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Abstract 
The conservation of crop wild relatives is particularly worrisome under global warming scenarios given their 

potential as sources of diversity for cultivars. Here we evaluate the potential effect of climate change through 
ecological niche modeling for wild chia (Salvia hispanica) populations as the closest crop wild relative. Current 
and future (2040, 2060, 2080) climatic conditions were modeled using 4 global climate models (ACCESS-CM2, 
BCC-CSM2-MR, MIROC6, and CanESM5) and 2 shared socioeconomic pathways (SSP2-4.5 and SSP5-8.5), 
accounting for both limited and long-distance dispersal scenarios. Current potential wild S. hispanica distribution 
is 192,789 km2, 16.72% in climatically stable areas and coinciding with 184 Nature Conservancy Areas in Mexico 
and Guatemala. Unfortunately, by 2040, 2060, and 2080 wild chia’s potential distribution would reduce by 60.81 
to 83.07%, respectively under optimistic scenarios with potential of dispersion as well as pessimistic and non-
dispersal scenarios. Furthermore, the most sensitive areas are in the Trans-Mexican Volcanic Belt, Pacific Coast, 
and Guatemala, which also are reportedly the most genetically diverse populations. We urge conservation efforts 
to increase wild germplasm collections and embark on in situ conservation with local communities to preserve the 
genetic reservoir of the species for future crop breeding.
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Introduction

Chia is a native crop of Mesoamerica (Cahill, 2003; 
Kirchhoff, 2000). Several attributes related to the high 
omega-3 content of chia (Salvia hispanica L.) have led to 
its steadily growing global consumption (Ali et al., 2012; 
Grancieri et  al., 2019; Katunzi-Kilewela et  al., 2021). 
While current estimates of global production increased in 
Paraguay, Bolivia, and Mexico from ca. 13,000,000 in 2019 
to 18,000,000 in 2023 (Anuario Estadístico de Producción 
Agrícola, 2025) and consumption was estimated at 80,000 
to 100,000 tons per year (Góral, 2025), little attention 
has been given to the distribution and conservation of 
wild chia populations, which are considered a Crop Wild 
Relative (CWR) and thus an important source of genetic 
variability for the crop (Maxted et al., 2006). 

The earliest documentary records, including the 
“Matrícula de tributos” (2022) and the “Relaciones 
geográficas de la Nueva España” (Murrieta-Flores et al., 
2020), highlight the significance of chia in pre-Hispanic 
diets, ranking third in importance after maize and beans. 
However, the timeline of its domestication remains 
uncertain. The only unequivocal archaeobotanical 
evidence is nutlets dated to 1,750 years before present. 
Some studies suggest an earlier domestication event 
around 4,500 years ago based on pollen records (Sosa 
et al., 2016), although these may only be assignable to the 
genus Salvia rather than specifically to S. hispanica (Lara-
Cabrera et al., 2025). Therefore, major questions regarding 
the identity and timeline of chia’s domestication cannot 
yet be addressed. Available evidence strongly suggests 
that domestication occurred in Mexico-Guatemala (i.e., 
Mesoamerica), a recognized center of origin for many 

globally important crops (Colunga-García Marín & 
Zizumbo-Villareal, 2004; Flannery, 1973). 

Chia has been included in Mexico’s inventory of 310 
priority CWR species (Contreras-Toledo et al., 2018) and 
the global CWR inventory proposed by Harlan and De Wet 
(Vincent et al., 2013). The closest chia relatives are wild 
chia populations, making their study and conservation 
a pressing need. The conservation of CWRs is a global 
concern, as emphasized by the FAO, which recognizes their 
critical role in ensuring future food security in the context 
of global change (Kaeslin et  al., 2012). In this context, 
the first step toward developing effective conservation 
strategies, as highlighted by Goettsch et al. (2021), is to 
generate accurate distribution maps, beginning by data 
curation to remove misidentified records and cultivated 
specimens. 

Here we apply ecological niche modeling using Maxent 
to wild chia populations in order to: 1) approximate the 
species’ Grinnellian niches (Peterson et al., 2011; Rödder 
& Engler, 2011); and 2) project future distribution under 
global warming scenarios (Dormann et al., 2007). Previous 
work by Durán et  al. (2016) modeled environmental 
suitability for the periods 2041-2060 and 2061-2080, 
also using herbarium specimens. However, it remains 
unclear whether they distinguished wild from cultivated 
specimens, a key factor, as a mixed dataset could affect 
model accuracy due to differences in abiotic tolerance and 
dispersal capability. Here we carefully selected only wild 
chia specimens based on morphological traits, avoiding 
individuals exhibiting a domestication syndrome. For 
example, in wild populations, the fruiting calyx remains 
open, allowing nutlet release whereas in cultivated 
chia nutlets remain enclosed in the fruiting calyx. Chia 

Resumen
Una de las mayores preocupaciones ante escenarios de cambio climático es la conservación de parientes 

silvestres de cultivos, dado su potencial como fuente de diversidad genética. Aquí evaluamos el efecto potencial 
del cambio climático actual y futuro (2040, 2060, 2080) para poblaciones silvestres de chía (Salvia hispanica), el 
pariente silvestre más cercano, a través de modelación del nicho ecológico utilizando 4 modelos de cambio climático 
(ACCESS-CM2, BCC-CSM2-MR, MIROC6 y CanESM5) bajo 2 trayectorias socioeconómicas (SSP2-4.5 y SSP5-
8.5), considerando también dispersión limitada y de larga distancia. La distribución potencial actual de poblaciones 
silvestres de S. hispanica es de 192,789 km2 y 16.72% en áreas climáticamente estables que coinciden con 184 áreas 
naturales de conservación de México y Guatemala. Desafortunadamente hacia 2040, 2060 y 2080 su distribución 
se reducirá de -60.81% a -83.70% respectivamente bajo trayectoria socioeconómica optimista con dispersión a larga 
distancia y pesimista con dispersión limitada. Adicionalmente las regiones más sensibles coinciden con las que se han 
reportado como genéticamente diversas en el Cinturón Volcánico Trans-Mexicano, Costa del Pacífico y Guatemala. 
Llamamos a incrementar los esfuerzos de conservación, aumentar las colecciones de germoplasma e iniciar proyectos 
de conservación in situ comunitarios con miras a conservar el reservorio genético del cultivo.
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nutlets (often misinterpreted as seeds) produce mucilage 
upon contact with water, and as has been described for 
thyme, the hydrated mericarp swells and pushes the calyx 
open to expose the nutlet (Bouman & Meeuse, 1992). 
Domesticated plants also tend to have larger overall size, 
inflorescences, and flowers (Cahill, 2003, 2005). 

Our dataset was subsequently used to model future 
niche distributions for the years 2040, 2060, and 2080 
under optimistic and pessimistic Shared Socioeconomic 
Pathways (SSPs) following the Intergovernmental Panel on 
Climate Change (IPCC, 2022), global warming being one 
of the most severe threats to CWR conservation. We also 
considered chia’s potential for dispersal and colonization 
of new areas. Chia likely has limited natural dispersal via 
water (hydrochory or ombrochory; Zona, 2017), and when 
calices remain open gravity plays a role as nutlets fall near 
the parent plant and germinate nearby (phylomatri sensu 
Cheplick, 2021). Yet long-distance dispersal, potentially 
through human activity, may become crucial under 
accelerated climate change. 

Finally, given the serious conservation threat for 
many CWRs through land-use change (Goettsch et  al., 
2021), we evaluated the spatial overlap between the 
modeled distributions and the Mexican and Guatemalan 
Natural Conservation Areas. These areas represent an 
immediate opportunity for passive CWR conservation, 
especially at biodiversity hotspots where indigenous 
communities have managed the surrounding species for 
millennia resulting through domestication in a mosaic 
of landraces (Vincent et  al., 2022). Our results offer 
valuable guidance for policymakers and plant breeders, 
enabling the identification of wild chia populations for 
in situ conservation and seed bank enhancement for ex 
situ conservation. Early, informed decisions are essential 
for preserving the genetic diversity of this culturally and 
nutritionally important crop.

Materials and methods 

Biological data acquisition. Occurrence data follow 
Lara-Cabrera et  al. (2025) identifying wild specimens 
from digitized herbarium collections at the Consortium of 
California Herbaria ([https://cch2.org/portal/collections/] 
RSA, UCR) MEXU (https://datosabiertos.unam.mx/
biodiversidad/), Portal Torch Herbaria ([https://portal.
torcherbaria.org/portal/index.php] ASU, CIIDIR, COLO, 
DES, IBUG, IND, MICH, UNM, UTEP, WIS), US (https://
collections.nmnh.si.edu/search/botany/), and herbarium 
review (IEB). Domestication status was determined based 
on botanical descriptions (Klitgaard, 2012; Ramamoorthy, 
1996; Wood & Harley, 1989) and cross-checked with 
studies on domestication syndrome traits in the species 

(Cahill, 2003, 2005; Calderón-Ruíz et al., 2021). Overall, 
wild specimens are recognized as shorter plants (30-100 
cm tall), with short inflorescences (up to 10 cm), bearing 
3 to 6 flowers per verticillaster, corolla tube 8-9 mm long 
that is almost entirely enclosed by the calix, and smaller 
fruiting calyces remaining open at maturity. Note that the 
ability to maintain open calyces to release the nutlets is a 
key trait distinguishing most domesticated varieties, as in 
the latter the calyx remains closed.

All records were carefully reviewed to eliminate 
ambiguities such as duplicates, points located on roads 
or residential areas, and records with a spatial separation 
of less than 2 km to reduce spatial autocorrelation 
(Boria et al., 2014; Legendre, 1993; Peterson et al., 2011). 
Following Prieto-Torres et  al. (2020, 2021) and Prieto-
Torres (2024), recent records (2001-2022) were subjected 
to an environmental outlier exclusion procedure. Records 
were removed if their values for Worldclim bioclimatic 
variables Bio 1 (annual mean temperature), Bio 5 
(maximum temperature warmest month), Bio 12 (annual 
precipitation), and Bio 15 (precipitation seasonality) fell 
outside the upper or lower quartiles of the same variables 
calculated from herbarium records dated between 1970-
2000. Those variables were used because other studies 
(e.g., Núñez-Landa et al., 2023; Prieto-Torres et al., 2020, 
2021) have found them useful in the data depuration 
process. The final occurrence dataset included 55 
independent localities of species presence, corresponding 
to the full list published by Lara-Cabrera et al. (2025).

Environmental information for current and future 
scenarios. Available climatic layers were downloaded 
from Worldclim 2.1 (Fick & Hijmans, 2017; Hijmans 
et  al., 2005) at a spatial resolution of 30 arc-seconds 
(~ 1 km²). These bioclimatic variables, derived from 
monthly temperature and precipitation data, reflect long-
term climatic trends. Nonetheless, variables Bio 8 (mean 
temperature wettest quarter), Bio 9 (mean temperature 
dries quarter), Bio 18 (precipitation of wettest quarter), and 
Bio 19 (precipitation of coldest quarter) were excluded due 
to potential spatial artifacts in their interpolated surfaces, 
which could negatively affect model performance (Booth, 
2022; Escobar et al., 2014). Checking for such anomalies 
is particularly important when modeling across broad 
regions, as in this study, to prevent localized irregularities 
which could bias overall results (Booth, 2022). And 
although soil properties influence species distributions by 
affecting plant physiology, growth, and survival (Eamus 
et al., 2013; Velazco et al., 2017), we focused exclusively 
on climatic variables because no reliable projections of 
edaphic variables exist for future scenarios (Tomlinson 
et  al., 2020). Moreover, temperature and precipitation 
strongly influence soil properties, so climatic variables 
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are expected to indirectly capture part of the soil-related 
variability. This reasoning is consistent with studies 
highlighting climate as the main driver for long-term 
distributional shifts (Dantas et al., 2020; Hartmann et al., 
2022).

To avoid model overfitting due to collinearity among 
variables (Dormann et  al., 2013), we employed a two-
step process to select relevant predictors and reduce 
dimensionality (Cobos et al., 2019). First, Spearman and 
Pearson correlation coefficients were used to exclude 
variables with correlations greater than 0.8 and with a 
variance inflation value greater than 4 (Díaz-Vallejo et al., 
2024; Dupin & Smith, 2019). Both coefficients were used 
because normality tests indicated that each variable could 
exhibit different spatial patterns, and a single test would 
not be feasible due to high spatial autocorrelation among 
variables, thereby justifying the combined use of both 
correlation measures (Díaz-Vallejo et al., 2024). Second, a 
principal component analysis (PCA, Janeković & Novak, 
2012) was performed on the original 15 climatic variables 
across the study area to retain those that collectively 
explained at least 95% of the total variance (Hanspach 
et  al., 2011). These procedures were performed in R 
using libraries “corplot”; “usdm” (Wei & Simko, 2017), 
and “ENMGadgets” (Barve & Barve, 2016). The best 
climatic data approach was selected based on statistical 
performance evaluated with the “kuenm” R package 
(Cobos et al., 2019).

For future climate projections, we considered 2 
Shared Socioeconomic Pathways from the Coupled Model 
Intercomparison Project (CMIP6): SSP2-4.5, representing 
a middle-of-the-road scenario with moderate emissions; 
and SSP5-8.5, a high-emission scenario reflecting 
continued fossil fuel dependence and rapid economic 
growth (Riahi et al., 2017). Projections were generated for 
3 future timeframes: 2041–2060 (hereafter 2040), 2061–
2080 (hereafter 2060), and 2070-2090 (hereafter 2080), 
using 4 General Circulation Models: ACCESS-CM2, BCC-
CSM2-MR, MIROC6, and CanESM5. These models were 
selected based on their ability to simulate ENSO dynamics 
and associated interannual variability in precipitation and 
temperature (Bi et al., 2013; Watanabe et al., 2010; Zelinka 
et  al., 2020), which are key drivers of climate patterns 
within the range of S. hispanica and and the whole biota 
of Central American and Mexico. Therefore, this selection 
ensures that the models capture climate processes directly 
relevant to the species’ environmental niche and potential 
distribution (Jin et al., 2025).

The environmental variables selected were cropped 
to a region defined as M used for model calibration 
processes (Barve et al., 2011; Soberón & Peterson, 2005). 
The vectorial polygon defining M was constructed 

by intersecting species occurrence records with maps 
of terrestrial ecoregions (Dinerstein et  al., 2017) and 
Neotropical Biogeographic provinces (Morrone et  al., 
2017). Although several valid approaches exist to define 
the M area in ecological niche modeling, we selected this 
method because it is not only straightforward but also 
highly operational (Rojas-Soto et al., 2024). 

Ecological niche and potential species distribution. 
Species models were performed with Maxent 3.4.3 
(Phillips et  al., 2006) and the R package “kuenm” 
(Cobos et al., 2019). Maxent constructs the most probable 
species distribution based on presence-only data and 
environmental variables through machine learning 
algorithms, as it is recognized as one of the most effective 
tools in terms of predictive performance (Elith et  al., 
2006). The “kuenm” R package was used to generate 
multiple candidate models by combining different sets 
of environmental variables (non-correlated and PCA-
reduced) with a range of Maxent calibration parameters 
(described below) to select the optimal model and 
subsequently project it to climate scenarios for 2040, 
2060, and 2080. 

Occurrence records were initially split into 2 datasets: 
80% were randomly selected for model training, while 
the remaining 20% were used for internal validation of 
the final model. During the calibration step, we created 
spatial folds using 80% of the records for training, and 
spatial cross-validation was applied. This approach 
allowed us to test 992 candidate models resulting from 
all 62 combinations of Maxent feature classes and 8 
regularization multipliers (0.2, 0.4, 0.5, 1, 2, 6, 8, 10) and 
the 2 sets of variables (non-correlated and PCA-derived), 
in order to select the optimal set for the final modeling 
(Cobos et al., 2019). Optimal models were selected based 
on 3 criteria: statistical significance via partial ROC 
partial test (Peterson et  al., 2008), Akaike’s information 
criterion for small sample sizes (AICc; Akaike, 1974), 
and an omission rate below 5% (Anderson et  al., 2003). 
Final models were generated using 1,000 iterations and 
10 replicates. Next, the models were projected onto future 
climate scenarios using 3 extrapolation settings: no 
extrapolation or clamping, extrapolation without clamping, 
and both extrapolation and clamping. These approaches 
are essential to identify novel climatic conditions under 
future scenarios, potentially suitable for the species based 
on extreme values of ecological variables (Elith et  al., 
2011; Peterson et  al., 2018; Stohlgren et  al., 2001). In 
this context, to detect future regions with non-analogous 
climatic conditions relative to the present, we implemented 
the MOP (Mobility-Oriented Parity) test (Owens et  al., 
2013). This test identifies zones that represent strict 
extrapolations of the model, which are associated with 
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higher uncertainty and should be interpreted with caution 
(Alkishe et al., 2017).

The Maxent outputs in “cloglog” format were converted 
to binary presence-absence maps using a threshold equal 
to the 10th percentile of training presence. This threshold 
minimizes commission errors by excluding only the 
lowest 10% of suitability scores, thus retaining predictions 
considered at least as suitable as the occurrence records 
(Liu et  al., 2013). The binary maps for each Shared 
Socioeconomic Pathway (SSP2-4.5 and SSP5-8.5) and 
time period (2040, 2060, and 2080) were generated by 
overlaying the outputs from 4 selected Atmosphere-Ocean 
General Circulation Models (ACCES-CM2, BCC-CSM2-
MR, MIROC6, and CanESM5). Herein, a grid cell was 
classified as “presence” if at least 3 of the 4 models agreed 
on the presence prediction for that cell (e.g., Nuñez-Landa 
et al., 2023; Gama-Rodríguez et al., 2024).

Spatial analyses and general metrics. The current 
binary map was compared with each future projection 
by overlaying and summing them, to define climatically 
stable areas, where a cell was considered “climatically 
stable” if the species’ environmental conditions were 
predicted therein for all evaluated periods (Collevatti 
et al., 2013). It is important to note that this does not imply 
that the local climate remains unchanged, but rather that 
the cell stays within the species’ tolerable range, allowing 
potential persistence (Terribile et  al., 2012). Identifying 
such areas is important because they often harbor higher 
intraspecific genetic diversity (Hewitt, 2004). Besides, 
a range gain was defined when the number of pixels 
predicted to be suitable for distribution areas in the future 
were greater than those estimated in the present, and the 
opposite case was interpreted as range contraction for 
the species. Given that a species’ dispersal capacity can 
influence its ability to colonize new areas (Marco et al., 
2011), we conducted this evaluation under 2 contrasting 
dispersal scenarios: short-distance dispersal (SDD), where 
suitable future areas were limited to those overlapping 
with the current distribution, and long-distance dispersal 
(LDD), where suitable areas projected for the future 
but not currently occupied were also considered. In 
both cases, geographic barriers defined by the M area 
were assumed to limit species dispersal, and ecological 
interactions between species were omitted (Atauchi et al., 
2020; Peterson et al., 2002). 

For projections predicting a loss of suitable areas, we 
calculated the differences (current vs. future) in values 
of the bioclimatic and elevation variables to identify the 
environmental changes associated with this loss (Cobos & 
Bosch, 2018; Atauchi et al., 2020). 

The geographic centroid of the binary maps (for each 
present and future projections) was computed using the 

coordinates of all presence-value cells, with the constraint 
that the centroid must lay within the presence area. 
To enhance discussion, centroid shift was estimated 
in all scenarios and temporalities and actual km2 and 
displacement direction estimated in R through the 
haversine formula proposed by Inman (1835). Additionally, 
the mean elevation and its range for each temporality were 
extracted by coupling future climate projection pixels with 
a digital elevation model. Both analyses were performed 
with the “terra” R package (Hijmans, 2025)

Finally, we assessed the overlap between the 
current and projected species distribution and Natural 
Protected Areas (NPAs) in Mexico (https://www.gob.
mx/conanp#1692) and Guatemala (https://conap.gob.gt/
listado-de-areas-protegidas/; IUCN & UNEP-WCMC, 
2025). This was done by intersecting current and future 
binary distribution maps with the raster layers of official 
NPAs to identify key regions where in situ conservation 
of chia may be crucial in the face of land use change, 
contributing to risk mitigation through habitat protection.

Results

Current distribution pattern. The potential distribution 
model for S. hispanica was adequately calibrated, as 
indicated by the mean AUC ratio (1.85), minimum AIC 
value (708.46), statistically significant partial ROC test 
(0.00), and 0 omission error. The default plot produced 
shows both omission rates and AICc values for all tested 
models (Supplementary material: Fig. 1). The final 
model used a regularization multiplier of 2 and included 
the feature classes quadratic, product, and hinge. The 
most important variables that define the first principal 
component (PC1) are Bio1, Bio3, Bio6, Bio11, and Bio12, 
whereas the second component (PC2) is primarily defined 
by Bio12, Bio14, Bio15, and Bio17.

The estimated current potential distribution area for 
wild chia is 192,789 km2, primarily located across the 
biogeographic regions of the Sierra Madre Occidental, 
Trans-Mexican Volcanic Belt, Sierra Madre del Sur, and 
Sierra Madre de Chiapas, extending into Guatemala (Fig. 
1). In Mexico, chia is distributed from the northeastern 
states (Sonora, Chihuahua, Durango, and Sinaloa), 
through the western and central regions, and into the 
southeast (Guerrero, Oaxaca, and Chiapas). To assess 
average population shift regarding latitude and longitude 
we estimated the centroid at 21.0367 oN, -102.231 oW 
(Jalisco Altos Sur, NW Jalisco, Mexico), average elevation 
1,971.1 m and elevational range 1708.6 - 2211.3 m (Table 
1). A valuable finding is that 11.51% (i.e., 22,206 km2) of 
the current projected distribution lies within NPAs. In 
Mexico the current potential distribution overlaps with 
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135 NPAs, including 9 Biosphere Reserves (UNESCO-
MAB), Flora and Fauna Protected Areas, Protected 
Areas for Natural Resources, National, State, Municipal 
Parks, and Voluntary Conservation Areas. Whereas in 
Guatemala the current potential distribution overlaps with 
49 areas, including one Biosphere Reserve (UNESCO-
MAB), Natural Reserves, National and Regional Parks, 
Definitive Veda Zones, Forest Reserves and Use Reserves 
(Supplementary material: Table 1).

Projected distribution patterns under non-dispersal 
and dispersal scenarios. The potential distribution of 
wild S. hispanica populations for 2040, 2060, and 2080, 
modeled considering non dispersal (i.e., SDD), highlights 
a concerning and pessimistic trend of habitat loss (Table 
1, Fig. 2a). Under the optimistic global warming SSP2-
4.5 scenario, the potential distribution area is projected 
to lose 38.27% by 2040, 50.07% by 2060 and 60.81% 
by 2080, leaving only a remaining area of 119,002 km2, 
96,250 km2, and 75,551 km2, respectively. In contrast, 
under the pessimistic warming scenario (SPS5-8.5), the 
remaining area is expected to be 32,638 km2, reflecting a 
dramatic 83.07% loss of the current distribution. The loss 

of suitable habitat also extends to populations currently 
located within NPA: by 2040 only 15,879 km2 (i.e., 
13.34% of remaining suitability areas) would be within 
NPA and by 2080 these values are projected to decline 
further to 11,502 km2 (i.e., 15.22%) under the optimistic 
scenario, and 6,195 km2 (18.98%) under the pessimistic 
one. Furthermore, the geographic centroid of the species’ 
distribution is expected to shift in both longitude and 
latitude, accompanied by notable elevational shifts. In the 
SSP2-4.5 scenario, the mean elevation (currently 1,971.1 
m) is projected to increase to 2,246.4 m (range: 2,057-
2,420.1 m), and to 2,376 m (range: 2,194-2,542.1 m) under 
SSP5-8.5. This corresponds to an average upward shift in 
elevation of 275.3 m and 405 m, respectively, along with a 
contraction of the current elevational range from 503 m to 
357 m and 348 m under each scenario. 

Conversely, under the dispersal scenario (i.e., LDD), 
the projected future distributions are less alarming, 
although still indicative of significant habitat changes. 
These models assume the species eventually could 
colonize newly suitable areas, although likely requiring 
human-assisted dispersal. Projected distributions under 

Figure 1. Ecological niche model projected onto the geographic areas for wild Salvia hispanica, throughout Mesoamerica. Map 
shows current wild chia records (yellow triangles) and current potential distribution (green). The dotted red-polygon depicts the 
accessible (or M) and projection areas for the model.
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both SSP2-4.5 and SSP5-8.5 scenarios are relatively 
similar (Table 2, Fig. 2b). Under SSP2-4.5, the species is 
projected to lose 24.69% of its current range (remaining 
area: 145,180 km²), while gaining approximately 26,178 
km² (18.03%) of new areas by 2040. However, by 2080, 

only 65% of suitable habitat will persist, with a loss of 35% 
of the area. Moreover, the proportion of the species’ range 
within NPAs is also projected to decline under dispersal 
scenarios, from current potential distribution to future: 
18,474 km² (i.e., 9.58% of remaining areas) under SSP2-

Figure 2. Potential future distribution of wild Salvia hispanica for 2040, 2060, and 2080 under 2 global warming scenarios: 
optimistic (SSP2-4.5) and pessimistic (SSP5-8.5). Maps above show projections assuming no natural dispersal, while maps below 
consider the species’ ability to naturally disperse and colonize new areas.
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Table 1
Modeled potential distribution area, proportional change attributable to GCC (Global Climate Change) and new areas under non 
dispersal scenarios. Models include current potential distribution as well as future (2040, 2060, and 2080), obtained through the 
superposition of binary maps for MGC (ACCES-CM2, BCC-CSM2-MR, MIROC6, and CanESM5). GCC Scenarios include SSP2-
45 and SSP5-85.

Models Potential 
distribution 
(pixels 1 
km2)

Potential distribution 
within NPA 

Change 
proportion 
attributable 
to GCC

Centroid’ 
displacement
(km) and direction

Average 
elevation 
(m)

Min. 
elevation 
(m)

Max. 
elevation 
(m)

Pixels (%) % present 
vs. future

Current 192,789 22,206 (11.51) - -  21.0367 -102.231 1,971.1 1,708.6 2,211.3
2040 SSP2-4.5 119,002 15,879 (13.34) 8.24 -38.27 76.51 towards NW 2,126.7 1,912.6  2,324.5 
2060 SSP2-4.5 96,250 13,701 (14.23) 7.1 -50.07 81.13 towards NW 2,184.9  1,984.1  2,372.2 
2080 SSP2-4.5 75,551 11,502 (15.22) 5.9 -60.81 89.8 towards N-NW 2,246.4 2,057 2,420.1 
2040 SSP5-8.5 117,304 15,622 (13.32) 8.1 -39.15 14.71 towards SW 2,130.4 1,915.5 2,329.6 
2060 SSP5-8.5 77,794 12,060 (15.50) 6.3 -59.65 90.63 towards N-NW 2,233 2,035.2 2,413.6 
2080 SSP5-8.5 32,638 6,195 (18.98) 3.2 -83.07 84.18 towards W-NW 2,376 2,194 2,542.1

Table 2
Modeled potential distribution area, proportional change attributable to GCC (Global Climate Change), new areas under species 
dispersal, and average shifts in latitude, longitude, elevation, and minimum and maximum elevation. Models include current 
potential distribution as well as future (2040, 2060, and 2080), obtained through the superposition of binary maps for MGC 
(ACCESS-CM2, BCC-CSM2-MR, MIROC6, and CanESM5). GCC scenarios include SSP2-4.5 and SSP5-8.5.

Models Potential 
distribution 
(pixels 1 
km2)

Potential distribution 
within NPA 

Change 
proportion 
attributable 
to GCC

New area Centroid’ 
displacement
(km) and 
direction

Average 
elevation 
(m)

Min. 
elevation 
(m)

Max. 
elevation 
(m)

pixels (%) % present 
vs. future

pixels 1 
km2

%

Current 192,789 22,206 
(11.51)

- - - - 21.0367 
-102.231

1,971.1 1,708.6 2,211.3

2040 
SSP2-4.5

145,180 19,217 
(13.24)

9.96 -24.69 26,178 18.03 114.4 towards 
NNW

2,182.8 1,960.6 2,390.6

2060 
SSP2-4.5

137,076 19,513 
(14.24)

10.12 -28.90 40,826 29.78 140.85 
towards NW

2,277.5 2,065 2,475.4

2080 
SSP2-4.5

125,364 18,474 
(14.74)

9.58 -34.97 49,813 39.73 151.64 
towards NW

2,365.1 2,173.8 2,542.3

2040 
SSP5-8.5

149,217 19,778 
(13.25)

10.25 -22.60 31,913 21.39  117.54 
towards NNW

2,197.8 1,972.1 2,409.6

2060 
SSP5-8.5

123,825 18,499 
(14.94)

9.59 -35.77 46,031 37.17 127.45 
towards NNW

2,341.8  2,141 2,527.1

2080 
SSP5-8.5

78,662 14,117 
(17.95)

7.3 -59.20 46,024 37.17 202.01 
towards NW

2,508.4 2,346.2 2,655.3
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4.5 and 14,117 km² (i.e., 7.3%) under SSP5-8.5 by 2080. 
Projected centroid shifts (Table 2) are expected of up to 
114.4 km towards the N-NW and 151.64 km NW by 2080 
(S-SW state of Zacatecas), with an optimal elevation rising 
to 2,365.1 m on average (range: 2,173.8-2,542.3 m) under 
the optimistic scenario. Under a pessimistic scenario the 
projected centroid would shift 117.54 km towards N-NW 
and by 2080 up to 202 km towards the NW. We estimated 
a shift of 2,508.4 m (range: 2,346.2-2,655.3 m), reflecting 
an upward elevational gain of 394 m to 537.3 m, and a 
narrowing range of the elevation from 503 m to 364 m and 
309 m, respectively. 

Long-term climatically stable areas and 
environmentally driven area loss. Modeled area loss 
by 2040 and 2080 under a pessimistic scenario was 
primarily driven by increases in temperature and changes 
in precipitation regimes (Table 3). Average annual 
temperature is projected to increase in 1.61 to 4.15 °C, 
with similar increases for the warmest month (+ 1.84 to + 
4.77°C) and the coolest month (+ 1.49 to +3.78°C). Annual 
and seasonal precipitation are expected to increase 
slightly (+ 33.97 to + 9.77 mm; + 2.10 to + 2.64%) from 

current levels, while precipitation is projected to the driest 
quarter (0.92 to 3.18 mm). Under pessimistic scenarios, 
environmentally suitable areas for species are associated 
with elevated temperature values across multiple climatic 
variables, including average annual temperature (+ 1.61 to 
+ 4.17°C), maximum temperature of the warmest month (+ 
1.83 to + 4.78°C), and minimum temperature of the coldest 
month (+ 1.49 to + 3.78°C). The coefficient of variation for 
seasonal precipitation also increases moderately (+ 2.14 
to + 2.91%), while specific reductions are projected for 
the driest quarter 0.93 to 3.31 mm) compared to current 
conditions. This seasonal imbalance suggests harsher 
conditions during warm and dry periods, despite total 
precipitation increases.

Finally, the climatically stable area suitable for S. 
hispanica was estimated to be 32,245 km2, representing 
only 16.72% of its total current distribution area (Fig. 3). 
In Mexico, these stable areas (representing 15.5% of total 
estimated sites) are located primarily in the northwest 
(states of Chihuahua and Durango), west (Jalisco and 
Michoacán), central south (Estado de México, Mexico 
City, and Guerrero), and southern regions (Oaxaca and 

Table 3
Environmental differences and climatically stable areas for Salvia hispanica. Variable increment is indicated by a + and loss by a -.

Variable 2040 SSP2-4.5
Optimistic scenario

2080 SSP5-8.5
Pessimistic scenario

2040 2060 2080 2040 2060 2080

bio 1 Annual mean temperature (°C) +1.61 +2.71 +4.15 +1.61 +2.71 +4.17
bio 2 Mean diurnal range (mean of monthly (max temp - min temp)) (°C) +0.07 +0.21 +0.41 +0.07 +0.20 +0.41
bio 3 Isothermality (BIO2 / BIO7) (× 100) -0.55 -0.76 -0.89 -0.55 -0.78 -0.91
bio 4 Temperature seasonality (standard deviation × 100) -1.65 +0.59 +4.50 -1.71 +0.45 +4.20
bio 5 Max temperature of warmest month (°C) +1.84 +3.13 +4.77 +1.83 +3.14 +4.78
bio 6 Min temperature of coldest month (°C) +1.49 +2.49 +3.78 +1.49 +2.49 +3.78
bio 7 Temperature annual range (BIO5-BIO6) (°C) +0.34 +0.64 +0.99 +0.34 +0.64 +1.00
bio 10 Mean temperature of warmest quarter (°C) +1.58 +2.73 +4.20 +1.58 +2.72 +4.20
bio 11 Mean temperature of coldest quarter (°C) +1.62 +2.70 +4.09 +1.62 +2.71 +4.11
bio 12 Annual precipitation (mm) +33.97 +27.62 +9.77 +34.76 +29.44 +11.39
bio 13 Precipitation of wettest month (mm) +16.74 +16.39 +12.97 +16.93 +16.88 +14.36
bio 14 Precipitation of driest month (mm) -0.10 -0.38 -0.66 -0.10 -0.40 -0.72
bio 15 Precipitation seasonality (coefficient of variation) (%) +2.10 +2.41 +2.64 +2.14 +2.53 +2.91
bio 16 Precipitation of wettest quarter (mm) +22.52 +18.74 +2.34 +23.28 +20.44 +4.86
bio 17 Precipitation of driest quarter (mm) -0.92 -1.95 -3.18 -0.93 -2.00 -3.31
Climatically stable areas in km2 32,245
% 16.72
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Chiapas). In Guatemala, stable areas are projected in the 
southwest (San Marcos, Quetzaltenango, Totonicapán, 
and Sololá), northwest (Huehuetenango), central region 
(Chimaltenango and Sacatepéquez), and southeast (Jalapa 
and Santa Rosa). It is important to note that current NPAs 
encompass 19% (6,138 km²) of the climatically stable 
areas identified, which represent 6,029 km² in Mexico and 
109 km² in Guatemala. 

Discussion

Here we report a concerning scenario for the 
persistence of wild chia populations in the face of global 
warming through a Species Distribution pipeline employed 
in Maxtent. Although other pipelines are available such 
as the use of Random Forests (Breiman, 2001), we were 
unable to employ it because it requires an even number 

Figure 3. Wild chia population projected distribution in the present (green), current NPÁ s locations (blue), climatically suitable 
areas for wild chia (yellow) and current chia distribution within NPÁ s (red). A, Zoom to the Trans Mexican Volcanic Belt; B, 
zoom to Chiapas, Mexico - Guatemala.
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both of species presences and species absences, which 
is difficult since usually the latter is many folds larger 
than the number of presences (Gómez-Pineda et  al., 
2020). Nevertheless, our resulting hypotheses are robust 
following current scientific criteria and could serve as a 
starting point to guide conservation of this CWR for in 
field follow up to monitor wild chia populations, to reassess 
proposed abiotic variables and soil interacting agents to 
fine tune critical variables, and to enhance hypotheses 
and assure assisted migration success if implemented. 

 Climate change poses imminent threats to individuals, 
species, and ecosystems (Kaeslin et  al., 2012), and the 
conservation of CWRs is directly linked to future food 
security. The projected future distribution scenarios for 
2040, 2060, and 2080 indicate a dramatic decline in the 
extent of suitable habitats for wild chia populations; even 
under the most optimistic scenario area loss is projected. 
We also foresee a geographic shift in the species’ average 
longitude and latitude climatic niche, along with a sharp 
net contraction in elevational range, where the lower 
elevation limit of the current natural range is expected to 
suffer larger losses; this finding agrees with projections for 
many other wild plant species through Mexican mountain 
gradients (Ramírez-Barahona et al., 2025).

The speed of climatic change, exacerbated by the 
current acceleration of this process (Hansen et al., 2025), 
makes it highly unlikely that natural populations could 
disperse their seeds and establish new populations at 
the locations where suitable climatic conditions will 
emerge at the required pace. In other words, the mismatch 
between the areas currently occupied by wild populations 
and the shifting climate suitable for them will increase 
over time. Human-assisted translocation of seeds would 
likely be necessary to ensure species persistence. On the 
other hand, so-called “climatically stable” areas should 
not be interpreted with undue optimism. The persistence 
of an area within the species’ overall climatic niche does 
not imply that local conditions remain unchanged. This 
distinction is important when considering populations 
with significant genetic differentiation in traits such as 
frost resistance or drought tolerance. Specific populations 
may remain within the species’ broad climatic niche but 
become uncoupled from the narrow climate interval to 
which they have evolved and specialized, as demonstrated 
for wild forest tree populations along environmental 
gradients (Ortiz-Bibian et al., 2017; Rehfeldt et al., 2018). 

All these results add S. hispanica to the growing 
list of CWRs at risk. For instance, Jarvis et  al. (2008) 
projected climate change effects on the conservation of 
wild relatives of peanuts (Arachis), potato (Solanum), and 
cowpea (Vigna), emphasizing the urgency of preserving 
their natural habitats and, in extreme cases, collecting 

and storing their genetic material in germplasm banks. 
Alarmingly, wild populations in the Trans-Mexican 
Volcanic Belt, a region of highest reported genetic diversity 
for chia (Cahill, 2004), are expected to be completely lost. 

Our global climate change scenarios differ markedly 
from those reported by Durán et al. (2016), who projected 
an increase in the potential distribution of S. hispanica 
(chia) under future climate conditions. Overall, they 
interpreted global climate change as potentially beneficial 
for the species, predicting moderate to high environmental 
suitability for 2060 and 2080, and an expansion of suitable 
areas across central and southern Mexico (Durán et  al., 
2016). Direct comparison between both studies is difficult 
due to several methodological differences, including the 
source of occurrence records (wild-only vs. potentially 
mixed wild and cultivated), variation in raster resolution 
(2.5 arc-minutes vs. our 30 arc-seconds), and differences 
in environmental variables. While we relied solely on 
bioclimatic variables from WorldClim, Durán et al. (2016) 
supplemented these data with elevational information from 
SIAN (translated as Environmental Information System) 
at INIFAP (National Institute of Forestry, Agriculture 
and Livestock Research) and photoperiod. Unlike Durán 
et al. (2016), we did not include elevation. Elevation could 
be considered a surrogated variable of Mean Annual 
Temperatures and related temperature variables. There is a 
strong correlation between temperature and elevation along 
elevational gradients, at a lapse rate of approximately 0.5 
oC for each 100 m of elevational difference (Sáenz-Romero 
et  al., 2010). However, when the species has extensive 
latitudinal distribution (as in this case) the correlation 
temperature-elevation will vary and thus, adding elevation 
as an environmental variable could have confounded 
effects. Nonetheless, both studies converge in predicting 
habitat loss in northeastern Mexico, and project similar 
temperature increases: Durán et  al. (2016) estimated an 
average temperature rise of 1 to 3 oC, while our models 
predict an average temperature increase of 2.28 oC, 
ranging from 1.61 to 4.16 oC over the average. Additionally, 
our projections indicate a mean annual precipitation 
increase, although it is extremely important to realize 
that such change has a strong seasonal component. Actual 
precipitation increase is projected only for the wettest 
quarter; meanwhile, there is a net decrease of precipitation 
in all the other quarters. Thus, the total annual precipitation 
increase is not necessarily beneficial for the biology of 
the species, since the dry season becomes both drier and 
warmer. The balance between temperature and rainfall 
variables are critical for the species’ survival and ecological 
performance (Böhning-Gaese et al., 2008; Uribe, 2015). 

Although our study focused exclusively on wild 
populations of chia as a CWR, it is relevant to note that 
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projections for chia cultivation in Mexico by 2040-2069 
(Orozco de Rosas et  al., 2014) predict an expansion of 
suitable areas, particularly in the highlands of Sinaloa, 
Nuevo León, Tamaulipas, Veracruz, Nayarit, Jalisco, 
Michoacán, Guerrero, Oaxaca, Morelos, Puebla, and 
Chiapas. These findings do not contradict our results, as 
they reflect different environmental requirements between 
wild and cultivated chia (Chen et al., 2017). Unfortunately, 
if the CWRs are lost, new characters would not be available 
to transfer into the cultivars, as has been the case in other 
crops, such as resistance to pests [from Solanum demissum 
Lindl. (Díaz-García et al., 2023) to potatoes; from Solanum 
peruvianum L., Solanum cheesmanii (L.Riley) Fosberg, 
and Solanum pennellii Correll to tomatoes (Rick & 
Chetelat, 1995)]; cytoplasmic male sterility in sunflowers 
(Hajjar & Hodgkin, 2007); and tolerance to drought and 
salinity in tomatoes (Solanum chilense (Dunal) Reiche 
and S. pennellii (Rick & Chetelat, 1995) among other traits 
(see Hajjar & Hodgkin, 2007 for further information). 
To date, most breeding efforts in chia have focused on 
mutation induction via radiation (Jamboonsri et al., 2012; 
Sorondo, 2017), and the full potential of wild relatives 
remains largely unexplored. Although no severe pest-
related threats have yet been reported for chia cultivars, 
global warming is enabling the emergence of new pests 
in many crops (Srinivasa et al., 2022), and chia may face 
similar risks in the near future. Therefore, we need to be 
prepared. For example, in Ghana, where chia is cultivated 
to alleviate hunger in low-income communities due to its 
low production costs and high nutritional value, several 
pest infections have already been reported, including 
coreid bugs (Lagria sp.), Zonocerus variegatus L., Diopsis 
macrophthalma Dalman (reported as the synonym Diopsis 
thoracica Westwood) and Fusarium wilt (Yeboah et  al., 
2014). In Mexico, chia’s center of origin, stem damage by 
Diabrotica speciosa (Germar), 1824 (Coleoptera) has been 
shown to reduce seed yield by up to 43% (Sosa-Baldivia 
& Ruiz-Ibarra, 2016). Interestingly, Salvia karwinskii 
Benth., a taxonomically close wild relative of chia, was 
reported to exhibit strong antifeedant activity against 
Spodoptera littoralis (Boisduval) and Diabrotica virgifera 
virgifera Leconti (Esquivel et al., 1996), highlighting the 
value of conserving wild taxa.

Beyond climate change, other threats must be 
addressed to ensure effective in situ conservation of wild 
chia populations. Among these, land-use change related 
to anthropogenic activities is particularly severe and 
rapidly accelerating (Davison et al., 2021; Goettsch et al., 
2021; Villaseñor et al., 2024). Although we were unable 
to model this factor directly, chia’s habitat loss has been 
documented since 2003 in regions such as Huehuetenango 
(Guatemala) and in the Mexican states of Jalisco, Colima, 

and Michoacán (Cahill, 2003) mainly due to overgrazing, 
land-use transformation to agricultural or residential, 
herbicide application in nearby monocultures, and induced 
or accidental burning (personal observations GOR). The 
current rates of habitat loss and degradation are even 
more dramatic, particularly due to transformation of pine-
oak woodlands, which are rich in Salvia species -other 
CWRs- (Cornejo-Tenorio & Ibarra-Manríquez, 2011; 
Lara-Cabrera et al., 2016). A hopeful sign is the overlap 
between the projected distribution of wild chia and 
existing conservation areas in Mesoamerica. As with other 
CWRs, these protected areas could serve as strongholds 
for in situ conservation (Tobón-Niedfeld et  al., 2022). 
And although CWRs are not commonly used to define 
protected areas, they have been employed in specific 
cases, as in the establishment of the Sierra de Manantlán 
Biosphere Preserve to protect the corn wild relative Zea 
diploperennis (Guzmán & Iltis, 1991). New protected areas 
could be established to preserve the ca. 100 Mesoamerican 
CWRs threathened with extinction (Goettsch et al., 2021). 
Therefore, integrating CWR monitoring into conservation 
area management is a valuable recommendation (Vincent 
et al., 2022). Fortunately, wild chia currently occurs, and 
is expected to persist, within some of the most emblematic 
Biosphere Reserves in Mexico and Guatemala. 

We recommend in situ conservation managed by 
local communities, who have cultivated and utilized chia 
for over 3,000 years; this should be complemented by ex 
situ strategies, such as establishing germplasm banks that 
ensure adequate sampling of wild populations. However, 
access to this material must be regulated to protect local 
interests assuming The International Treaty on Plant 
Genetic Resources for Food and Agriculture (https://www.
fao.org/plant-treaty/overview/text-treaty/en). Also, ex situ 
conservation could involve cultivating wild populations 
in areas projected to remain suitable or those that would 
emerge as new suitable areas (in general at higher 
elevations than today) under future climate scenarios, as 
proposed for other rare and endangered Mexican plant 
species (Mendoza-Maya et al., 2022).
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