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Abstract

Agave-based distilled-beverage production in Mexico, particularly mezcal and tequila, is facing intensifying sustainability challenges driven
by climate change, monocropping expansion, and degradation of socio-ecological systems. In this context, agroecological zoning
represents a strategic tool for improving territorial planning and strengthening climate resilience. This study aimed to identify
agroecologically suitable areas for mezcal (Agave angustifolia) and tequila (Agave tequilana) agaves across Mexico, while minimising
biodiversity impacts and supporting sustainable land-use decision-making. We combined bibliometric analysis with ecological niche
modelling using the maximum entropy algorithm (MaxEnt), integrating georeferenced occurrence data from major producing
municipalities with climatic, topographic, and edaphic variables for the 2020 - 2025 period. The resulting models showed high predictive
performance, with area under the curve (AUC) values of 0.941 for A. angustifolia and 0.978 for A. tequilana. Species-specific vulnerability
patterns were identified: A. angustifolia displayed greater sensitivity to topographic and soil-chemical factors, whereas A. tequilana was
predominantly constrained by climatic variables, particularly temperature and precipitation, increasing its exposure to climate change.
Threshold analyses delineated a statistically robust core area of approximately 4,578 km? with guaranteed agroecological suitability,
representing zones of long term productive stability. Expanding cultivation beyond these core areas was associated with decreasing
statistical confidence and higher agronomic risk. Overall, the findings demonstrate that agroecological zoning can support climate resilient
and regenerative agave production pathways in Mexico. These findings underscore the need for differentiated public policies that promote
polyculture systems, genetic diversity conservation, and circular management of agave by products to ensure the long term sustainability
of mezcal and tequila producing landscapes.
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1. Introduction

Agaves (Agave spp.) are widely distributed peren-
nial plants that play a fundamental role in agroeco-
systems of arid and semi-arid regions, particularly
in Mexico. From a plant-biology and agroecological
perspective, agaves are characterised by high
water-use efficiency, physiological adaptations to
climatic stress, and strong interactions with soil and
topographic conditions, making them a model sys-
tem for evaluating plant-environment relationships
under conditions of increasing climatic variability.
Furthermore, the crassulacean acid metabolism
(CAM) characteristic of Agave species confers

exceptionally high water-use efficiency by enabling
nocturnal carbon fixation, thereby enhancing
drought tolerance and positioning agaves as par-
ticularly resilient crops under scenarios of increasing
aridity and global warming (Davis et al., 2021; Davis
& Ortiz-Cano, 2023). Their integration within diver-
sified agricultural systems has historically contrib-
uted to soil stability, landscape heterogeneity, and
the conservation of plant biodiversity. As such,
agaves represent a crop group of broad relevance
for sustainable agriculture and the development of
resilient horticultural systems, in line with current
priorities in plant science and agronomy.
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With  the arrival of European colonisers,
agave-based production underwent substantial di-
versification, most prominently within the sector of
high-alcohol beverages, following the introduction
of the alembic and distillation technologies. This
transition gave rise to several distilled spirits (such
as raicilla, bacanora, sotol, and tobald) and, most
notably, mezcal and tequila. These beverages are
now consumed internationally, protected under
denomination-of-origin  frameworks, and recog-
nised as emblematic of Mexico’s folklore, traditions,
and cultural, historical, and gastronomic heritage
(Santiago-Martinez et al., 2023).

Given the substantial regional economic im-
portance of agave-based distilled beverages, aca-
demic literature has, for several decades, addressed
multiple dimensions aimed at improving productiv-
ity, sustainability, and overall system performance.
Research efforts have focused on the botanical and
ecological characterisation of agave species, includ-
ing morphological traits, physiological adaptations,
and habitat requirements (Ortiz-Cano etal., 2023;
Cuéllar-Martinez etal., 2026), as well as on the doc-
umentation of traditional uses of leaves, fibres, and
associated by-products that highlight their cultural
significance and functional applications within In-
digenous and rural communities (Molina etal.,
2023; Tripathi etal., 2023). Parallel to this, recent
studies have explored biorefinery approaches for
mezcal and tequila by-products, particularly vinas-
ses and bagasse, emphasizing waste valorisation
and circular  bioeconomy  strategies  (De
Anda-Rodriguez etal., 2025; Suarez-Sanchez etal.,
2025), alongside the development of high-value bi-
oproducts derived from agave, such as inulin and
maguey syrup, with attention to their technological,
nutritional, and commercial potential (Saraiva etal.,
2022; Noriega-Juarez etal., 2025).

In addition, the literature has examined economic
indicators and market dynamics related to mezcal
and tequila production, including competitiveness,
value chains, and trade performance
(Lépez-Santiago etal.,, 2024; Lozano, 2024), while
also addressing significant socio-economic and en-
vironmental challenges. These include deforesta-
tion and the conversion of native forests or tropical
dry forest ecosystems driven largely by denomina-
tion-of-origin frameworks and large-scale export
demand (Tetreault etal., 2021; Valiente-Banuet &
Arizmendi, 2023), soil degradation processes such
as erosion associated with intensive agave cultiva-
tion practices (Guevara-Gutiérrez etal, 2024;
Queiroz etal., 2024), and the displacement of wild
agave populations coupled with the genetic vulner-
ability of monocultivars, which represent critical
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biological risks to long-term system resilience
(Tetreault etal., 2021; Valiente-Banuet & Arizmendi,
2023). Emerging research has increasingly high-
lighted the need for agroecological and regenera-
tive production models supported by public policies
that promote food security, local labour use, and
reduced dependence on agrochemicals (Giller etal.,
2021; Rieger, 2025), as well as the preservation of
ancestral knowledge systems and management
practices that sustain agroecological balance and
cultural continuity (Santiago-Martinez etal.,, 2023;
Rieger, 2025). Furthermore, climate change im-
pacts, including reduced resilience and accelerating
soil erosion in agave plantations, have become a
central concern (Guevara-Gutiérrez, 2024; Queiroz
etal,, 2024), reinforcing proposals for the reintro-
duction of polyculture systems (such as intercrop-
ping agave with maize, beans, and endemic tree
species). Traditional management of Agave an-
gustifolia in mezcal-producing regions has histori-
cally relied on diversified agroecosystems, where
agaves are commonly established as living fences,
integrated into agroforestry systems, or cultivated
in association with maize and beans within the tra-
ditional milpa system. These practices contribute to
soil conservation, landscape heterogeneity, pollina-
tor protection, and the maintenance of agrobiodi-
versity, while reducing dependence on external in-
puts (Valiente-Banuet & Arizmendi, 2023;
Castafieda-Hidalgo et al., 2025). The adoption and
strengthening of these traditional management
strategies, together with reduced tillage practices,
may enhance soil health, ecosystem functionality,
and climate resilience in agave-producing land-
scapes (Avila-Reyes et al,, 2025; Marquez-Rangel et
al., 2025; Teran-Bustamante et al., 2025).

Despite the breadth of research addressing biolog-
ical, technological, economic, and socio-cultural di-
mensions of agave-based production systems,
much of the existing literature remains fragmented
and frequently focused on isolated components of
the value chain. This compartmentalised approach
has limited the capacity to fully capture the complex
interactions between agave cultivation, landscape
transformation, resource use, and environmental
feedback at broader spatial and temporal scales. As
a result, critical vulnerabilities associated with
land-use change, ecosystem degradation, and the
intensification of production systems have become
increasingly evident, underscoring the need for in-
tegrated assessments that explicitly address the
long-term sustainability of mezcal and tequila so-
cio-ecological systems.

Nevertheless, one of the most critical challenges
confronting agave-based socio-ecological systems
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associated with mezcal and tequila production is
their long-term sustainability. These systems are in-
creasingly threatened by deforestation, the burning
of natural areas, and the conversion of tropical dry
forests into intensively managed monoculture plan-
tations that rely heavily on water extraction and ag-
rochemical inputs. Additional pressures arise from
the harvesting of endemic species (an expression of
agro-extractivism) and the overexploitation of wild
agave populations, both of which contribute to bi-
odiversity loss in response to growing global market
demand. Furthermore, the intensive environmental
contamination generated by production by-
products, particularly agave bagasse and vinasses,
exacerbates ecosystem degradation and places fur-
ther constraints on the ecological viability of these
production systems (Queiroz et al., 2024) (Figure 1).

(a)

Michel-Cuello et al.

A bibliometric analysis revealed distinct thematic
clusters  underpinning the  sustainability —of
agave-based socio-ecological systems. The red
cluster encompasses species biodiversity and tradi-
tional uses. The blue cluster highlights the central
role of agave in the production of Mexico's em-
blematic distilled spirits (tequila and mescal) driven
by organoleptic attributes, alongside the need to
optimise fermentation and position sustainability as
a core market asset. The green and yellow clusters
reflect the synergy with traditional markets,
including the revitalisation of pulque and the
development of food additives, superfoods, and
bioproducts. A second blue cluster underscores the
urgent requirement for waste treatment and the
conversion of residues into new value chains (Figure
2).

—

g

Figure 1. Agave plants for distilled-spirit production in Mexico: (a) Agave angustifolia plantation in Charcas, San Luis Potosf; (b) Agave
tequilana plantation in Tequila, Jalisco.
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colors identify major thematic clusters within agave research.
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In this context, the present study aims to identify
agroecologically suitable areas for mezcal (Agave
angustifolia) and tequila (Agave tequilana) agaves in
Mexico through ecological niche modelling. By in-
tegrating climatic, topographic, and edaphic varia-
bles within a maximum-entropy framework, the
study seeks to contribute to a broader understand-
ing of species-specific environmental requirements
in perennial crops. The results provide an agroeco-
logical basis for sustainable land-use planning, bio-
diversity conservation, and climate-resilient mana-
gement of agave cultivation systems, offering insights that
are transferable to other horticuttural and agricuttural
contexts subject to environmental constraints.

2. Methodology

2.1 Geographical data and presence records for
ecological niche modeling

Geographical coordinates were compiled for mu-
nicipalities with the highest production of maguey
for mezcal and tequila in Mexico, derived from the
Mexican National Geostatistical Framework (INEGI,
2025).

Mezcal: The coordinates examined correspond to
the following municipalities Chiapas: Comitan de
Dominguez and Siltepec; Durango: Durango and
Mezquital; Guanajuato: San Felipe and San Luis de
la Paz, Guerrero: Ahuacuotzingo, Chilapa de
Alvarez, Martir de Cuilapan, and Tixtla de Guerrero;
Jalisco: Toliman, Tonaya, and Zapotitlan de Vadillo;
Oaxaca: Santo Domingo Teojomulco, San Pablo
Villa de Mitla, San Pedro Apdstol, Santa Cruz Xitla,
Santa Marfa del Tule, Teotitlan del Valle, Villa Sola
de Vega, and Zimatlan de Alvarez; Puebla: Acajete,
Amozoc, lIzdcar de Matamoros, Libres, and
Quecholac; San Luis Potosi: Ahualulco, Charcas,
and Villa de Guadalupe; Sonora: Bacanora
(georeferenced at the municipal level); Tamaulipas:
Burgos, Bustamante, Miquihuana, and San Carlos;
Zacatecas: Jalpa, Pinos, Teul de Gonzélez Ortega,
and Villa Hidalgo. In total, these records represent
38 presence points (Table 7).

Table 1

Occurrences of mezcal maguey cultivation in Mexico (38 reference
points)

Absolute Percentage
State

frequency frequency (%)
Chiapas 2 5.26
Durango 2 5.26
Guanajuato 2 5.26
Guerrero 4 10.53
Jalisco 3 7.89
Oaxaca 8 21.05
Puebla 5 13.16
San Luis Potosf 3 7.89
Sonora 1 2.63
Tamaulipas 4 10.53
Zacatecas 4 10.53
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Tequila: The georeferenced municipalities are
Guanajuato: Huanimaro and Pénjamo; Jalisco:
Amatitan, Arandas, Atotonilco el Alto, Tequila, and
Zapopan; Michoacén: Maravatio and Sahuayo;
Nayarit: Ixtlan del Rio; Tamaulipas: Gonzalez. These
records correspond to 11 presence points (Table 2).
Table 2

Occurrences of tequilero maguey cultivation in Mexico (11
reference points)

State Absolute frequency Percentage frequency (%)
Guanajuato 5 45.45
Jalisco 1 9.09
Michoacén 2 18.18
Nayarit 1 9.09
Tamaulipas 2 18.18

2.2 Agroecological zoning modelling

For the agroecological zoning, we employed 19
climatic layers and one topographic layer at a
spatial resolution of 30 arc-seconds (= 1km? at the
equator) (Hijmans etal., 2005; Herndndez etal.,
2024). The information contained in each grid cell
of every layer represents environmental values
interpolated from observations for the period 2020
- 2025. All layers were clipped to the following
geographic extent to ensure full coverage of the
Mexican territory: Northern limit 33°, Southern limit
14°, Eastern limit -86°, and Western limit -119°. In
addition, we incorporated nine layers describing soil
properties of Mexico at a 1.1,000,000 scale
(Cruz-Cérdenas etal., 2014a,b).

2.3 Ecological niche modelling and model
evaluation

Ecological niche modelling was conducted using
MaxEnt (Phillips & Dudik, 2008; Amici etal., 2017;
Phillips etal, 2017; Sillero & Barbosa, 2027
Ortiz-Cano etal.,, 2023), which is grounded in the
maximum entropy framework. Mathematically, the
approach identifies the environmental predictors
intersecting at each georeferenced occurrence of
the crop (Townsend-Peterson etal., 1999) and, from
these, estimates the average probability associated
with each environmental variable across all
occurrence coordinates included in the analysis
(Phillips etal., 2004; Phillips etal., 2017).

A preliminary run was performed to select the cli-
matic variables of greatest relevance to the biolog-
ical development of both crops. Specifically, an ini-
tial run incorporated 29 environmental and edaphic
predictors; a subsequent run excluded non-in-
formative variables to improve interpretability of
the agroecological model (Soberon & Townsend-
Peterson, 2005; Elith etal., 2011). The selection of
environmental predictors was based on their con-
tribution to model performance during preliminary
MaxEnt runs and subsequent evaluation of variable
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importance through Jackknife tests. Although a
prior collinearity screening based on pairwise cor-
relation coefficients was not applied, MaxEnt has
been reported to be relatively robust to correlated
predictors, particularly when variable selection is
subsequently guided by permutation importance,
percent contribution, and Jackknife diagnostics
(Elith et al., 2011; Merow et al., 2013; Phillips et al.,
2017). Previous studies have shown that predictor
collinearity may have a stronger effect on parame-
ter interpretation than on predictive performance in
machine-learning algorithms such as MaxEnt, espe-
cially when ecologically meaningful variables are re-
tained and non-informative predictors are excluded
during model refinement (De Marco Jlnior &
Nébrega, 2018; Tong et al., 2023; Vasconcelos et al.,
2024). Therefore, non-informative variables were
excluded according to their contribution to model
performance and ecological interpretability rather
than solely on correlation thresholds. The resulting
agroecological zoning model was evaluated using
the area under the receiver operating characteristic
curve (AUQC), with values > 0.9 indicating robust per-
formance of the agroecological gradient as a func-
tion of crop presence (Phillips etal., 2006; Phillips
etal,, 2017). The output corresponds to a map that
depicts the trade-off between sensitivity (discrimi-
nation of presences) and specificity (discrimination
of absences). The colour scale represents the prob-
ability of environmental suitability for crop develop-
ment: lighter tones indicate the most favourable
agroecological conditions, whereas progressively
darker tones denote decreasing probability of
suitable conditions (Rodriguez-Merino etal., 2020;
Arslan & Oricli, 2021). Model parametrisation
prioritised the selection of the most influential envi-
ronmental variables, with results reported in a lo-
gistic output format (Merow etal., 2013; Zurell etal.,
2020). In addition, a Jackknife procedure imple-
mented in MaxEnt was applied to quantify the rela-
tive importance of each predictor, thereby evidenc-
ing the variables of greatest agroecological rele-
vance (Phillips etal., 2006; Bradie & Leung, 2017;
Fois etal.,, 2018). Finally, we computed the fraction
of the predicted area within the study extent sup-
ported by occurrence data using a binomial omis-
sion test and its associated statistical significance
(Elith etal., 2011; Ortiz-Cano etal., 2023).

Although the number of occurrence records used
in this study was relatively limited (38 records for
Agave angustifolia and 11 records for Agave tequi-
lana), previous studies have demonstrated that
MaxEnt performs reliably with small sample sizes
and often outperforms alternative species distribu-
tion modeling approaches under presence-only
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conditions. Pearson et al. (2007) reported successful
predictions using as few as 5-10 occurrence rec-
ords, while Wisz et al. (2008) showed that MaxEnt
maintains acceptable predictive performance even
with restricted datasets when occurrences capture
a representative environmental gradient. Further-
more, the high AUC values obtained in the present
study (0.941 for A. angustifolia and 0.978 for A.
tequilana) indicate strong discriminatory power and
support the adequacy of the available occurrence
records for characterizing the ecological niche of
both species.

Ecological niche models were developed using the
default parameter settings implemented in MaxEnt,
without modifying the regularization multiplier or
feature classes. These settings have been widely
validated for species distribution modeling and
have demonstrated reliable performance across a
broad range of sample sizes and environmental
conditions (Phillips & Dudik, 2008; Merow et al.,
2013; Phillips et al., 2017). To minimize the potential
effects of overfitting, model interpretation was
based on a refined set of informative environmental
variables selected through preliminary model runs,
while model performance was evaluated using AUC
values, omission tests, and Jackknife analyses of
variable importance.

3. Results and discussion

3.1 Spatial patterns of suitability and model
performance

Figures 3 and 4 present the agroecological zoning
of mezcal agave (Agave angustifolia) and tequila
agave (Agave tequilana) in Mexico, delineating
areas with varying levels of suitability for crop de-
velopment. Within each polygon, warmer and more
intense color tones denote zones of high suitability
(probability > 70%), where the combined effects of
climatic, edaphic, and topographic conditions favor
crop establishment and growth; conversely, the
gradient toward blue tones indicate lower suitability
(probability < 70%), classifying regions that do not
meet  minimum  agroecological  requirements
(Figures 3 and 4).

Model evaluation using the area under the curve
(AUCQ) revealed high discriminatory performance for
both species, with AUC = 0.941 for A. angustifolia
(Figure 5) and AUC = 0.978 for A. tequilana (Figure
6). These results are consistent with the demon-
strated robustness of MaxEnt under presence-only
modeling scenarios and support its applicability for
quiding territorial planning of perennial crops under
conditions of climatic variability (Phillips et al., 2006,
2017; Elith et al., 2011; Merow et al., 2013; Zurell et
al., 2020).
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Figure 3. Agroecological zoning of Agave angustifolia for mezcal production in Mexico, using maximum entropy theory.
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3.2 Species-specific environmental controls

Of the 29 variables initially evaluated, 18 contributed
to the model for A. angustifolia and 16 to that for A.
tequilana (Tables 3 and 4). For mezcal agave, tem-
perature seasonality (Bio4), elevation (DEM20), and
precipitation during the wettest and coldest quar-
ters (Bio16, Bio19) emerged as dominant predictors,
together with non-trivial edaphic effects of Na, Mg,
and EC. This pattern is consistent with the historical
association of mezcal production with heterogene-
ous mountainous landscapes and underscores the
importance of topo-edaphic mosaics for yield sta-
bility and resilience (Rodriguez-Merino etal., 2020;
Hernandez etal., 2024). In contrast, A. tequilana ex-
hibited a predominantly climatic dependence [tem-
perature seasonality (Bio4) and precipitation sea-
sonality (Bio15)] with marginal edaphic/topographic
influence, suggesting a narrower climatic niche and
greater vulnerability to warming and shifts in rainfall
regimes (Ortiz-Cano etal., 2023; Queiroz etal.,
2024). An additional factor contributing to the vul-
nerability of Agave tequilana is its reduced genetic
diversity resulting from long-term clonal propaga-
tion. The tequila industry has largely relied on the
cultivation of a single domesticated variety (A.
tequilana Weber var. azul), propagated vegetatively
through offshoots and managed under highly ho-

Table 3
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mogeneous production systems. Recent genomic
studies have shown that modern tequila agave
populations exhibit low genetic differentiation and
substantial genetic uniformity compared with tradi-
tional landraces and wild relatives, reflecting an ad-
vanced process of genetic and biocultural erosion
(Martinez-Lona et al., 2026). This reduction in ge-
netic diversity may limit adaptive capacity to emerg-
ing environmental stresses, pests, diseases, and cli-
mate change, thereby increasing production risks in
monoculture systems. In contrast, traditional agave
management practices that maintain greater ge-
netic variability and promote gene flow have been
recognized as important mechanisms for enhanc-
ing resilience and long-term sustainability in agave-
based agroecosystems (Ortiz-Cano et al., 2023;
Guevara-Gutiérrez etal., 2024; Martinez-Lona et al.,
2026; Martinez-Velasco et al., 2026).

In addition to its climatic dependence, physiological
studies suggest that Agave tequilana exhibits a rel-
atively narrow thermal tolerance compared with
other agave species. Experimental evidence indi-
cates that this species has limited tolerance to low
temperatures and reduced capacity for cold accli-
mation, which has historically constrained its culti-
vation to regions with favorable thermal regimes
(Nobel et al., 1998).

Key agroecological variables influencing the cultivation of Agave angustifolia in Mexico

Temperature  Importance (%)  Precipitation  Importance (%) Soil Importance (%)  Topographic Importance (%)
Bio4 27.6 Bio16 8.7 Na 39 DEM20 22.6
Biob 12.8 Bio19 8.5 Mg 12
Bio2 2.1 Bio12 53 ce 04
Bio9 1.0 Bio18 35 K 0.2
Biol4 0.7 pH 0.2
Bio13 04
Bio8 09
Bio10 0.5
Bio3 0.2
Total 45.1 27.10 5.9 22.6
Table 4
Key agroecological variables influencing the cultivation of Agave tequilana in Mexico
Temperature  Importance (%)  Precipitation Importance (%)  Soil  Importance (%)  Topographic  Importance (%)
Bio4 320 Bio15 283 pH 0.6 DEM 2.4
Bio3 15.5 Bio19 5.2 K 03
Bio6 6.0 Bio12 3.1 ce 03
Bio7 3.1 Bio18 0.1
Bio13 03
Bio17 02
Biol4 0.2
Bio16 0.1
Total 57.0 375 12 2.4

The abbreviations used are defined as follows: BioT: Annual mean temperature (°C); Bio2: Diurnal temperature range (°C); Bio3: Isothermality (°C); Bio4:
Temperature seasonality (°C); Bio5: Mean maximum temperature of the warmest period (°C); Bio6: Mean minimum temperature of the coldest period (°C); Bio7:
Annual temperature range (°C); Bio8: Mean temperature of the wettest quarter (°C); Bio9: Mean temperature of the driest quarter (°C); Bio10: Mean temperature
of the warmest quarter (°C); Bio11: Mean temperature of the coldest quarter (°C); Bio12: Annual precipitation (mm); Bio13: Precipitation of the wettest period (mm);
Bio14: Precipitation of the driest period (mm); Bio15: Precipitation seasonality (mm); Bio16: Precipitation of the wettest quarter (mm); Bio17: Precipitation of the
driest quarter (mm); Bio18: Precipitation of the warmest quarter (mm); Bio19: Precipitation of the coldest quarter (mm); DEM20: Digital elevation model; Na:
sodium; Mg: magnesium; EC: electrical conductivity; K: potassium; pH: potential of hydrogen.
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Furthermore, as a CAM species, its carbon assimila-
tion is strongly dependent on nocturnal CO;
uptake, with maximum nocturnal acid accumulation
and carbon gain occurring under moderate night
time temperatures. Both excessively low and exces-
sively high temperatures can substantially reduce
net carbon assimilation and overall productivity
(Nobel & Valenzuela, 1987; Pimienta-Barrios et al.,
2001). These physiological characteristics provide a
mechanistic explanation for the high contribution of
temperature seasonality (Bio4) in the present
model, as seasonal fluctuations in temperature
directly influence nocturnal carbon fixation, growth
performance, and the long term agroecological
suitability of A. tequilana. Jackknife profiles
confirmed the differential contribution of predictors
when excluded, evaluated independently, o
assessed simultaneously (Figures 7a and 7b).

=

3.3 Thresholds, statistical precision, and limits to
expansion

Threshold-based analysis (Table 5) identified a core
suitability area of 4,577.72 km? (cumulative thresh-
old = 3.32) with maximum statistical significance (p
= 0), consolidating this zone as the most stable and
favorable for the analyzed species. As the predicted
agricultural frontier expands, model reliability de-
creases when the area increases to 11,274.28 km?,
the P-value rises to 0.079, exceeding the conven-
tional significance criterion (p < 0.05). In practical
terms, relaxing thresholds increases agronomic risk
in marginal lands (due to suboptimal soils, climatic
instability, or both) thereby challenging narratives
of unconstrained expansion driven by global de-
mand (Elith etal., 2011; Zurell etal.,, 2020; Tetreault
etal, 2021, Valiente-Banuet & Arizmendi, 2023

=

(a)

Jackknife of regularized training gain for A._angustifolia

bio2

z
8

o 1

°

°

~

°
>

04 0.6 08 10
regularized training gain

IS

Michel-Cuello et al.

Consequently, the area with "guaranteed” suitability
represents approximately 43.1% of the optimally
predicted area, underscoring clear spatial con-
straints on the sector’s sustainable growth.

Table 5

Area (km?) of land characterised by different threshold levels with
agroecological suitability for distilled-beverage production in
Mexico. *Non-significant

Predicted

Cumulative Logistic P-
threshold thregshold arga value Firza (o)
fraction

1.000 0.022 58.6 0.000  3,366.89420
3.320 0.054 431 0.000 4,577.72622
5.000 0.077 37.1 0.026  5,318.05930
10.000 0.149 27.2 0.026  7,253.67647
11.796 0.169 24.8 0.053* 7,955.64516
19.535 0.252 17.5 0.079* 11,274.28570
25.201 0310 13.9 0.105*  14,194.24460
25.547 0.314 13.7 0.132*  14,401.45990

3.4 Management and public policy implications
Given the differentiated sensitivities, identified
species-specific strategies are required. For A
angustifolia, landscape designs should capitalize on
topographic heterogeneity and restore soil function
through polyculture systems, reduced tillage, and
regenerative practices, in alignment with agroeco-
logical principles and local knowledge (Avila-Reyes
et al., 2025). For A. tequilana, climate resilience is
the primary priority, including the diversification of
planting zones, conservation of genetic resources,
and the adoption of water-efficient, seasonal-
ity-aware management practices (Ortiz-Cano et al.,
2023; Queiroz et al., 2024). Transversally, regener-
ative agriculture provides a coherent framework to
reverse degradation, reduce dependence on agro-
chemicals, and enhance long-term agroecosystem
health (Giller et al., 2027; Rieger, 2025).

Jackknife of regularized training gain for Atequilana  (b)

bio12
bio13
bio14
bio15
bio16
bio17
bio18
bio19
bio3
bio4
bio6
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Figure 7. Relative importance of each variable according to the Jackknife test, expressed as gain values, when the variable is used in
isolation, when the model is built using only that variable, and when all variables are included; 7(a) for Agave angustifolia and 7(b) for

Agave tequilana.
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More specifically, the implementation of agroeco-
logical practices already documented in traditional
agave production systems could strengthen the
regenerative transition of the sector. Evidence from
the Index of Agroecological Practices in Agave
tequilana (IPAAT) indicates that traditional polycul-
ture systems consistently incorporate a greater
number of sustainable management practices than
conventional monocultures, including intercrop-
ping, crop rotation, contour planting, soil and water
conservation measures, age staggering of agave
plants, incorporation of organic matter, and re-
duced herbicide use. These practices contribute to
improved soil conservation, greater landscape
heterogeneity, enhanced biodiversity, and reduced
environmental vulnerability, thereby supporting the
long-term sustainability and resilience of agave-
producing agroecosystems (Herrera-Pérez et al,
2017). Furthermore, several of these management
strategies are consistent with contemporary princi-
ples of regenerative agriculture, highlighting the
value of integrating traditional ecological
knowledge into future agave production policies
and sustainability certification schemes.

Beyond the conservation of agave genetic re-
sources, the sustainability of mezcal and tequila
producing landscapes also depends on the preser-
vation of associated fauna, particularly nec-
tar-feeding bats of the genus Leptonycteris, which
are among the most important pollinators of aga-
ves in Mexico. These bats play a critical ecological
role by promoting gene flow among wild and culti-
vated agave populations through long-distance
pollen transfer, thereby contributing to the mainte-
nance of genetic diversity and ecosystem resilience
(Trejo-Salazar et al, 2023; Trejo-Salazar et al,
2025). The expansion of intensive monocultures,
combined with the widespread practice of harvest-
ing agaves before flowering, reduces the availability
of floral resources and disrupts ecological interac-
tions between agaves and their pollinators, nega-
tively affecting both bat populations and the natural
regeneration of agaves (Trejo-Salazar et al., 2016;
Zapata-Moran et al., 2024). In this context, initia-
tives such as the Bat Friendly™ program encourage
producers to allow a proportion of agave plants to
flower, facilitating bat pollination and enhancing
genetic diversity in cultivated populations. Integrat-
ing pollinator conservation into agroecological
zoning and sustainability policies could therefore
generate synergies among biodiversity conserva-
tion, genetic-resource  management, and the
long-term resilience of agave production systems.
In addition to their importance for mezcal and te-
quila production, agaves represent a versatile
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biological resource with significant potential for
economic diversification and sustainable rural de-
velopment. Recent studies highlight the growing
importance of agave-derived products such as
syrup, inulin, fibers, animal feed, biofuels, and other
biobased products within emerging circular bioe-
conomy frameworks. Agave syrup, for example, has
gained international relevance as a natural sweet-
ener with applications in the food industry, while
agave biomass and processing residues can be val-
orized for the production of livestock feed, renew-
able energy, and bioproducts, reducing waste gen-
eration and enhancing resource-use efficiency
(Saraiva et al., 2022; Pérez-Pimienta et al., 2024).
Furthermore, the high water-use efficiency associ-
ated with CAM metabolism and the capacity of aga-
ves to thrive in semi-arid environments position
these species as promising feedstocks for sustaina-
ble bioenergy production and climate-change ad-
aptation strategies  in marginal lands
(Honorato-Salazar et al., 2021; Davis & Ortiz-Cano,
2023). Consequently, agroecological zoning may
contribute not only to the sustainability of dis-
tilled-beverage production but also to the develop-
ment of diversified agave-based value chains that
strengthen rural livelihoods and promote a circular,
climate-resilient bioeconomy.

Given the limited extent of the core suitability area,
shifting industrial growth beyond these zones
increases the risk of erosion, biodiversity loss, and
socio-ecological fragility (Tetreault et al., 2027;
Guevara-Gutiérrez et al., 2024).

3.5 Methodological considerations and
reproducibility

The variable-selection workflow (comprising pre-
liminary runs including all predictors followed by the
exclusion of non-informative variables) enhances
model interpretability and is consistent with best
practices in  MaxEnt modeling (Soberon &
Townsend-Peterson, 2005; Elith etal., 2011). Jack-
knife diagnostics help prevent misattribution of
variable importance (Phillips etal., 2006; Bradie &
Leung, 2017; Fois etal., 2018), while the use of lo-
gistic outputs and omission-based significance test-
ing supports transparent reporting and reproduci-
bility (Merow etal., 2013; Zurell etal., 2020).

In summary, agroecological zoning supported by
niche modeling provides a spatially explicit frame-
work for identifying both opportunities and con-
straints of agave-based systems in Mexico, reveal-
ing species-specific vulnerabilities and trade-offs
between statistical precision and exploitable land
area. These findings underpin the need to transition
from uniform  production models  toward
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differentiated, territorially grounded strategies that
align productivity with soil conservation, biodiversity
protection, and socio-ecological resilience. On this
basis, the Conclusions section synthesizes opera-
tional and policy implications (including the adop-
tion of regenerative agriculture, the promotion of
genetic diversity, and the design of “Sustainability of
Origin” instruments) aimed at ensuring the
long-term viability of mezcal and tequila systems
under climate change (Tetreault etal, 2027
Valiente-Banuet & Arizmendi, 2023; Rieger, 2025).

4. Conclusions

Sustainable agave based distilled beverage produc-
tion is attainable; however, it requires a structural
transition towards agroecological models sup-
ported by technological innovation and spatially ex-
plicit planning. Climate change resilience and the
conservation of genetic diversity depend on the ef-
fective alignment of public policy instruments with
stakeholder participation across production sys-
tems. Species specific vulnerability patterns were
consistently identified: Agave angustifolia exhibits
greater sensitivity to topographic and soil chemical
variables, whereas Agave tequilana is predomi-
nantly constrained by climatic factors, increasing its
exposure to global warming. Within this context, re-
generative agriculture emerges as a viable response
to degradation driven by monoculture and agro ex-
tractivism, enabling soil restoration, reduced agro-
chemical dependence, and long term socio ecolog-
ical system recovery. Accordingly, differentiated
public policies are required, prioritising multi spe-
cies propagation strategies, targeted support for
artisanal production systems, and the development
of “Sustainability of Origin” certification schemes
that incentivise verified regenerative practices and
the conservation of agrobiodiversity.

From a policy perspective, the results of this study
highlight the need to incorporate biodiversity con-
servation, genetic diversity, pollinator protection,
and agroecological management criteria into agave
production systems. Regulatory institutions such as
the Consejo Regulador del Tequila and analogous
organizations associated with mezcal production
could play a strategic role in promoting sustainabil-
ity indicators that recognize polyculture systems,
conservation of flowering agaves, restoration of
pollinator habitats, and regenerative agricultural
practices. Likewise, future revisions of Denomina-
tions of Origin could incorporate biodiversity-based
criteria that encourage traditional management
systems and strengthen the long-term resilience of
agave-producing landscapes.
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Building upon the agroecological zoning frame-
work developed in this study, future research
should focus on improving the spatial and environ-
mental resolution of agroecological suitability
assessments through the integration of higher-
resolution  environmental  datasets, broader
occurrence records, and climate change projections
to evaluate potential shifts in suitable areas for
agave cultivation. Particular attention should be
given to incorporating indicators of genetic
diversity, pollinator distribution, ecosystem services,
and land-use dynamics in order to improve the
understanding of long-term  socio-ecological
resilience. Although the present study achieved
high predictive performance, the occurrence
records may reflect geographic concentration
within major production areas, and the spatial
resolution of approximately 1 km? may not fully
capture local microclimatic variability. The results
presented here provide a valuable baseline for
territorial  planning,  biodiversity  conservation,
sustainability  certification schemes, and the
development of public policies that promote cli-
mate-resilient and regenerative agave production
systems in Mexico.
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