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Establishing monarch butterfly overwintering sites for future climates: Abies religiosa upper altitudinal limit expansion by assisted migration
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Climate change projections suggest a precarious future for the Monarch butterfly (Danaus plexippus) as the suitable climatic habitat of its exclusive overwintering host Abies religiosa (oyamel, Sacred fir, a conifer endemic to Mexico) inside the Monarch Butterfly Biosphere Reserve (MBBR) is expected to disappear by 2090. Since the upper elevation limit of A. religiosa is approximately 3,500 m and the summits of mountains within the MBBR are ca. 3,550 m, we tested the feasibility of establishing A. religiosa at four locations outside its current geographic range in the MBBR, on a geographically close volcano, Nevado de Toluca at 4000 (timberline, an extreme site), 3,800, and 3,600 m (to test species range expansion upward in elevation), and at 3400 m (a reference site, slightly lower than the upper elevation limit of A. religiosa). Using existing shrubs as nurse plants to protect the seedlings from extreme temperatures, at each site we planted five to eight populations, originating between 3,100 and 3,500 m within the MBBR. After three growing seasons in the field (6 years after sowing), we found that: (a) survival and height increment declined steeply with test site elevation; (b) even at the highest sites (3,800 and 4,000 m), survival was acceptable, at 68 and 44%, respectively, although the growth was very poor at 4000 m; (c) populations responded similarly to transfer; (d) transfer effects were best accounted for by annual dryness index; (e) to compensate for the expected 2.3°C increase in mean annual temperature or 0.009 √°Cmm−1 increase of annual dryness index from the reference period (1961–1990) to the decade centered in 2060, it would be necessary to shift populations approximately 500 m to higher elevations; and (f) upward transfers to compensate for the 2.3°C increase in mean annual temperature are expected to result in height increment and survival that are approximately 47 and 21% lower, respectively, than values expected at zero transfer distance. We conclude that the establishment of A. religiosa at 3600 and 3,800 m is feasible and that planted stands could eventually serve as overwintering sites for the Monarch butterfly under projected future climates.
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1 Introduction

Unusual tree mortality linked to anthropogenic climate change (Allen et al., 2010) likely places temperate forests at or near a tipping point. This is because droughts are now more frequent, intense, longer (Munson et al., 2018; Ritchie et al., 2021), and hotter (Hammond et al., 2022). The ongoing acceleration of climate change, driven by the synergic combination of the 2023–2024 El Niño (warm Pacific Ocean Equatorial current; also known as El Niño-Southern Oscillation cycle, ENSO) and other factors (reduction of suspended particles and upper atmospheric sulfur particles; Hansen et al., 2023), is making it increasingly evident that temperate forests around the world may reach and even surpass a tipping point for forest decline (Sáenz-Romero, 2024).

Some forests face a challenge to recover after recent disturbances linked to climate change, such as the 18 million hectares burned by forest fires in Canada in 2023 (Natural Resources Canada, 2023). Fires also risk converting the iconic temperate and boreal forests of Canada from a carbon source to a carbon sink (Council of Canadian Academies, 2022). Boreal Eurasian Larix decidua forests are also approaching a tipping point, due to increasing maximum temperatures (Rao et al., 2023).

Abies religiosa (Kunth) Schltdl. and Cham. (oyamel, Sacred fir) is a conifer endemic to Mexico, distributed mainly on moist (mean annual precipitation 900 to 1,500 mm) and cold sites (mean annual temperature 9 to 14°C), at high elevations (2,800 to 3,500 m), mostly along the central-Mexico Trans-Mexican Volcanic Belt, an East–West mountain range between 19° and 20° north latitude, with the highest volcanoes in México (De Rzedowski and Rzedowski, 2005; Benavides-Meza et al., 2011; Sáenz-Romero et al., 2012; Gómez-Pineda et al., 2020). It is a shade-tolerant species, found mainly on northern aspects and in deep soils (Sanchez-Velasquez et al., 1991; Rzedowski, 2006). A map of its contemporary suitable habitat and locations of the natural populations identified in the Mexican National Forest Inventory is available in Sáenz-Romero et al. (2012).

High elevation (3,000 to 3,500 m), pure, and dense stands of Abies religiosa within the Monarch Butterfly Biosphere Reserve (MBBR; with an area of 56,259 ha) in central Mexico (see Figure 1) act as an over-wintering host for migratory populations of the Monarch butterfly (Danaus plexippus) from November to March each year. The Monarch butterfly migratory populations overwinter exclusively on the crowns and stems of large, mature, A. religiosa trees, historically inside of the MBBR, because the dense crown of this species protects the butterfly from extreme temperatures and precipitation (Anderson and Brower, 1996). Rain followed by freezing temperatures in thinned stands of A. religiosa sites has been associated with significant Monarch mortality events, suggesting the need for fully occupied stands to protect migratory overwintering colonies.
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FIGURE 1
 (A) Geographic location of the Monarch Butterfly Biosphere Reserve (MBBR) where A. religiosa is found, and the Protected Natural Area Nevado de Toluca where the provenance trials were established, in central Mexico. In the left inserted panel, Protected Area limits are indicated with a red contour line. (B–E) The core zones of both Protected Natural Areas (coincidental with the timberline at Nevado de Toluca) are indicated with yellow contour lines. (B,D) Provenance locations and elevations along an elevational transect in the MBBR (yellow triangles), where seed was collected. (C,E) Provenance test site locations (yellow circle symbols) and elevations in the Nevado de Toluca Protected Natural Area, including at the timberline (4,000 m elevation). (D,E) Actual distribution of Abies religiosa (layer colored in light green) based on Comisión Nacional Forestal (2018). Note that A. religiosa is absent above approximately 3,500 m (E).


The size of the Monarch butterfly migratory populations has been decreasing, with the winter 2023–2024 population count being the second lowest in history (Comisión Nacional de Áreas Naturales Protegidas, 2024). Migratory populations were recently identified as endangered on the IUCN list (Walker et al., 2022), despite the MBBR being an example of relatively successful (at least in the Mexican socio-ecological context) in situ conservation, having almost completely stopped illegal logging while developing controlled ecotourism (Rendón-Salinas et al., 2023).

Climatic niche modeling under future climate change scenarios suggests that the suitable climatic habitat for A. religiosa inside the MBBR will move upward in elevation, before disappearing entirely by the end of the century (Sáenz-Romero et al., 2012). Loss of climatic niche is exacerbated by increased bark beetle outbreaks in A. religiosa stands (Gómez-Pineda et al., 2023) linked to drought stress (Sáenz-Romero et al., 2023). Unfortunately, such projected decoupling between the sites occupied by native A. religiosa populations and locations where their suitable climate will occur is associated with extreme drought stress, particularly at the xeric limit (low altitude) of the contemporary natural range distribution. Dendrochronological analysis and recent measurements using the Normalized Difference Vegetation Index (NDVI), indicate that A. religiosa stands are highly dependent on winter–spring precipitation (Vivar-Vivar et al., 2021) and very sensitive to drought stress. This appraisal seems to be confirmed by recent field observations of rapid defoliation and decay of natural stands due to the now warmer and drier springs (Flores-Nieves et al., 2011; Sáenz-Romero et al., 2012). Also, induced drought stress experiments on A. religiosa provenances in nursery and common garden tests, suggest that genetic differentiation among populations for drought tolerance is not statistically significant (Cruzado-Vargas, 2017; Zamora-Sánchez, 2019).

The projected disappearance of the suitable climatic habitat of A. religiosa due to climate change (a predicted loss of 96.5% of its suitable climatic habitat nationwide by the end of the century; Sáenz-Romero et al., 2012) is not a problem exclusive to this species. It is a trait shared by many high-elevation forest tree species, for which their proximity to their respective mountain summits represents a risk of population extirpation, as natural migration to higher elevations might not be an option. Such is the case for the Mexican timberline species Pinus hartwegii (Gómez-Pineda et al., 2020), the western United States and Canada timberline species Pinus albicaulis (McLane and Aitken, 2012), the highly endangered Picea mexicana and Picea martinezii (Ledig et al., 2010; Mendoza-Maya et al., 2022), among several other North America forest tree species (Seliger et al., 2021).

High-elevation and tree-line tree species are not alone in being challenged to find suitable habitats at elevations higher than their upper elevation range limit. Rare microendemic alpine plant species found above the timberline—Arenaria bryoides, Chionolaena lavandulifolia, Castilleja tolucensis, Draba nivicola, and Plantago tolucensis—are also expected to lose significant proportions or their entire realized niche due to lack of habitat at higher elevations as climate warms (Ramírez-Amezcua et al., 2016).

Under such grim future scenarios, forest management must adapt. In situ conservation measures are insufficient. Pro-active ex situ conservation is urgently required, including exploring the establishment of stands of Abies religiosa at locations above its upper elevation limit in the Mexican Transvolcanic Belt (MTVB) to recouple the species with its historic climate. Movement of the species beyond its current natural distribution is referred to as “assisted range expansion,” one form of assisted migration of the forest – the intentional establishment of forest plantations with seed sources (provenances) from climates slightly warmer than that of the planting site to help maintain forest productivity, health, and ecosystem services in the face of rapid climate change (Winder et al., 2011).

Recoupling could be achieved by planting seedlings grown from seeds taken from the MBBR in locations where MBBR-like climates are expected to occur in the near future (Sáenz-Romero et al., 2016; Richardson et al., 2024). Assisted migration is used throughout British Columbia, Canada (O'Neill et al., 2017) and is proposed as an effective conservation measure for endangered timberline species such as Pinus albicaulis (McLane and Aitken, 2012; Sáenz-Romero et al., 2021) or the extremely rare Picea mexicana (Ledig et al., 2010; Mendoza-Maya et al., 2022).

The success of assisted migration efforts can be significantly impacted by the magnitude of climatic distance that the populations are moved (i.e., by the migration distance: the difference between the site climate minus the seed source climate): short migration distances may be ineffective, while long migration distances may result in early mortality due to frost damage. Selection of suitable migration distances can be achieved by establishing plantations with populations whose historic climate matches that of the plantation climate expected at some future date (O’Neill and Degner, 2024). However, the lack of empirical evidence of optimum future plantation climate and historic population climate represents a knowledge gap in assisted migration initiatives. Field tests, particularly, those with elevational reciprocal transplants, may provide insight into this issue.

The mountain summits within the MBBR are approximately coincidental with the upper elevation of the natural distribution of A. religiosa. It is therefore necessary to establish the species outside the MBBR. Even if such an enterprise were to succeed, there is no guarantee that the Monarch butterfly migratory population would overwinter in the new host plantation sites. This is due to an astonishing phenomenon: the descendants of a fourth generation of the monarchs that stayed in Mexican overwintering sites can return to approximately the same sites every winter. However, we consider inaction not to be an option and prefer to explore novel adaptive forest management options that could offer an opportunity for the survival of the migratory Monarch butterfly populations under future climates. Although the challenges associated with A. religiosa establishment are well known, recent evidence suggests that planting under the shade of a nurse shrub can significantly increase the probability of survival (Carbajal-Navarro et al., 2019).

The objective of this study was to assess the ability of Abies religiosa to establish and grow at elevations higher than its upper elevation natural range limit outside the MBBR. We hypothesize that acceptable seedling survival and growth rate of A. religiosa populations can be achieved in locations higher (and thus colder) than the species’ current upper elevation distribution limit. We therefore initiated a species trial of A. religiosa using populations from disparate seed source elevations within the MBBR and planted them under nurse shrubs at locations outside the MBBR and at elevations higher than the natural range limit of the species.



2 Materials and methods


2.1 Seed sources

Cones were collected in December 2017 from eight stands of A. religiosa, at 50 m intervals along an elevation transect from 3,100 to 3,500 m within the MBBR (Table 1). In each stand, cones were collected from 10 randomly selected open-pollinated mother trees located at least 30 m apart to reduce the possibility of inbreeding.



TABLE 1 Geographic coordinates, elevation, mean annual temperature (MAT), mean annual precipitation (MAP), and annual dryness index (ADI) of Abies religiosa provenances and test sites.
[image: Table1]



TABLE 2 Climatic variables estimated for each provenance and for each test site, and climatic transfer distance variables retained as candidate variables for the analysis with the final mixed model.
[image: Table2]

We use the term ‘population’ to represent the genotypes represented by these stand samples and ‘provenance’ to refer to the geographic origin of the populations. However, in the tree breeding domain, populations and provenances are sometimes used interchangeably.



2.2 Seedling production

After exposing the cones to sunlight, seeds were extracted manually and stratified at 4°C for 14 days. Equal numbers of seeds from each of the 10 mother trees were bulked to form each seed lot (population). Seedlings were grown for 2 years in a shade-house (35% shade mesh) in 380 cm3 rigid containers at the Instituto de Investigaciones sobre los Recursos Naturales (INIRENA), in Morelia (1900 m), Michoacán, Mexico. (Additional seedling production details in Cruzado-Vargas et al., 2021). Seedlings were then transplanted to larger rigid containers (1,000 mL) and transferred to a communal nursery at 3000 m at the Ejido La Mesa, San José del Rincón, Estado de México, near the MBBR where they remained for 1 year to harden before planting.



2.3 Test sites and experimental design

The populations were planted at four field provenance test sites along an elevational gradient on the northeast slope of Nevado de Toluca, an extinct volcano and Protected Natural Area (officially named Flora and Fauna Protection Area Nevado de Toluca), in July 2021 at the start of the rainy season. The test site location was selected because it is the closest mountain to the MBBR with a summit (4,680 m) substantially higher than the Abies religiosa upper elevation limit in the MBBR (3,550 m) and because Abies religiosa is found most frequently on the same aspect. Furthermore, we chose to situate the provenance test sites within a forest owned by the indigenous community of Calimaya, of the Matlatzincas ethnic group, due to their exceptional forest management. Experience has shown that collaboration with local communities provides site surveillance, capitalizes on traditional ecological knowledge, and engages participants in a way that leads to more effective outcomes, such as the eventual adoption of novel forest management practices.

The four test sites were located at the following elevations: (a) a reference site at 3400 m, an elevation close to that of the upper natural distribution of A. religiosa populations at both Nevado de Toluca and the MBBR; (b) 3,600 m, located just above the upper elevation limit of A. religiosa, which is around 3,550 m; (c) 3,800 m, to test the feasibility of a significant upward shift beyond the natural upper limit of A. religiosa. This shift of about 300 m upward in elevation could compensate for a mean annual temperature increase of 1.5°C, considering the lapse rate of -0.5°C for each 100 m increase in elevation (Sáenz-Romero et al., 2010); and (d) 4,000 m (at the timberline), to test at an extreme cold site to identify the upper elevation limit of the species’ fundamental niche. At all four sites, the surrounding forest is dominated by Pinus hartwegii, although the site at 3400 m also strongly features Alnus jorullensis. More detail of the test site locations is presented in Table 1 and Figure 1.

The experimental design consisted of eight populations planted at each of the four test sites in a randomized complete block design with 30 blocks per site, and a single seedling per population per block. Due to insufficient numbers of seedlings, only 5, 7, and 5 populations were planted at the 3,400, 3,600, and 4,000 m sites, respectively. Thus, we gave priority to the site at 3800 m located 300 m higher than the species’ upper elevation limit (equivalent to a coldward shift of approximately 1.5°C in mean annual temperature) where we planted 30 blocks in each site, except at the 4,000 m site, where we planted only 16 blocks. Where a population was absent in an incomplete block, it was replaced by a surplus seedling of another population to ensure that all blocks contained eight seedlings (except for site at 4000 m, where blocks had five seedlings).

To enable trial seedlings to be shaded, shrubs with crowns large enough to provide shade to all eight seedlings were identified. Seedlings were planted in a circle around the main stem, 50 cm from the stem (Figure 2), based on a previous positive experience of using pre-existing shrubs as nurse plants (see Carbajal-Navarro et al., 2019). The 30 blocks at each test site were positioned in a non-contiguous manner since the nurse plants were distributed in an irregular pattern. At the 3,400, 3,600, and 3,800 m sites, the dominant shrub available, Senecio cinerarioides, was used as the nurse plant. At the 4,000 m site, where S. cinerarioides was nearly absent, the dominant shrub, Lupinus montanus, and in a few cases small P. hartwegii trees, were used as nurse plants.

[image: Figure 2]

FIGURE 2
 Abies religiosa seedlings planted in a circle consisting of eight seedlings (one seedling per population) under the shade of pre-existing shrubs (Senecio cinerarioides), with the latter serving as a protective nurse plant. The group of eight A. religiosa seedlings constitute a block. (A) A. religiosa seedlings just after planting at the 3,800 m test site. (B) A. religiosa seedlings at the 3,400 m test site 2 years after planting.




2.4 Field measurements

Seedling height (HT) and survival (SURV) were assessed bimonthly (from September 2021) during the growing season and basal diameter was recorded every 6 months. Final measurements were taken in December 2023 at the end of the third field growth season, nearly 6 years after sowing. Plant height was measured to ±1 mm from ground level to the tip of the apical bud. Basal diameter (DIAM; also known as root-collar diameter) was measured at the base of the stem with a digital vernier (KNOVA®, Cupertino, CA, United States) to ±0.1 mm.

Seedling height increment (HTincr) was obtained by subtracting the first measurement from the final measurement. Aerial biomass (BIOMASS) of each tree was estimated from final HT and DIAM using a relationship developed through destructive sampling of seedlings of the populations used in the current project (Equation 1 Cruzado-Vargas et al., 2021):

[image: image]

Where: BIOMASS is the aerial dry biomass (g), HT is the total seedling height (cm), and DIAM is the basal diameter (mm).

As SURV was scored as a binary trait, and blocks contained (in general) a single seedling per population, mean SURV was calculated as proportion of seedlings alive per population per site; consequently, the term ‘block’ was omitted from the model when analyzing SURV.

As the primary goal of this initiative is conservation, not timber production, we considered survival to be the most important response variable. However, seedling height and aerial biomass (the latter often reflects the growth capacity when considering the abundance of foliage) were also recorded since competition of seedlings with grasses and shrubs at high elevation can eventually compromise success.



2.5 Climate data

Climate data of the seed provenances were obtained for the reference period (1961–1990, i.e., the recent historic climate) from climate spline models (Rehfeldt, 2006; Rehfeldt et al., 2006; Sáenz-Romero et al., 2010; Crookston and Rehfeldt, 2024).1 The recent historic climate of the provenances is considered the climate to which the populations have evolved and are adapted (Sáenz-Romero et al., 2015).

The climate experienced by the seedlings while in the field (2021–2023) was used to represent the test site climate. Two HOBO data loggers located at each site (Onset Computer Corporation®, Bourne, MA, United States) recorded ambient temperature every 30 min. Monthly precipitation was measured by capturing rainwater in two rainwater traps per site (20 L buried containers with an exterior funnel). The two temperature and precipitation observations at each site were averaged and monthly mean (maximum, average, and minimum) temperatures as well as precipitation were calculated and used to derive nine climatic variables of relevance to plant growth (Rehfeldt et al., 2006; Table 2).

To estimate the impact of a climatic transfer distance on seedling growth and survival, future climatic values were obtained using an ensemble of global climate models with an intermediate level of climate forcing (6.0 Watts/m3) in https://charcoal2.cnre.vt.edu/climate/ (Crookston and Rehfeldt, 2024).



2.6 Statistical analysis

For each population at each test site, transfer distances (site minus provenance) were calculated for each of the nine climatic variables (the ones from Table 2). Data from the four test sites were pooled and transfer functions relating transfer distances to each derived response trait (HTincr, BIOMASS and SURV) were then developed with a quadratic function to assess the effect of the climatic or elevational transfer.

A mixed model was used in Procedure Mixed of SAS Institute (2014) to account for both the random design and fixed climatic factors (Cruzado-Vargas et al., 2021). The fixed effects considered three components of the effect of climate as a selective force that produces genetic differentiation among populations, or phenotypic plasticity (also considered genotype × environment interaction; Sáenz-Romero et al., 2017): the climate of the provenance (C); the climatic transfer distance (T), and the interaction between the climate of the provenance and climatic transfer distance (C * T). Random effects include factors associated with the experimental design: site, population, block, and the interaction between the site and the population. Details regarding the rationale behind this model are described in Leites et al. (2012a), Leites et al. (2012b), and Sáenz-Romero et al. (2017).

The following mixed model (Equation 2) was initially fitted with the data from all four sites:

[image: image]

where [image: image] is the value of the response variable corresponding to the lth tree for the jth provenance in the kth block in the ith test site. [image: image] is the intercept. [image: image] is the climatic transfer distance of the jth provenance at the ith test site. [image: image] is the value of the climatic variable of the jth provenance. [image: image] is the interaction between the climatic transfer distance for the jth provenance at the ith test site and the climatic variable of the jth provenance. [image: image] is the effect of the ith test site; [image: image] is the effect of the jth provenance; [image: image] is the effect of the kth block nested within the ith test site; and [image: image] is the error term.

Before developing the full model above, nine reduced models (one for each climatic transfer distance variable) were developed for each response trait (HTincr, BIOMASS, and SURV) to identify the most influential climatic transfer distance variables for use in selecting the strongest full model (Leites et al., 2012a; Sáenz-Romero et al., 2017). The reduced model omitted the terms for Cj and [image: image] from the full model. For each response variable, the five climatic transfer distance variables with the lowest Akaike Information Criterion (AIC) value were identified and included in the subsequent full models. Models that produced a positive quadratic term coefficient (β2) were omitted to ensure the biological validity of the models (Rehfeldt et al., 2001; Leites et al., 2012a).

Subsequently, for each response variable, 9 × 5 = 45 full “competing” models were run, which included all possible combinations of the nine provenance climatic variables (those listed in Table 2) and the five climatic transfer distance variables selected in the previous step [after selecting the best climatic transfer distance variables with the reduced model (the model without climate of the provenance explained above); also enlisted in Table 2]. For each response variable, the best model was selected based on AIC value (the smallest the AIC the better) and the significance of the climatic variables (with a F tests, using the option “Solution” of Procedure Mixed; SAS Institute, 2014).

After selecting the best full model for each response variable, we dropped non-significant terms. We then ran all the competing models again to confirm that the final model with non-significant terms removed remained superior to the competing models. Thus, the final model was simplified, retaining only the climate of the provenance and climatic transfer distance as fixed terms, as well as their interaction (Equation 3):

[image: image]

Fitted curves were estimated for each response variable from regression parameter coefficients to visualize the effect of climatic transfer distance and seed source climate on the responses. Finally, the impact of using assisted migration (i.e., the migration distance or climatic transfer distance) on each response variable was estimated by substituting the migration distance and seed source climate into the final fitted equation. To balance the need for adaptation at the time of plantation establishment and at plantation maturity, the migration distance used in these calculations considered the decade centered on the year 2060 as the date to which we expect the plantation climate to match the seed source historic climate (1961–1990). Furthermore, by 2060, the trees would be around 40 years old (from germination), likely providing a minimum acceptable crown size for the overwintering Monarch butterfly. Impacts were expressed relative to the height increment or aerial biomass expected at the zero transfer distance, or at a site with 100% expected survival (projected by the fitted model).




3 Results

Annual Dryness Index (ADI) emerged as the transfer distance variable that produced the strongest final full model for HTincr (p = 0.0064) and BIOMASS (p = 0.0595; Table 3). Although ADI was not significant (at the p > 0.05 level) as a climatic transfer distance term for SURV (p = 0.4327), it was still the variable that yielded the best fit in the full model (Table 3).



TABLE 3 Mixed model analysis [using the terms of the final model (Equation 3)] for increment in seedling height, aerial biomass, and survival.
[image: Table3]

The fitted climatic transfer curves indicated that seedling performance decreases as transfer distance increases. Specifically, HTincr, SURV, and BIOMASS decreased as the populations were transferred to colder (higher elevation) environments (Figure 3). Although the quadratic response curve had a slightly stronger fit than a linear regression model, we dropped the quadratic term because it was not significant in analyses involving any the climatic variables fitted to the three response variables examined (p > 0.05). Thus, the final model was simplified, retaining only the climate of the provenance and climatic transfer distance as fixed terms, as well as their interaction (Equation 3).

[image: Figure 3]

FIGURE 3
 Observed response of increment in seedling height (A), aerial biomass (B), and survival proportion (C) to the transfer distance for Annual Dryness Index (ADI). On the X-axis, more negative values signify moving the seed sources toward colder and moister sites, while a value of zero (vertical gray dashed line) indicates transfer to a test site with a climate similar to that of the seed source (the provenance). Symbols are averages per population per site. Predicted response curves were constructed using the parameters of the fixed terms after fitting the best mixed model (Table 3). The solid curve was estimated using the average climate at the seed sources; the dashed line used the climate of the coldest provenance and the dotted line used that of the warmest provenance. Red arrows indicate the impact on the response variable when the transfer distance is 0.009 √°Cmm−1 ADI transfer difference, the value required to compensate for the amount of climate change expected by year 2060 at the seed source locations.


Of the competing models, mean minimum temperature in the coldest month (MMIN) was the seed source climatic variable that accounted for the most variation in both HTincr (p < 0.0001) and BIOMASS (p = 0.0023) in the final model, while ADI was the seed source climatic variable that accounted for the most variation in the final model for SURV (p = 0.0094; Table 3). The random term ‘population’ (resulting from non-climatic factors) was not significant (p > 0.05) for any response variable and was therefore dropped from the final model. In contrast, block was significant for all response variables except SURV, for which the term was absent.

Population responses to climatic transfer were relatively weak within each site (Figure 3). In contrast, site climate had a strong effect on the responses, and was the main factor shaping the overall trend of the results, as illustrated in a scatterplot of test site mean annual temperature (MAT) versus population HTincr means at each site (R2 adjusted = 0.88; p < 0.0001; Figure 4). Notably, at the 4,000 m elevation site, the average HTincr approached zero and numerous seedlings displayed frost damage. In contrast, at the 3,400 m site, HTincr was large and no frost damage was observed (Figures 3A, 4).

[image: Figure 4]

FIGURE 4
 Regression of population mean height increment at each test site as a function of test site mean annual temperature (MAT, °C; average 2021–2023). The number of populations tested at the 3,400, 3,600, 3,800, and 4,000 m test sites were 5, 7, 8, and 5, respectively.


The ADI of the seed sources is expected to increase by 0.009 √°Cmm−1 (a warmer and dryer climate) by 2060, relative to the historic (1961–1990) mean ADI. Therefore, to ensure that planted A. religiosa populations will experience their historic ADI in 2060, it is necessary to establish plantations on sites that currently have an ADI that is 0.009 units smaller (colder and moister) than the historic climates of the seed sources. In other words, planted seedlings should originate from provenances that are slightly warmer and dryer than the plantation sites. Such a climatic transfer distance would result in seedlings with approximately 54% slower growth rate (Figure 3A), 27% less aerial biomass (Figure 3B), or 27% lower survival compared to that expected in a population at zero climatic transfer distance (Figure 3C).

To translate these results to a more intuitive climatic variable, the response to the assisted migration is more easily appreciated when plotting the response variables against MAT transfer distance (Figure 5). When establishing plantations with seed sources from climates 2.3°C in MAT warmer than the plantation site to compensate for warming between the reference period (1961–1990) and the climate matching the target date (2060), the projected loss is 47% in HTincr (Figure 5A) and 21% in SURV (Figure 5B).
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FIGURE 5
 Transfer function relating height increment (A) and survival (B) of Abies religiosa populations to mean annual temperature (MAT, °C) climatic transfer distance. Negative transfer values indicate seed source movement toward colder sites (higher altitudes). A transfer distance of zero indicates transfer to a test site with a climate similar to that of the seed source (dashed gray vertical line). Predicted relationships were constructed using the parameters of the fixed terms of the final full model (Equation 3). Solid, dotted, and dashed curves were estimated using the mean, minimum, and maximum MAT of the seed source, respectively. Red arrows indicate the impact on the response variable when populations are transferred by 2.3°C MAT, the amount required to account for expected climatic change by year 2060 at the seed source locations.


Our fitted elevation transfer functions suggested that a 500 m upward elevation transfer would yield seedlings having a HTincr that is half that of a local seed source (R2 adjusted = 0.65; p < 0.0001; Figure 6).
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FIGURE 6
 Transfer function relating height increment to elevation transfer distance for populations of Abies religiosa planted at four test sites. Red arrows indicate the maximum safe seed transfer distance – the elevational transfer associated with height increment that is 50% of the expected height increment of a local population. The number of populations tested at the sites at 3400, 3600, 3,800, and 4,000 m in elevation, were 5, 7, 8, and 5, respectively. The adjusted R2 was estimated with a linear regression.


Only two populations (those from 3,457 m and 3,491 m; Table 1) were moved downward in elevation at the 3,400 m test site (Figure 6). Despite being moved downward by only 60 m, these populations showed a -1.0 MAT transfer distance (Figure 5), suggesting that Nevado de Toluca is slightly colder than the MBBR at the same elevation (see Table 1).



4 Discussion


4.1 Relevance of climatic transfer distance variables

The annual aridity index (ADI), reflecting both annual degree day heat sums and annual precipitation, was the climatic variable that most strongly governs the impact of seed transfer or climate change on the growth (seedling height and aerial biomass) and survival of Abies religiosa populations. It was also the climatic variable selected to delineate and match contemporary and future climate seed zones for Mexico (Castellanos-Acuña et al., 2018) and proved to be a critical climatic variable governing the response of Quercus petraea provenances in large multi-site provenance tests (Sáenz-Romero et al., 2017).

The mean minimum temperature of the coldest month (MMIN) was identified as the seed source climatic variable that best accounted for variation in response traits, thus corroborating studies in more controlled provenance test environments (Ortiz-Bibian et al., 2017). Nevertheless, the impact of the colder temperatures at the test sites at Nevado de Toluca appeared to override the expression of genetic differentiation among populations.

The lack of significance of population and site as random variables in the full model could be the result of most of the response trait variation being accounted for by the fixed terms related to seed source climate and climatic transfer distance (Table 3). Thus, the selective force of climate to shape genetic differentiation among populations, and the response of these populations at different sites, appears to be more important than gene flow, demographic history, colonization events, or non-climatic factors of the site, including soil edaphics or topography. However, with only four test sites, and only a single test site at each elevation, site climatic and non-climatic (such as soil fertility, drainage, or aspect) factors are confounded. Thus, it would be advisable to establish future assisted migration experiments with more than one site at each elevation.



4.2 Implications for forest management

Our findings suggest that the establishment of A. religiosa under pre-existing nurse shrubs is feasible above its upper elevation distribution limit (at sites as high as 3,800 m) and outside its geographic range. Coldward transfer to planting sites with an MAT that is 2.3°C colder than the seed source climate, is required to match seed source historic climates with plantation climates projected for 2060 in central Mexico, and is within the range of 2 to 3°C MAT transfer distance suggested by other assisted migration field experiments (Castellanos-Acuña et al., 2015; St Clair et al., 2020; Cruzado-Vargas et al., 2021; Sáenz-Romero et al., 2021). These findings provide a new opportunity to mitigate climate change impacts on A. religiosa and its dependent organism – the Monarch butterfly. As the climate continues to warm, the migration distance required to match the historic climate of seed sources with plantation future climate will increase. Consequently, seed transfer systems developed to implement assisted migration will need to be modified periodically.

In practice, the climatic transfer value selected will depend on how stakeholders and conservation agencies perceive the risk of plantation failure (from over-transfer) versus that of local extirpation (from under-transfer); where local extirpation of the species is anticipated, as is the case with Abies religiosa, up to 47% loss of growth and 21% of loss in survival (impacts expected with 500 m upward elevation transfer) may be perceived as acceptable by stakeholders and conservation agencies.

In our view, the most critical response variable is seedling survival, and a survival rate of 78.6% when transferring to sites 2.3°C colder can be considered very acceptable. Growth rate can also be important when there exists significant vegetative competition at the recipient site. However, as climate change progresses, the planting sites will become more favorable for the translocated populations and growth rates will improve in the future; in contrast, local native populations might be increasingly maladapted to the future warmer climate. Thus, what is absolutely critical for the translocated populations is to survive the cold climate in the early stages after plantation.

It appears feasible to establish A. religiosa at 3800 m on the Nevado de Toluca volcano. Above that elevation, mortality and especially loss of growth become pronounced. Such an appraisal needs to be considered in the context of the fact that Nevado de Toluca has a colder climate than the MBBR at the same elevations, as shown by the lack of populations presenting positive climatic transfer distances (Figure 5), even among the populations that were transferred to lower elevations (those that originating from above 3,400 m; Table 1).

Since Senecio cinerarioides has a very shallow crown, it would be desirable to test the feasibility of upward elevation transfer of other shrub species that have wide crowns. The pre-existing shrub Baccharis conferta has been used successfully as a nurse plant at lower elevations at the MBBR because it has a very dense crown that provides effective protection against an excess of insolation and extreme cold (Carbajal-Navarro et al., 2019). However, B. conferta is nearly absent at 3800 m and completely absent at 4000 m on Nevado de Toluca.

Even if the operational establishment of A. religiosa stands at elevations higher than the upper distribution limit of the species (3,550 m) were successful, there is no guarantee that Monarch butterfly migratory populations would shift their overwintering sites by around 75 km to the southeast. However, the fact that Nevado de Toluca, a historically marginal overwintering site (Pérez-Miranda et al., 2020), became the site with the largest Monarch butterfly colony during the 2023–2024 winter season (Comisión Nacional de Áreas Naturales Protegidas, 2024) is reassuring, particularly given that the new site was at a relatively high elevation (3,400 m) and the Nevado de Toluca sites are colder than sites at the same elevations in the MBBR. The migratory Monarch butterfly populations may now be seeking new overwintering sites with climates similar to the historic climate of their usual overwintering sites, which are becoming warmer.

Seedlings planted today would be approximately 40 years of age (from seed germination) by the year 2060 and should have a crown size acceptable for overwintering Monarch colonies, based on the observation that trees 50 years old are common on the overwintering stands (Sáenz-Ceja and Pérez-Salicrup, 2020; Sáenz-Ceja et al., 2022; Carlón-Allende et al., 2018). Obviously, this trial simply demonstrates the feasibility of establishing Abies religiosa at higher elevations and outside its current natural distribution. A much greater planting effort, including local participation by forest managers and securing of support resources, would be required to provide dense future stands that could serve as suitable overwintering sites. Thus, in this era of the Anthropocene, it may be possible to establish high-elevation A. religiosa stands that can successfully provide overwintering sites for migratory Monarch butterflies in the context of a warmer world.

It is extremely important to note that attempts to provide new colonization areas for the Monarch butterfly and efforts to conserve its current habitat are not mutually exclusive. The eventual establishment of future overwintering sites at higher elevations does not imply that efforts to maintain contemporary stands of A. religiosa would cease or diminish. Reforestation within the MBBR with seedlings originating from seeds collected at lower elevations and planted under the protective shade of nurse plants should continue for ecological restoration of sites perturbed by phytosanitary clear-cuts, forest fires, and illegal logging (Carbajal-Navarro et al., 2019) until climate change precludes such efforts. In other words, promoting healthy A. religiosa stands to be used by Monarch butterfly migratory populations, both inside and outside of the MBBR, should be parallel tasks of maximum priority.




5 Conclusion

We successfully established A. religiosa outside, and at higher elevations, than its current natural distribution limits using pre-existing shrubs as nurse plants. Survival of 68% across all populations at 3800 m, well beyond the natural A. religiosa upper limit distribution of 3,550 m, is an encouraging result. To compensate for an expected warming of 2.3°C of Mean Annual Temperature by the decade centered in 2060 would require an upward shift in elevation of 500 m for each A. religiosa provenance, resulting in a survival of 71% and approximately half the growth rate compared to a zero climatic transfer distance. Thus, it may be possible and highly warranted to establish high-elevation A. religiosa stands to provide overwintering sites to host migratory Monarch butterflies in a future climate change scenario by the year 2060.
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