pinus monticola (Richardson et al., 2009)
and Thuja plicata (Rehfeldt et al., 2020)]. For instance, the analogs
found for an Ontario, Canada location (Supplementary Figure S4) are
closely consistent with results of niche models coupled with
genecology estimates made for two species of the region, Pinus strobus
(Joyce and Rehfeldt, 2013) and Picea mariana (Joyce and Rehfeldt,
2017), but the species-specific models provide land managers with
greater flexibility in obtaining seed. Nonetheless, our analog approach
can be guided using lower thresholds (moderate or weak) for species
that are thought to be generalist.

We take the rationale that GCMs and RCPs largely vary in the
timing of climate change (Rehfeldt et al., 2012, 2014; Joyce and
Rehfeldt, 2013), rather than if climate change will occur. Accordingly,
given the variability among climate model projections and carbon
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emission scenarios, we chose to provide a consensus based on an
average of 13 GCMs. Our focus is mid-century, as these projections
would have higher certainty than longer timeframes (Fitzpatrick
et al, 2018) and are within long-term timeframes of land
management planning and lifespans of the organisms that occupy
existing ecosystems.

As a basis for discussing our approach, we consider case studies
for four themes: management implications for the high latitudes of
Canada’s boreal forest where climate change is projected to be most
pronounced, climate novelty in the Great Basin of western
United States, conservation concerns in Mexicos Transvolcanic
region, and assisted migration to accommodate shifts in forest
composition. Maps contained in the Supplementary Material provide
additional natural resource implications for diverse geographic regions.

4.1 High latitude analogs

High latitudes (>58°N) target locations showcase the pronounced
and varied vegetation transitions predicted from mid-century climate
change. Two target locations that illustrate this variation in spatial
distances required to accommodate climate-adapted plant species and
populations are found in northern British Columbia (Figure 4)—
Muncho Lake and Fort Nelson. These two locations are at similar
latitudes and separated by 175km, but the former is in Canada’s
Western Cordilleran Physiographic Province, while the latter is in the
Interior Plains Province and is 450 m lower in elevation. Our analog
analysis, using the biome database (Table 1), suggested that the
reference period at Muncho Lake was suited to vegetation from the
Canadian taiga tending toward transition with tundra vegetation
(Supplementary Table S5). Mid-century strong analogs indicated
boreal vegetation without tundra and were found ~150m lower
and~500km southeast of the site (Figure 4A). At Fort Nelson,
reference period analogs were boreal, but mid-century analogs
suggested that the vegetation could transition from boreal to northern
temperate hardwoods, currently occurring about 1,900km to the
southeast (Figure 4B). Further analyses using the eastern inventory
database (Table 1) suggested that eastern species such as Acer rubra,
Fraxinus nigra and Quercus species would be suited to the future
climate at Fort Nelson. Although boreal species such as Betula
papyrifera, Picea mariana, and Abies balsamea should continue to
persist at Fort Nelson, the populations most suited to the mid-century
climate currently occur far to the southeast.

4.2 Challenges to restoration in the Great
Basin

Sagebrush ecosystems are widespread plant communities in the
cold deserts of western North America. Target locations of sagebrush
indicated decreasing availability of mid-century analogs with
decreasing elevation. Low elevation sites (<1,400m) trended toward
no analogs (e.g., Figures 5A,B), while higher elevation sites (>2,000 m)
maintained or gained analogs (Figures 5C,D). Using a broader
examination of 60 sagebrush sites, we found that target locations
abruptly decreased from abundant analogs to no analogs as summer
dryness index (SDI, Supplementary Table S2) increased >0.2
(Figure 6). The relationship between SDI and analog abundance

frontiersin.org


https://doi.org/10.3389/ffgc.2024.1325264
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Richardson et al.

10.3389/ffgc.2024.1325264

¥

elevation (m)
4000

3000

2000

1000

FIGURE 4

respectively.

A comparison of boreal forest analog variation under mid-century climate. Target locations Muncho Lake (A) within the Western Cordilleran
Physiographic Province and Fort Nelson (B) within the Interior Plains Province are boreal forest sites separated by 175 km and 450 m in elevation. The
yellow diamond indicates the target location with mid-century strong, moderate, and weak analogs represented as red, violet, and blue circles,

suggested that the warmest and driest Great Basin sagebrush sites
could have climate novelty by mid-century. Given the general
geographic overlap between our predicted climate novelty, regions of
low sagebrush resistance and resilience (Chambers et al., 2023),
predicted range contraction of big sagebrush (Artemisia tridentata,
Still and Richardson, 2015), and the occurrence of invasive cheatgrass
(Bromus tectorum, Bradley and Mustard, 2006), it is plausible that
invasive species could be both a predictor and outcome of climate
novelty at least in Great Basin. Elsewhere, these trends may be more
unpredictable (Bradley et al., 2010). Further examples of locations
with varying abundance of mid-century analogs are shown in the
Southeast (Supplementary Figure S5) and Pacific Northwest,
United States (Supplementary Figure 56). The areas surrounding these
no-analog locations have been identified in other studies as regions
with novel future climates (Rehfeldt et al., 2012; Mahony et al., 2017).

Management actions suitable for no analog climates are largely
unexplored. As shown repeatedly in the paleoecologic record (e.g.,
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Ackerly, 2003), plant associations change as, presumably, competitive
interactions among species readjust. Perhaps, therefore, a ‘wait and
see¢’ or ‘let nature take its course’ approach would be the most
reasonable. However, these strategies would have to be weighed
against risks to threatened and endangered species and ecosystem
services. Assisted migration may be a critical component to ecosystem
restoration for novel climates, but with no recent historical ecological
context to the predicted climates [see Burke et al. (2018)], information
is extremely limited to guide management (Mahony et al., 2017).

4.3 Conservation of Mexico's transvolcanic
region

Mexico’s transvolcanic region (an east-west mountain range of
high elevations at central Mexico, also known as Trans-Mexican
Volcanic Belt) provides examples of analog analyses useful for
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Sagebrush target locations, Dayton (A), Birds of Prey (B), Conner Canyon (C), and Trail Creek (D) in the USA intermountain region, showing mid-
century analogs sites. Lower elevation sagebrush sites, (A,B) have few to no analogs, respectively. Higher elevation sagebrush sites, (C,D) have
numerous analogs during the mid-century. The yellow diamonds indicate the target locations, with strong, moderate, and weak analogs represented
as red, violet, and blue colored circles, respectively. White circles show nearest neighbors >0.84 threshold, too distant to be considered analogs.

conservation planning (Figure 7). Forest species, such as Pinus
hartwegii and Abies religiosa that occur near timberline in Mexico’s
transvolcanic forests, face diminishing opportunities for range
expansion, as these species already occur on mountain tops during
the reference period. At Nevado de Toluca (examined site at 3,827 m
elevation; summit of the volcano at 4,680 m elevation; Figure 7C), the
present vegetation is pure P. hartwegii. Analogs to the future climate
support the decline of P. hartwegii dominance from 86 to 50%, while
A. religiosa and several pine species should be suited to the new
climate increases from absent to 67% (Supplementary Table S6).

As the primary host of overwintering migratory Monarch
butterfly populations (Sdenz-Romero et al, 2012), A. religiosa
replacement is of utmost concern at Monera Alta (Figure 7B), which
is located within the core area of the Monarch Butterfly Biosphere
Reserve, at the border of Michoacdn and México states. Mid-century
analogs suggest A. religiosa will have reduced presence, from 83%
occurrence at the reference period to 47% occurrence at mid-century.
Suitability of species from warmer habitats, particularly Pinus
pseudostrobus, will likely increase with the strong analogs 500 m lower
in elevation (Supplementary Table S6).

Meanwhile, 98 km to the east, P. hartwegii currently inhabits the
Nevado de Toluca site at 3,800 m, slightly below the timberline at
4,000m (Figure 7C). At mid-century this site is expected to provide
suitable habitat for the populations of A. religiosa currently at Monera
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Alta (Supplementary Table 56). Transfer of A. religiosa from Monera
Alta to Nevado de Toluca would be a change in elevation of
approximately 400 m (Figure 7C).

Similarly, El Chocolate, Michoacan state, is a tropical dry forest
site at low elevation (851 m) supporting a complex mixture of dry
tropical forest species. The highly biodiverse forest composition is
currently a critical habitat for guacamayas (Ara militaris), a
migratory macaw. Our analysis shows that mid-century strong
analogs are limited in number (78) compared to the reference period
(224), are quite local, and average 550 m below the El Chocolate site
(Figure 7D), where the species composition is primarily thornscrub
species (Supplementary Table S7). Given the endemism of
guacamayas to their habitat and the endemic, biodiverse Mexican
dry tropical forests (Cué-Bir et al., 2006a,b), a change in composition
from dry tropical to thornscrub will likely have considerable and
unforeseen effects on guacamayas foraging opportunities and other
dependent fauna.

4.4 Vegetation change and assisted
migration

Shifts in vegetation observed through climate analogs illustrate
the potential downstream effects on ecosystem services. In Mexico,
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Plotted relationship between the number of mid-century analogs (strong, moderate, and weak) at 60 target locations and summer dryness index (SDI,
Supplementary Table S2). The grayed area surrounding the fitted line represents the 95% confidence interval. Target locations are displayed in the map
inset. Target locations are shown on the map inset and elevations (m) of the targets are shown in a blue gradient.

Pinus pseudostrobus is the dominant and most important
commercial pine species in the Trans-Mexican Volcanic Belt. The
mid-century analogs for pine forests at Cheran, Michoacén state
(Figure 7A) were relatively abundant, with a total of 399 strong
analogs (Supplementary Table §7), occurring at lower elevations
on the slopes of the surrounding mountains mainly in the volcanic
belt but also in the Sierra Madre Occidental and Sierra Madre
Oriental (Figure 7A). The vegetation is currently dominated by
Pinus pseudostrobus with Pinus montezumae in the colder sites,
which was reflected in the reference period analogs. Mid-century
analogs, however, suggest a change in composition to species
suited to warmer and drier habitats, such as Pinus devoniana and
even the nearly tropical Pinus oocarpa, and decreased prevalence
of P. pseudostrobus (Supplementary Table S6).

Forest species composition changes are projected elsewhere in
North America. Target locations, Blanca Peak and Uinta River, in
the Rocky Mountains, United States, show a shift from cool- to
warm-adapted species. At the Blanca Peak site, subalpine species
(e.g., Pinus contorta and Picea engelmannii) are projected to decline
or disappear based on the species composition of mid-century
analogs. Analogs are found 569 m on average below the target
location, supporting an increasing prevalence of species typically
occupying warmer habitats (e.g., Pinus ponderosa, Pinus edulis, and
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Quercus ~ gambelii; ~ Supplementary  Figure  S7  and
Supplementary Table S8). Along the Uinta River, an elevational
transect of four target locations plotted between 1,800 and 2,800 m,
similar species shifts emerged (Supplementary Figure S8). A
declining presence of mid- and upper-montane species (e.g., Pinus
Abies

(Supplementary Table S9), and there was a decline in the

contorta  and lasiocarpa) ~ were  projected

abundance  of  analogs, especially strong  analogs
(Supplementary Figure S8), at high elevation. The current species
are projected to be replaced by juniper woodlands at mid-elevations

(Supplementary Table S9).

4.5 Pros, cons and assumptions

Our approach simplifies seed transfer by standardizing a large
set climate variables that generalizes plant-climate adaptation. As a
result, it is ideally suited to species for which genecological
principles are unknown, at least until result of provenance tests on
climatically disparate sites would be available. However, it is
important to note that generalized approaches cannot provide the
species-specific accuracy of genecology studies or species
distribution models where particular variables have greater
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FIGURE 7
Forest commercial (A) and conservation (B—D) target locations of concern in Mexico. Mid-century analogs are shown for target locations (A) Cheran,
(B) Monera Alta (Monarch Butterfly Biosphere Reserve), (C) Nevado de Toluca volcano, and (D) El Chocolate. The yellow diamonds indicate the target
locations with strong, moderate, and weak analogs represented as red, violet, and blue colored circles, respectively.

importance in defining trait variation in the case of genecology or
presence or absence of a species in a particular region. All climate
variables have equal weight, making our seed transfer approach
broadly applicable to plants, but a degree of species-specific
precision is lost. Further study will be needed to assess the nuances
between species-specific versus generalized seed transfer. Analogs
are defined according to genecological patterns of genetic variation
in species with the steepest clines. For many species, therefore, our
definitions will be overly conservative which, on the one hand,
could unduly handicap managers, but, on the other, greatly reduces
the risks associated with seed transfer and assisted migration.

As discussed repeatedly, climate-based research carries two
caveats when applied to plant ecology. While climate is the primary
driver of plant adaptation, other environmental, evolutionary, and
ecological factors can play important roles potentially affecting the
persistence or transition of vegetation (e.g., Renne et al., 2019). This
means that implementation of practical programs requires personnel
intimately familiar with local topography, soils, and ecological
requirements of the target species (e.g., Winder et al., 2021). Also,
ecological impacts projected from GCMs and their scenarios carry
the risks associated with the uncertainty of such predictions (IPCC,
2014). Yet, managers have little recourse but to plow ahead.

5 Conclusion

We demonstrate a climate distance approach that effectively
reflects the altitudinal clines that shape adaptive variation in plants.
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Coupled with biome and plant inventory data, our approach can
provide generalized seed transfer guidance for species of restoration
concern. Our case studies show that mid-century analogs range from
0 to 825m lower in elevation and eventually can be found in all
cardinal directions from the target location. The case studies illustrate:
the varied effects mid-century climates can have on plant populations,
that regions and local areas may be prone to novel climates, and the
potential broad impacts to conservation and ecosystem services. Our
goal is to highlight the dynamic changes that will impact plant
communities, develop the analytical components for a decision
support tool, and identify species and seed sources needed to mitigate
mid-century climates.
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