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The milpa system is the basis of traditional agriculture in Mesoamerica. It is based
on a polyculture of maize (Zea mays L.), bean (Phaseolus spp.) and squash
(Cucurbita spp.) and is associated with a great diversity of crops and wild
species. The milpa has great cultural and historical importance but can also be
highly productive and provide sufficient and healthy diets for smallholder farmers.
The milpa system is practiced less and less however, mainly due to socioeconomic
changes, but also due to a lack of agronomic knowledge adapted to current
conditions. To provide a starting point for new agronomic research, we reviewed
the scientific literature to identify the current knowledge on milpa agronomy and
determine research priorities to further improve the system. Given the wide
diversity of conditions under which milpa is practiced, agronomic research is
lacking, but indicates that improvements to the milpa can be made in all aspects of
the milpa. 176 research articles on the milpa system were found in databases, of
which 61 treated agronomic research. The main agronomic topics described in
literature are crop variety, soil fertility management, weed management and
productivity. Most research has focused only on maize and studies reporting on
the associated crops are scarce. More research on all aspects of the milpa is
needed to understand and improve the agronomy of the system under the
changing conditions of modern agriculture. Reducing the workload associated
with the milpa, as well as soil fertility and weed management can be identified as
research priorities.
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1 Introduction

The milpa is the basis of traditional agriculture in Mesoamerica. It
is a production system based on the cultivation of the “Mesoamerican
triad” of maize (Zea mays L.), bean (Phaseolus spp.) and squash
(Cucurbita spp.), but also associated with a great diversity of crops
and wild species (Linares and Bye, 2011) (Figures 1-3). The term
“milpa” comes from the Nahuatl language (“milli,” sown field, and
“pan,” on top of) and is the common term in Spanish and Mexico.
The system has other names in other languages or regions (for
example, in the USA it is known as “the three sisters”), but, for
simplicity, we will refer to all forms as milpa. The milpa helps to
safeguard the enormous biodiversity of the aforementioned crops and
is a pillar of food security in traditional rural communities, in addition
to having great cultural and historical importance. Milpa has been
cultivated under a wide range of conditions. Depending on local
climate, soil and culture, many different types of milpa exist, which
differ in plant species cultivated, land preparation, use of fire, water
regime and the length of the fallow cycle. Broadly, milpa systems can
be divided into extensive rainfed systems with long fallow cycles,
intensive rainfed systems with a short fallow and intensive rainfed or
irrigated systems without fallow (Aguilar et al., 2003). Milpa area is
decreasing rapidly due to the system’s low productivity and
profitability, cultural rejection and the migration of youth from
rural areas, and soil degradation due to reduced fallow periods
(Isakson, 2009; Novotny et al., 2021; Orozco Ramirez and
Astier, 2022).

Crop associations generate agronomic benefits that increase
system productivity (Vandermeer, 1989) and polyculture systems
have higher productivity if the associated crops are complementary,
meaning that (1) the crops occupy different niches and use different

FIGURE 1
Inside a milpa field of Nahuatl farmers in the Sierra Norte, Puebla, Mexico.
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resources (light, water, nutrients, space), (2) the action of one species
provides resources for the others, and/or (3) the crops modify the
microclimate favorably for the other crops (Bybee-Finley and Ryan,
2018). Milpa crops are highly complementary in that 1) the plants
receive light at different heights, maize being the tallest, while squash
grows at ground level and beans climb the maize stalks; 2) beans fix
nitrogen that the other plants can use (Tsai et al., 1993); 3) squash
leaves shade the ground, reducing weeds and conserving soil moisture
(Trujillo-Arriaga and Altieri, 1990; Pérez-Hernandez et al., 2020); 4)
the flowers of beans, squash, and other milpa plants attract beneficial
insects, helping to reduce pest damage (Altieri et al., 1978); and 5) the
greater volume of milpa crop roots and resulting soil channels, over
those in monocultures, increases system water and nutrient
availability (Zhang et al., 2014; Albino-Gardufo et al., 2015).

Climate change, rural labor shortages, and social and economic
changes are making milpa agriculture less attractive and reduce
farmers’ food security (Haas, 2021; Novotny et al., 2021). Modern
commercial agriculture, with its specialized and intensive cultivation,
has gained ground over milpa systems, partly due to decades of
support from public and private agronomic science that raises the
yield and profitability of modern agriculture over milpa systems
(Appendini, 2014). However, the practices and technologies
developed to support commercial agriculture, for example, hybrid
maize cropping, do not necessarily work well in traditional systems
such as the milpa, which is generally sown by hand. In Chiapas,
Mexico, a region where many farmers still grow local maize varieties
using traditional, non-technified approaches, Wies et al. (2022) found
that fertilization, insecticides or herbicides had little measurable effect
on maize productivity.

Since milpa agriculture was developed and maintained over many
generations and has provided livelihoods for many indigenous people
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FIGURE 2
Maize, bean and squash in milpa field in Tojolabal, Chiapas.

throughout the Americas, studying the production methods of milpa
farmers can provide learnings to increase productivity, food security
and nutrition in other regions where maize is the basis of the diet of
subsistence farmers, such as many regions in sub-Saharan Africa. The
scientific community can also address agronomic challenges faced by
milpa farmers and develop more effective extension programs for
milpa systems, thus helping to preserve this productive,
agroecologically interesting system and associated traditional
knowledge. Related research should focus on the potential of milpa
systems, offering solutions for agronomic constraints and
socioeconomic and environmental challenges and, where possible,
encouraging use of the milpa as a sustainable solution for subsistence
or small-scale commercial production (Ebel et al.,, 2017).

This review summarizes current agronomic research on the milpa
published in scientific peer reviewed articles, identifies research gaps,
and offers recommendations for future research. The latter will focus
on applied research to understand and improve milpa systems and
processes (Porter, 2020), including practices that promote system
productivity through increased yields and reduced workload,
production costs, and dependence on external inputs, as well as
those that conserve genetic diversity, reduce land and
environmental degradation, or combinations of these factors. We
do not describe the diversity of milpa systems or cultural or
socioeconomic circumstances in rural households or communities,
which are already extensively documented (Hernandez, 1959; Pérez-

Toro, 1981; Garcla-Marin and May, 1992; Teran and y Rassmusen,
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FIGURE 3
Distribution of scientific articles by location (country or state in
Mexico, with states in Mexico indicated by Mex)

1994; Teran and Rasmussen, 2009). Nor do we cover agronomic
management of polycultures in general, limiting our focus to milpa
production systems.

2 Methodology

Using Scopus (www.scopus.com) and “milpa” as the search
term, we conducted a search on 15 June 2021 for scientific articles
reporting research on milpas. We found 283 articles published
during 1955- 2021, 107 of which we discarded because they
referred to the municipality of Milpa Alta in Mexico City, the
prickly pear variety “Milpa Alta,” archaeological or historical
studies, or issues unrelated to milpa cropping systems. Of the 176
remaining articles relating to milpa crop production systems, 44
addressed sociocultural aspects, 17 related to wild species
biodiversity, 25 focused on the diversity of milpa crops, and 29
involved research on environmental issues, leaving only 61 studies
(35%) focusing on agronomic issues.

To gather additional studies published in national journals and
which might not be indexed in Scopus, we reviewed the repositories
of SciELO (Scientific Electronic Library Online) and Redalyc
(Network of Scientific Journals of America Latina and El Caribe,
Spain and Portugal). Using the search term “milpa,” in SciELO we
found 120 studies and, in Redalyc, 1,855 studies. Most of the studies
from Redalyc were of social sciences or anthropology; only 164
addressed earth sciences or agrosciences and 124 covered biology.
The Scopus results were thus similar to those from Scielo or Redalyc.
To ensure that papers published in national journals were not
excluded, we reviewed the websites of Agrociencia and Terra
Latinoamericana (which are indexed in Scopus) and the Mexican
Journal of Agricultural Sciences (which is not indexed in Scopus).
The Agrociencia and Terra Latinoamericana reviews turned up no
articles not indexed in Scopus. Our search on “milpa” in the Revista
Mexicana de Ciencias Agricolas (Mexican Journal of Agricultural
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Sciences) uncovered 17 studies, 10 of which were relevant to our
review and appear in our qualitative summary. To find additional
relevant studies in languages other than Spanish, we searched
Scopus with the search terms: “maize” AND “bean” AND
“squash”. The results overlapped with those for “milpa” but
included nutrition studies. Search on “three sisters”, “maize” AND
“polyculture” AND “Mexico”, and “Maize” AND “intercrop” AND
“Mexico” resulted in 5 additional studies, leading to a total of 76
relevant studies on milpa agronomy (Supplementary Table 1).
Finally, to expand the discussion, in addition to the database
search outputs described above, we included relevant studies
carried out for other, similar production systems, or those focused
on one or two relevant crops that provided information elucidating
milpa system agronomy. Based on the literature found, a qualitative
review was made to summarize the published research on
agronomic aspects of the milpa.

Most (61%) of the identified studies reported on studies in the
Maya region, i.e. the Yucatan Peninsula, Chiapas, Guatemala and
Belize, 25% reported on the milpa in other regions of Mexico and 14%
were not related to a specific location (Figure 4). Especially in the
Yucatan Peninsula the milpa has been studied most, with 34% of all
studies, while we could only find one study about the milpa of the
Purepecha and none about the milpa of the Tarahumara, even though
these are also considerably large groups in Mexico. Similarly, a
literature review of traditional agroforestry systems in Mexico
indicated that most studies addressed the Maya systems and in the
southern and southeastern states of Mexico, which may owe to the
greater number of traditional systems in that region but also to the
lack of research in other areas (Moreno-Calles et al., 2014) or possibly
to fewer rural development projects linked to agricultural research in
those regions.

FIGURE 4

Strip cropping experiment in a Tzotzil milpa in Larrainzar, Chiapas. Beans (Phaseolus vulgaris) are followed by Marigolds (Tagetes erecta) and followed

the next year by maize.
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3 Current agronomic research on the
milpa system

3.1 Soil preparation and planting

The milpa is most often grown on hillsides or superficial or stony
soils, since flat lands are prioritized for commercial and mechanized
cropping. Hillside soils are frequently degraded, due to water and
wind erosion caused by tillage and overgrazing during fallow periods,
as well as shortened fallow periods and generally more intensive
cropping, due to dwindling land endowments for successive
generations of offspring and land use change (Bolanos Gonzalez
et al, 2016; SEMARNAT, 2016).

Burning is often used to clear milpa land for planting and, with
good management and a sufficiently long fallow cycle (up to 40 years),
does not necessarily degrade soils (Hernandez Xolocotzi, 1988; Nigh
and Diemont, 2013). But burning with reduced fallows can cause
nutrient loss, especially of nitrogen, and more so when intense rainfall
events wash away fertile ashes. Research on alternatives to burning
has compared the yield of maize monoculture and residue burning
with the yield of a maize-mucuna intercrop and residue retention in
Yucatan, Mexico (Cuanalo and Uicab-Couoh, 2005). Non-burning
increased maize yields but farmers’ lack of familiarity with mucuna
grain as a food constrained adoption, so they switched to maize
associated with lima beans (Phaseolus lunatus) without burning and
also obtained higher maize yields.

Milpa farmers commonly sow maize with about a meter between
seeded hills and with several seeds per hill, to compensate for expected
low germination rates. In addition to causing competition among
germinating plantlets in each hill, the large expanse of bare soil
propitiates weed growth, especially in the absence of squash or other
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intercrops. Various crop placement modifications have been
promoted to increase productivity and reduce weed incidence
through shading and competition for nutrients, but the effects
productivity and weed incidence have rarely been quantified.
Studies on the effect of modified crop placements on associated
crops are even rarer, although they could reduce the light, nutrients
and water available for intercrops. In Mexico, Aguilar-Jiménez et al.
(2011) and Caudillo Caudillo et al. (2006), reported higher maize
yields and profitability with increased density under manual planting,
but did not mention the effects on associated crops. Mt.Pleasant and
Burt (2010) evaluated three maize densities with three densities of
beans and squash in a trial in New York, USA. The highest maize yield
came with the highest maize sowing density, but the highest bean
yield was obtained under the lowest maize density, while squash yield
was not clearly affected by the density of the other two crops. Delgado
Martinez et al. (2015) reported that beans at the density of 2 bean
seeds per hill yielded over 1 t/ha more green beans than maize and
beans with 1 or 3 bean seeds per seeded hill. In three trials in
Guatemala, reduced plant spacing increased maize yields at all sites
but bean yields at only one (Eash et al., 2019). Farmers’ typical crop
spacings and arrangements reflect the crops and varieties used, as well
as local climates, soil conditions, and labor availability; proposals for
alternative crop placement must be evaluated under local
field conditions.

One substitute for mixed placement is sowing crops in alternating
strips (Figure 5), which offers the benefits of multicropping and crop
rotation as well as facilitating overall crop management (for example,
with planting, fertilizing, weed control, or harvesting with low-power
tractors) and allowing crops to be planted in their optimal plant
spacing for maximum yields (Albino-Gardufio et al., 2015). Molina-

10.3389/fagro.2023.1115490

Anzures et al. (2016) found that placement in alternating strips gave
higher system yields than associations.

3.2 Varieties and species of crops

The diversity of milpa phenology, growth habits, and water and
nutrient requirements makes the system resilient to climate change
and a source of diverse, nutritious food throughout the year and even
of occasional income from surpluses. Milpa farmers normally grow
local varieties of the system’s crops that are adapted to native soils and
climate and, above all, culinary preferences (Guzzon et al, 2021).
Climate change is expected to reduce and shift growing areas for
certain maize landraces and farmers will need to share or exchange
seed of the varieties across regions to keep up productivity (Ureta
et al., 2012).

Landrace varieties in situ are increasingly threatened by changing
environmental conditions, the adoption of scientifically-bred
varieties, and rural out-migration and the inexorable disappearance
of local cultures and practices. To avoid the loss of these varieties with
their large genetic diversity and adoption to local conditions,
conservation can take place in farmers’ fields (in situ) and in
genebanks (ex situ) (Guzzon et al, 2021). These approaches are
complementary and necessary to protect biodiversity. Genebank
seed samples capture and preserve a “snapshot” of diversity at a
given moment; in situ conservation ensures that varieties adapt to
new conditions. In situ, the presence of the wild and semiwild
relatives of many crops in the same region, allows for the continued
gene flow between domesticated crops in the milpa and these wild
relatives. For example, in the coastal regions of Oaxaca, there is

FIGURE 5

Frontiers in Agronomy

A MIAF (Milpa Intercalada con Arbolos Frutales, Milpa intercropped with fruit trees) agroforestry system with banana trees in Ocosingo, Chiapas, Mexico.
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evidence of continued gene-flow between domesticated chile peppers
(Capsicum annuum) and the wild C. frutescens and/or C. annuum var.
glabriusculum and between wild and domesticated common bean (P.
vulgaris) that are tolerated and managed in the milpa fields by the
farmers (Zizumbo-Villarreal et al., 2005; Pérez-Martinez et al., 2022).
In squash, gene flow between C. argyrosperma ssp. Argyrosperma gene
and its wild relative C. argyrosperma ssp. Sororia has also been
detected, though seed exchange between farmers is a much greater
source of genetic variation in the domesticated crop (Montes-
Hernandez et al., 2005; Sanchez-de la Vega et al,, 2018). In these
studies, the genetic variation among landraces was as high as the
variation in wild relatives, highlighting the importance of conserving
these landraces in situ or ex situ to conserve the genetic resources
(Zizumbo-Villarreal et al., 2005; Sanchez-de la Vega et al., 2018;
Perez-Martinez et al., 2022).

In a study of 66 families in Morelos who contributed maize seed
to CIMMYT’s genebank in 1967, 50 years later (in 2017) only 13
families still grew the same varieties; the other families had stopped
growing their materials due to changes in market demand,
agricultural policies, urbanization and climate change (McLean-
Rodriguez et al., 2019). The genomic diversity of in situ and ex situ
collections was similar but the in situ samples had changed as a result
of farmer selection during 1967-2017 and particularly, the market
demand for maize with larger grains for specialty dishes (McLean-
Rodriguez et al., 2021).

Martinez-Castillo et al. (2012), found that between 1979 and 2007
the original lima bean varities sown in northeastern Campeche on the
Yucatan Peninsula, had been completely replaced by new varieties. In
the same way, Fenzi et al. (2017) observed in Yaxcaba, Yucatan, that
over 12 years the planting of the X-nuuk Nal variety, a long cycle type,
was reduced by shorter cycle varieties, mainly Nal Xoy, because of the
shortening of the rainy season. However, in Yaxcaba the range of
maize diversity was maintained (Dyer et al, 2018). In contrast, the
loss of maize genetic resources at the national level in Mexico over in
the last century has been considerable; during 2002-07 alone the
average number of varieties sown per farm fell from 1.43 to 1.22. The
lack of diversity at the local level has reduced access to varieties
adapted to local conditions (Dyer et al., 2014).

Maize diversity has been studied extensively, but the biodiversity
of associated crops and wild plants harvested in the milpa system has
been less studied. Lima bean for example — and especially the varieties
that are planted infrequently - run the risk of biodiversity loss due to
local extinctions, for example after a hurricane or drought (Martinez-
Castillo et al., 2008). A study of climbing bean varieties intercropped
with maize found that the most competitive, best-performing bean
varieties in intercrops did not necessarily perform well in
monoculture (Davis and Garcia, 1983). This suggests the need to
study and conserve the biodiversity of milpa system crops in
association, and particularly species compatibility and varietal
availability considering farmers’ preferences and needs.

In addition, there is little breeding dedicated to milpa crops; there
are no improved varieties of guide beans in Mexico, for example. The
lack of improved varieties for milpas increasingly widens the yield gap
between milpa and commercial farmers, inducing milpa farmers to
change their varieties for apparently more productive ones but which
are not necessarily suitable for sowing in association. The diversity of
the milpa is the result of a long process and the system continues to

Frontiers in Agronomy
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evolve in response to changing environmental and socioeconomic
conditions. Such changes may even require the introduction of new
crops in milpa systems. Farmers in Yucatan reported being open to
such introductions, if it suits their needs, but the performance of new
varieties and species must be tested under local conditions before
being widely promoted (Fils Pierre et al., 2021).

3.3 Fertility management

As parts of a complex polyculture, milpa crops each have different
nutrient requirements at different times in the growing season. The
improper use of fertilizers can reduce crop yields and even cause
problems such as lodging. At the system level, poorly managed
fertilizers can increase production costs and problems with
unwanted plants, favor one crop over others, and cause pollution.
Although fertilizer use has become common in milpas (Haas, 2021),
there is little information regarding the correct use of fertilizers. For
example, in the northern highlands of Puebla, Mexico, more than 80%
of milpa farmers use synthetic fertilizers (Espidio-Balbuena et al,
2020), and this without knowing milpa soil or crop requirements but
based on recommendations for monocultures or merely the local
availability of fertilizers. Wies et al. (2022) report a null fertilization
effect on native maize yield in Chiapas over a range of fertilization
treatments applied by farmers. They used total fertilizer dose as the
unit of measurement, however, which is not the best indicator. A
database on 1,551 fields in Chiapas, Mexico sown with local maize
varieties did show a positive relationship between kg N ha™' applied
and yield (Trevisan et al., 2022).

The various crops in the milpa have different fertilizer
requirements and responses from those of maize monoculture. In
six trials in Central America, fertilization based on recommendations
from agronomists increased maize yields by 11% but had no effect on
bean yields, compared to the local common practice of fertilization
(Eash et al., 2019), while Delgado Martinez et al. (2015) reported that
dosages of 150 kg N ha™ resulted in higher yields of green beans
interspersed in maize in the State of Mexico, Mexico, compared to 0
or 75 kg N ha! and Ruiz-Gonzalez and Victorino-Ramirez (2014)
observed an increase in maize yield with increasing fertilization, but
not of bean yield in a maize-bean polyculture. As a polyculture, the
milpa can potentially take better advantage of nutrients than a
monoculture because the roots of the three main crops develop at
different depths, so crops planted in the milpa system draw from a
greater volume of soil than crops planted in monocultures (Zhang
etal, 2014). However, although Zhang et al. (2014) report that maize
had mainly surface roots and beans had more evenly distributed roots
in the vertical profile, Albino-Garduno et al. (2015) found that beans
rooted more superficially than maize. Specific interactions probably
depend on soil conditions and nutrient availability. Zhang et al.
(2014) reported that the depth of squash rooting depended
primarily on phosphorus availability. Little is known about
biological soil fertility in milpa systems, but nutrients can be
transferred between plants species through the hyphae of arbuscular
mycorrhizal fungi (Bethlenfalvay et al, 1991; Schiitz et al., 2022),
which can potentially contribute to milpa productivity. Fertilization
with synthetic fertilizers can reduce mycorrhizal fungi abundance and
diversity and unbalanced may thus negatively impact system
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productivity (Bhadalung et al., 2005). Efficient and economic milpa
fertilization thus requires a study of fertilizer effects on all associated
crops instead of focusing only on maize.

Fertilizer sources used in the milpa are often chosen based on
local availability rather than what is appropriate based on soil
conditions. In the mountainous regions of the state of Guerrero,
Mexico, farmers commonly apply high amounts of synthetic
fertilizers (186 kg N ha and 46 kg ha™' P,Os), however, at less
than 1 t ha', the yields of maize, beans and squash are very low
(Reyna-Ramirez et al., 2018). Under those conditions of high rainfall
and steep slopes, the use of organic fertilizers was more economical, in
addition to producing fewer losses from leaching of N in rainy years.
The same study showed that organic fertilization increased the yields
of associated crops more than synthetic fertilizer, suggesting a greater
response of the milpa to organic sources or a better balance of
nutrients (such as P). Similarly, Parsons et al. (2011) evaluated the
use of manure to recover soil fertility in a milpa in Yucatan and
reported that a low dose of manure was able to provide the nutrients
necessary for grain production, while a high dose of manure sustained
nutrient levels even with the removal of all stubble. Osorio Alcala and
Fabian (2019) evaluated a milpa under synthetic fertilizer, organic
fertilization, and a mixture of both, finding that maize yielded more
with synthetic fertilizer, while the squash yielded more with organic
fertilizer, and bean yields were not affected by fertilization. Given the
higher value of squash than maize, organic fertilization earned a
higher return on investment. In trials in Oaxaca, several fertilization
proposals were evaluated to increase productivity, but fertilization
based on soil analysis did not increase yields sufficiently to justify the
costs (Fonteyne et al, 2022b). Given the variability in the milpa’s
response to organic fertilization and its high costs, including
transport, more research is required to support farmers’ decisions
on this subject.

Green manure crops offer an alternative to synthetic fertilizers.
Traditionally, maize is intercropped with legumes such as common or
lima beans, which provide additional food but are less effective
nitrogen fixers than other legumes (Unkovich and Pate, 2000;
Hardarson et al, 1993; Palmero et al., 2022). There is wide within-
species variability in the amount of nitrogen that can be fixed by
different varieties, with a range of 12 to 60% of the nitrogen in the
grain and 18 to 57% of the nitrogen in the stem coming from nitrogen
fixed by plant-associated microorganisms (Tsai et al, 1993). In
addition, bean productivity in the milpa is relatively low, in the
range of hundreds of kg ha™, so the total nitrogen contributed is
probably low compared to the needs of maize and other crops.

To fix more nitrogen, intercropping or rotating with other legume
species has been investigated. Commonly, land planted with milpa is
left fallow for several cycles after a crop cycle, to recover soil fertility.
The use of green manures during this period, instead of letting wild
vegetation take over the land, could increase nitrogen and carbon
fixation and also reduce weed incidence (Ruiz-Vega and Loaeza-
Ramirez, 2003; Uribe-Valle and Petit-Aldana, 2007). Fonteyne et al.
(2022a) evaluated improved fallows in state of Oaxaca, Mexico,
where, instead of letting the land fallow, snap bean (Phaseolus
dumosus or Phaseolus coccineus) was grown, which increased the
yield of the next maize crop and also produced a bean harvest.
Alternatively, green manures can be sown as relay crops (before the
harvest of the main crop) or in rotation during the winter, if moisture
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is available. In trials in the Central Valleys of Oaxaca, Mexico, the
legumes Crotalaria juncea and Dolichus lablab produced more
biomass than common bean or snap bean, thus offering a greater
potential to improve the soil and provide nitrogen. Their economic
value is lower than that of beans and they do not produce food, but
they can be used for fodder (Ruiz-Vega and Loaeza-Ramirez, 2003;
Beaupre et al, 2021). Similarly, higher maize yields have been
observed after a rotation with mucuna in Las Tuxtlas, Veracruz
(Ortiz-Ceballos et al., 2015) and in the Selva de Chiapas Region
(Aguilar-Jiménez et al., 2011).

In a three-year evaluation in Yucatan of maize intercropped with
mucuna or ib, there was no yield increase over that of monoculture
maize (Castillo-Caamal et al., 2010). Castillo-Caamal and Caamal-
Maldonado (2011) found that interspersing maize with mucuna at
planting or 20 days after planting lowered maize yields, compared to
monoculture or interspersing 40 or 60 days after planting. Farmers
also have preferences regarding the species grown, due to
characteristics such as grain or forage production and a
morphology that facilitates management or ruminant feeding, such
as the absence of thorns (Ayala Sanchez et al., 2007). These studies
only addressed the effects of green manures on maize yield; their
effects on associated crops or overall milpa yield have not been
evaluated. The effects of green manures depend on diverse factors
such as precipitation, rate of biomass degradation, duration of the
fallow cycle, and the species grown, so their possible use requires
further, in-depth evaluation and adapting them to local conditions.

Milpa agroforestry can also be done with legume trees, which
require less work (only pruning) than fruit trees and which can help
increase soil fertility, although they do not generate a direct income.
Avyala Sanchez et al. (2007) evaluated 18 legume species for use as an
improved fallow and concluded that Leucaena leucocephala,
Caesalpinea yucataneneis, Piscidia piscipula, Acacia gaumeri,
Pithecellobium albicans and Gliricidia sepium offered the greatest
potential. There is a great diversity of agroforestry systems in Mexico,
many of which have a milpa component (Moreno-Calles et al., 2013).
Like the milpa system, the study of agroforestry systems has been
limited in Mesoamerica, especially when considering the diversity of
possible combinations of crops, fruit trees, and agroecologies, so
much more research is needed to understand, adapt, and adopt
those systems (Moreno-Calles et al., 2013).

3.4 Weed, pest and disease management

Crop protection is complicated in polyculture systems such as
milpa, since synthetic pesticides used to protect one crop species can
have negative effects on other crops, while mechanical management is
more difficult because of the lower uniformity. The milpa also has
aspects that help protect crops; for example, squash suppresses weeds
through shading, while the presence of more predators reduces pest
damage (Trujillo-Arriaga and Altieri, 1990).

Traditionally, the decision to initiate fallow in slash-and-burn
milpa systems is made to address both falling fertility and increased
weed growth (Hernandez Xolocotzi, 1988; Cuanalo and Uicab-
Couoh, 2005). Efficient weed management could reduce the need
for fallowing or lengthen the time of continuous cultivation on the
same land, if accompanied by improved soil fertility management.
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Weed control in the milpa is often done manually, which can entail
high labor costs, or using animal-drawn implements. The use of
herbicides is complicated in polycultures because it is difficult to use
selective herbicides, so farmers depend on pre-emergence herbicides
without residual effects and subsequently control weeds manually.
Wies et al. (2022) reported lower maize yields with herbicide use in
traditional systems in Chiapas, Mexico, due to improper use of
herbicides. Given the complications of weed management in milpas,
many growers opt for monocultures, which require less work, or
conclude that the associated crops no longer perform as before, due to
improper use of herbicides (Novotny et al., 2021). In sum, efficient
and low-cost ways to manage weeds are a need for milpa systems.

Non-burning and the use of live or dead soil covers are alternative
weed control options. Farmers in the Lacandon, a region in the state
of Chiapas, plant balsa (Ochroma pyramidale), a fast-growing tree,
after the milpa to suppress weeds during the fallow and speed the
recovery of soil fertility (Nigh and Diemont, 2013). Ayala Sanchez
et al. (2007) evaluated 18 tree species as improved fallow, and
identified L. leacocephala as the most promising species for its rapid
growth, weed reduction effect, wood production and beneficial effect
on the subsequent maize crop. Similarly, Tzuc-Martinez et al. (2017)
observed a reduction of about 50% in weed incidence in an
agroforestry system with L. leucocephala, Guazuma ulmifolia, or
Moringa oleifera sown in lines and pruned before maize planting.
In the Costa Chica region of the state of Guerrero, intercropping
maize with Canavalia spp. or Mucuna spp. reduced the incidence of
weeds by 24 to 55%, respectively, compared to monoculture maize
(Flores Sanchez, 2015). Similarly, in in the state of Yucatan, mucuna
reduced weeds by 46%, when associated with maize in the third crop
cycle (Castillo et al., 2010). Cuanalo and Uicab-Couoh (2005)
compared milpas with burning, without burning, without burning
with cover crops and the use of paraquat, and without burning with
manual weed control. The highest yield and profits were found
without burning and with cover crops, while manual control gave
good yields but was not profitable due to the high labor demand. The
use of live covers can reduce weeds in Yucatan by up to 68%, partly
due to an allelopathic effect (Caamal-Maldonado et al., 2011). Parsons
et al. (2009) compared manual control and herbicide use with an
uncontrolled weed control in a milpa in Merida, Yucatan. In the first
year, herbicide treatment and to a lesser extent manual control were
effective in weed control. In the following year manual control was
less effective than the use of herbicides.

Growth of wild plants in the milpa is not necessarily bad but
depends on the species; many plant species found in milpas are
edible and can represent an important part of the food production
for the family (Gonzalez-Amaro et al,, 2009). In the Mixteca region
of Oaxaca, weeds are controlled by two weedings to reduce the effect
of competition during the critical stage of maize (45 days after
planting); plants that emerge after that are used as fodder to feed
backyard cattle (Personal observation). On the other hand, the
incidence of weeds can also impact the incidence of pests. In a
study in Chiapas, the incidence of pests in maize was double in
maize with weeds, although yield was not affected due to the greater
presence of predatory insects (Magallanes et al., 2003). In general,
with low maize yields, weed control does not necessarily affect maize
yield or is simply not economically profitable (Fonteyne et al.,
2022a). The negative or beneficial effects of weeds depend on the
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production system, so weed control must be studied under
different conditions.

Polycultures generally have fewer pest problems (Iverson et al.,
2014), perhaps because they more easily host beneficial insects such as
predators or parasitoids than monocultures. In maize and bean
polycultures, Altieri et al. (1978) found 45% less Diabrotica balteata
and 23% less incidence of fall armyworm (Spodoptera frugiperda)
than in maize monocultures, as well as 26% less Empoasca kraemeri
than in bean monocultures. In this study, planting times had an
important effect on pest incidence, which was lower when crops were
sown at different times than at the same time. Trujillo-Arriaga and
Altieri (1990) reported more pest predation in the milpa than in a
monoculture maize crop, and consequently less damage to crops.
Many small farmers do not use insecticides in their milpa, since the
return on investment would be low or due to lack of access to these
products. When using insecticides, they tend to use obsolete, toxic,
broad-spectrum insecticides (Bernardino-Hernandez et al., 2019).
The improper use of insecticides can reduce milpa productivity,
since most of the associated crops depend on pollinators for their
production, in addition to the fact that beekeeping is an important
source of income for many milpa farmers (Avila-Bello et al., 2018). A
good understanding of the pest dynamics is necessary to avoid the
inappropriate use of pesticides in milpa. Finally, apart from insects
such as fall armyworm or Diabrotica spp., milpas also suffer from
attacks by coatis, raccoons and birds which can cause great damage,
but in turn can represent a source of bushmeat for milpa farmers
(Lara Ponce et al., 2012; Naranjo et al., 2015; Falkowski et al., 2019).

3.5 Harvesting and storage

Manual harvesting is labor intensive, especially with climbing
beans, which have to be harvested pod by pod. Smallholder farmers
often harvest over a long period of time or wait for help, leaving crops
in the field long after the optimal harvesting time and exposed to
fungal infestation, pest damage, theft and adverse weather.
Conversely, timely harvesting can likely reduce losses and thus
increase yields, but we found no studies on the relationship of
harvest date with yield or losses due to pests or fungi. Many milpa
fields are on slopes or in terrain of difficult access, making mechanized
harvesting difficult, but there are technological solutions that could
reduce the workload in certain conditions, such as whole cob
harvesters and/or small, two-wheeled-tractor-powered combine
harvesters. The interspersed crops, especially the climbing bean,
also complicate milpa harvesting, as does the need to harvest
different products at different times: maize as cobs or grain, bean as
pods or grain, and squash as flower, shoots, fruit or grain, to name
a few.

Grain must generally be dried after harvesting to reach adequate
moisture content for storage. Storage often uses traditional methods
or grain may be stored in bags with pesticides such as aluminum
phosphide and losses can be considerable. In tropical areas, up to 40%
of maize or beans can be lost in 6 months due to inadequate storage,
whereas hermetic storage containers can reduce losses to less than 5%
(Odjo et al., 2020). Storage in hermetic containers also maintains
maize seed viability, especially in lowlands where germination rate
can drop by 56% during a six month storage period under non-
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hermetic conditions (Odjo et al., 2022b). Mobile shellers for field use
directly after harvest could help store grains faster and thus protect
them from the elements. Quality shelling to avoid grain damage and
proper drying are important prior to storage, especially to avoid the
growth of fungi such as Aspergillus spp. that can produce mycotoxins
harmful to humans and farm animals (Odjo et al, 2022a). Cobs
damaged by insects and birds are more prone to Aspergillus and other
fungal infections. Improved harvest and postharvest technologies can
thus reduce workloads, increase food availability, and improve
food safety.

3.6 Agroforestry

Another proposal to increase soil fertility, diversify production,
and avoid soil degradation is agroforestry or including productive
trees in the milpa (Camas Gomez et al., 2012). The milpa is
considered an agroforestry system by some authors, since during
long fallows there may be recovery of secondary forest (Hernandez
Xolocotzi, 1988; Moreno-Calles et al., 2013; Falkowski et al., 2019).
This applies mainly to milpa in Southern Mexico but is not
necessarily a feature of all milpa systems. In Mexico, the concept of
agroforestry related to the milpa has been promoted as the “Milpa
Intercropped with Fruit Trees” (MIAF, for the abbreviation of the
Spanish “Milpa Intercalada con Arboles Frutales”) system (Cadena-
Iniguez et al., 2018) (Figure 6). In the MIAF system, strips of milpa are
interspersed with strips of fruit trees. A runoff filter, made of pruned
branches and crop residues, is placed between the trees, if they are
grown on sloping terrain, to gradually form terraces and thus help
reduce erosion (Camas Gomez et al., 2012). Milpa in a MIAF
arrangement can increase food security, since trees generally are

10.3389/fagro.2023.1115490

harvested in another time of the year than maize, in addition to
generating income, increasing system resilience, and reducing
farmers’ risks (Santiago-Mejia et al., 2008). Molina-Anzures et al.
(2016) evaluated maize, beans, and squash with and without
interspersed fruit tree lines and found higher maize yields with
trees, which they attributed to the microclimate generated by the
trees. The MIAF system can be highly profitable, given the sale of the
fruit, while retaining the milpa as a source of food for the farm
household (Fonteyne et al., 2022b). However, the system can be
complex, especially the pruning and fertilization of fruit trees, so
farmers require technical assistance and access to information on
system management (Torres Zambrano et al., 2008; Ruiz Mendoza
et al., 2012).

3.7 Workload

The intense workload is one of the reasons farmers abandon the
milpa. Novotny et al. (2021), for example, reported that in the
Mixteca Alta region of Oaxaca, farmers prefer monocultures for
their lower labor requirements. The challenges to mechanization of
polycultures, especially for planting and harvesting, have already been
mentioned. The literature cites workloads of 27 to 401 days per
hectare per crop cycle for milpa systems, depending on the
management intensity and the length of time a field has been under
cultivation (Table 1). The higher values mentioned in the literature
are the result of attempts to control weeds with high intensity manual
control; as previously mentioned, the workload and cost are not
justified by the small yield increase (Cuanalo and Uicab-Couoh, 2005;
Fonteyne et al., 2022a; Fonteyne et al., 2022b). In the Mixteca Alta,
Oaxaca, manual sowing may require more than 50 hours of work

FIGURE 6
Milpa in Yaxcaba on the Yucatan Pensinsula, Mexico.
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TABLE 1 Workload to grow one year of milpa reported in the scientific literature.

Study location (Municipality, state)
Yaxcaba, Yucatan
Yaxcaba, Yucatan

Yaxcaba, Yucatan

83 and 401 days per hectare, depending on management intensity
38 to 45 days per hectare of first year milpa

38 days per hectare of second year milpa

Reported workload Study
Cuanalo and Uicab-Couoh (2005)

Hernandez Xolocotzi (1988)

Hernandez Xolocotzi (1988)

Mexcaltepec, Guerrero

Portage County, Wisconsin

Santa Maria Teopoxco, Oaxaca
Tamazulapam del Espiritu Santo, Oaxaca

Felipe Carrillo Puerto and José Maria Morelos, Quintana Roo

(Reyna-Ramirez et al., 2020). To reduce the workload of manual
sowing for maize, Lopez Gomez and Van Loon (2018) evaluated 6
manual tools, concluding that the traditional planting stick used by an
experienced day laborer was more efficient than improved hand
sowing tools, but study participants lacked experience with the new
tools and perhaps could learn to use them as effectively or more so
than the traditional tool. The use of improved hand planting tools
adapted for the milpa could save time, since fertilization could be
done simultaneously with sowing, which would also increase nutrient
use efficiency. Some milpa farmers already mechanize part of their
operations, such as in Becal, Yucatan, where farmers sow maize
mechanically using tractors and sow beans and squash manually,
following maize germination (Fils Pierre et al., 2021). Martinez Perez
(2021), describes participatory development of a seeder-fertilizer for
milpa systems powered by a 2-wheel tractor that can sow at a rate of
13 h ha' and requires only a single operator. In preliminary
investigations (pers. comm. Jesus Lopez-Gomez), it was noted that
weed control with small motorized implements might be possible,
with a weed removal efficiency greater than manual control and
significantly reducing the man hours of work. This indicates that
mechanization of small-scale agriculture can reduce the workload and
increase productivity and adopting custom scale-appropriate tools
and machinery could help sustain the milpa (Van Loon et al., 2020).
However, understanding the agrotechnical or socioeconomic
limitations for mechanization in milpas requires substantive
research and validation.

3.8 Milpa system productivity

To understand the milpa it is important to consider total
system productivity, rather than that of its component crops
individually. If a milpa is evaluated on maize yields alone
(typically from 1 to 3 t ha™) it appears unproductive, compared
to Mexico’s average reported maize yield of 3.8 tha™ (SIAP, 2019).
But adding up the total production of all milpa products harvested
speaks of a highly productive system that can provide food self-
sufficiency and complete and healthy diets for farm families
(Mt.Pleasant, 2016; Falkowski et al., 2019), altough this must be
nuanced by the fact that households not always have enough land
to sustain themselves completely from milpa (Lopez-Ridaura
et al., 2021).
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27 to 56 days per production unit from 1.0 to 1.7 ha

30 to 92 days per hectare, depending on management intensity

42 to 127 days per hectare, depending on management intensity

Reyna-Ramirez et al. (2020)
21-103 days to feed a family of 5 Demchik and Demchik (2014)
Fonteyne et al. (2022b)
Fonteyne et al. (2022b)

Granados Sanchez et al. (1999)

34 days per hectare

Measuring the total productivity of a milpa is complicated, given
the number of products that can be obtained in polyculture systems
and the various harvest windows. The productivity of monocultures
and polycultures such as the milpa system can be compared using the
Land Equivalent Ratio (LER), which represents the area that would be
necessary to produce what is obtained from a polyculture on
monoculture land area. If the LER is higher than 1, the polyculture
productivity is greater than that of a monoculture; for example, an
LER of 1.5 indicates that the productivity of 1 ha of polyculture equals
that of 1.5 ha of monocultures (Vandermeer, 1989). We only found 8
studies reported in 6 articles in Mexico and the United States whose
experimental design allowed the milpa LER to be determined
(Table 2). The LERs in those studies ranged from 1.08 to 2.89, so
the milpa in all studies was more productive than monocultures.

Milpa productivity can vary greatly and depends on many factors
including the location, average precipitation, soil type, planting
density, and varieties grown, among others. In general, in the
reported experiments, monoculture and polyculture maize yields
were similar, under milpa-type planting arrangements, whereas
bean and squash yields tended to be lower. Davis and Garcia (1983)
and Ruiz-Gonzalez and Victorino-Ramirez (2014) found that the
yield of maize interspersed with climbing beans was 15 to 30% lower
than that of the crop grown as a monoculture, but similar to
monoculture output if the beans were relay cropped, as is often the
case in a milpa. The milpa’s broad agroecological diversity means that
the range of system productivity for its various conditions and
locations still needs to be determined.

A limitation of these studies is that yields in t ha™ were always
used to calculate LER, but the nutritional and economic values of
squash or beans are much higher than that of maize, so the yield-
based LER is not necessarily a good representation of overall milpa
productivity or value. Sanchez Morales and Romero Arenas (2018)
report that in Tlaxcala maize yields were slightly higher in
monoculture, but profitability and total productivity were higher in
the milpa. Fonteyne et al. (2022b) showed for an experiment in
Oaxaca, Mexico that when economical values of bean and squash
yields were taken into account growing milpa was profitable, while
this was not necessarily the case when only considering maize. A
meta-analysis of 939 observations of polycultures in 126 studies
worldwide revealed that polycultures produced 38% more energy
and 33% more income than monocultures (Vanloqueren and Baret,
2009). Similarly, to understand the value of the milpa vs

10 frontiersin.org


https://doi.org/10.3389/fagro.2023.1115490
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Fonteyne et al.

10.3389/fagro.2023.1115490

TABLE 2 Land Equivalent Ratio (LER) reported in studies on milpa as a maize, bean and squash association system, compared to monocultures of the

same crops.

LER Location Study

1.6 Piedras Blancas, State of Mexico Ebel et al. (2017)

1.73 Chontalpa, Tabasco Amador (1980)

2.08 San Andrés Calpan, Puebla Molina-Anzures et al. (2016)
2.88 San Lorenzo Chiautzingo, Puebla Molina-Anzures et al. (2016)
12-16 Rock Springs, Pennsylvania Zhang et al. (2014)

1.08 - 1.30 Tompkins, New York Mt.Pleasant and Burt (2010)
1.16 Cayuga, New York Mt.Pleasant and Burt (2010)
2.89 Central Mexico Trujillo-Arriaga and Altieri (1990)

monocultures requires an analysis of the economic differences and/or
the concentrations of nutrients. Another consideration is that
experimental yields are not necessarily equivalent to farmers’
results. To begin with, experimental management can be more
intensive under experimental conditions than local conditions, as in
the case of Ebel et al. (2017), who obtained high yields but under
management practices that were costly and unrealistic. Milpa farmers
also do not always grow only maize-bean-squash combinations but
may include a wide variety of crops in different part of the field. Avila-
Bello et al. (2018) reported up to 10 crops grown in a milpa, in
addition to coffee, firewood, and medicinal and ornamental plants, in
the Sierra de Santa Martha, Veracruz. In addition, the crops are
generally not sown uniformly throughout the plot, so LERs provide
only indicative ranges of production, not absolute values for entire
plots or homesteads.

3.9 Milpa to support balanced diets

Milpas are grown not to produce large surpluses for markets but
rather to meet the nutritional requirements of the family. Therefore,
another method to measure milpa productivity is to calculate how
many people can be nourished from a milpa. In terms of nutrition,
maize is the base crop and provides the calories in the milpa diet,
while beans, squash and the other associated crops supplement
protein, fatty acids and micronutrients. In the study by Falkowski
et al. (2019), Lacandon farmer Adolfo Chankin recorded for 3 years
all harvested produce and animals hunted on his milpa plot in
Ocosingo, Chiapas. The results showed that an average Lacandon
milpa (2.33 ha) is sufficient to ensure food security for 5.3 individuals
per year with a healthy diet, containing all the necessary nutrients and
almost all the micronutrients. In the same way, taking into account
only the production of maize, beans and squash, Mt.Pleasant (2016)
reported that the traditional milpa of the Haudenasaunee in New
York produced more energy and more protein per hectare (12.3 x
10° keal ha™! and (349 kg ha™, respectively), than the same crops in
monoculture and may be enough to provide 13.4 people ha™' year
with the necessary energy and 15.9 people ha™ year” with the
necessary protein. Additionally, the wild plants in the milpa can
have a high nutritional value, which is also reflected in their economic
value. For example, in a study in Tlaxcala, Mexico, the value of the
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edible wild plants that can be harvested in a maize field was greater
than the production value of 1.5 t ha™* of maize grain from the same
land (Gonzalez-Amaro et al., 2009).

In addition to plant production, milpa systems help support
supplies of meat, both from wild animals around milpa plots and
farm animals that feed on milpa surplus output. Wildlife, in the form
of bushmeat, adds essential nutrients in the milpa-based diet
(Falkowski et al., 2019) and milpas are often active hunting sites; in
parts of the Yucatan Peninsula, milpas are sometimes established
solely to attract small game (Naranjo et al., 2015).

In Guatemala mountain communities, a study found greater food
security in households that grew milpas than in those that grew only
monoculture maize (Lopez-Ridaura et al.,, 2019). Alternative systems
such as maize-bean-potato, maize-potato and maize-common bean-
broad bean also offered greater food security, while monoculture
maize yielded the lowest results (Lopez-Ridaura et al, 2021). In a
study in the Mixteca Alta region of Mexico, the milpa was found to
provide all nutritional needs, with the exception of vitamin B12
(which is of animal origin), for at least 2 people ha™ year™, so
cultivating a milpa was associated with greater household food
security, over that of families who depended solely on monocultures
(Novotny et al., 2021).

4 Discussion and recommendations

4.1 The limited availability of agronomic
research on the milpa system

Based on the literature encountered, agronomic research on
milpas has been scarce and sporadic, centered on maize and beans
while leaving out other crops and, despite the great diversity of milpa
systems across Mexico, largely concentrated in the Mayan zone. Even
in the Mayan zone, research has focused on environmental or socio-
economic, rather than agronomic topics (Rodriguez-Robayo et al,
2020). In this sense, it is important to study the great diversity that
exists among milpa systems, since limiting research to Yucatan can
generalize unrepresentative conclusions for all milpas (Dyer
et al., 2018).

Not all field research by farmers, technicians, students and
scientists has been published in scientific articles or books. There
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have been studies with direct local impact, but, since they have not
been documented or represent publications that are difficult to access,
have been left out of the search framework defined for this report.
Moreno-Calles et al. (2014) reported a similar situation with only 91
of 737 studies found on agroforestry in Mexico published in scientific
articles; the rest being other forms such as master’s, bachelor’s or
doctoral theses. Greater effort is needed to publish and make
accessible the knowledge contained in this literature.

The limited formal agronomic research on milpa systems has left
smallholder farmers unattended, so they have adopted technologies
developed for other production systems that do not necessarily
function in traditional systems (Aguilar et al, 2003; Wies et al,
2022). The same applies to technical assistance programs that
promote solutions that are not validated for local conditions and
therefore have unknown effects on the productivity of the local
cropping systems. Effective technical assistance must be based on
field research so that the innovations proposed actually benefit
farmers. Similarly, there are no official national data on milpa
productivity, since official data are reported per crop. Omitting
polyculture data from official statistics probably skews the
perception of small-scale farmers’ productivity (Orozco Ramirez
and Astier, 2022).

The lack of research on the milpa is characteristic of a general
focus in agronomic research on commercial monoculture production
systems, while more traditional and diversified agroecosystems in
small- and medium-scale agroecologies are relatively ignored (Miles
et al, 2017). For the reasons explained in this literary review,
smallholder systems do not necessarily respond in the same way to
agronomic or biophysical factors as the maize production systems of
large farmers in high-latitude countries (Wies et al., 2022). The lack of
research on diversified agroecosystems creates a vicious circle in
which the lack of academic career and experience opportunities and
paucity of literature and reference resources inhibit new researchers
from entering the area. To have a sustainable agri-food system with a
place for milpa, systemic research on this cropping system requires
attention and support (Vanloqueren and Baret, 2009; Miles et al.,
2017). Polycultures received renewed mention as a way to make
agriculture more sustainable and productive (Bybee-Finley and Ryan,
2018; Martin-Guay et al,, 2018), so research to improve agronomic
management of milpas would benefit not only milpa farmers but
could generate interesting applications for other production systems.

4.2 Conducting research on the milpa
system is complicated

Suggesting improvements to the milpa can cause controversy,
since the system has been practiced for generations and has great
cultural significance. It should be considered that the milpa has
evolved over time, incorporating new crops, tools, technologies and
practices and adjusting to local conditions; Rodriguez Canto et al.
(2016) described three current types of milpa: traditional, continuous,
and mechanized, indicating a broad diversity of production systems
based on the polyculture components of milpa. Moreover, the
conditions in which milpas are grown are changing due to climate
change, societal changes, population growth, and cultural changes, so
the milpa has to co-evolve. Finally, milpas already incorporate use of
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herbicides, fertilizers and other inputs initially adapted for
commercial agriculture (Mascorro De Loera et al,, 2019; Fils Pierre
etal, 2021; Wies et al., 2022); these practices then should be adapted
to milpa conditions.

Apart from the pioneering research of Hernandez-X. in the
municipality of Yaxcaba in the 1980s (Hernandez et al., 1995), only
12 (20%) of the studies related to agronomy in the Scopus collection
(61 studies) address the effects of some intervention in the system or
report on one trial with an experimental design; the remaining 80%
(49 studies) only describe agronomic management aspects such as
fertilization or cover crops as they are practices by farmers. Only
Molina-Anzures et al. (2016) and Mt.Pleasant and Burt (2010) report
field experiments with different treatments evaluated for maize, beans,
and squash. There is thus a great need for research and it will require
many scientists, farm advisors and farmers, as well as funding, to
carry out. The studies need to be systemic, considering the associated
crops and even wild plants.

Agronomic research using field trials is complicated, given the
high number of interrelated system variables, including sowing
densities, varieties grown, planting arrangements and dates; the list
goes on. These factors and the need to adjust experimental designs to
the milpa’s variable conditions makes this research more complex,
laborious, and expensive than agronomic trials under monocultures.
As an alternative to field trials, the milpa can be studied through
farmer surveys, as was done by Lopez-Ridaura et al. (2019) and
Gonzalez-Esquivel et al. (2020). Such studies can identify current
management practices related to best outcomes, with the advantage
that the practices are already locally adapted and can thus directly
inform useful recommendations. However, this approach cannot
evaluate new practices. One field-based approach that has proven
effective is mother-baby trials, where an improved practice is grown in
or near farmers’ fields and compared with conventional practices
(Snapp, 2002). Nonetheless, the great variability among milpas in a
region and even within a field can make it difficult to define a
conventional milpa or control treatment. To address some of these
issues, farmers need to be involved in study designs, identifying
critical factors for investigation and, crucially, those they would
prefer not to change, for cultural or other reasons. Farmer input
can also improve data collection to generate results and analyses that
reflect actual field level conditions for milpas. Considering that milpa
is practiced in a wide range of agroecological settings, studies will be
needed for many regions of interest, since the results one region will
not necessarily be relevant for conditions in another. Finally, as most
milpas are grown under rainfed conditions with variable weather
conditions, studies should be conducted over several successive years.

4.3 Suggested research priorities

Apart from understanding the sociocultural and biodiversity
aspects of the milpa, to conserve this production system it is
necessary to solve the agronomic challenges that it faces, and that
requires more research and the development of optimized milpas
(Ebel et al., 2017; Ebel et al., 2018). Through participatory research in
situ and taking into account cultural preferences, the milpa could be
improved, not only in terms of productivity but also profitability. For
this, it is necessary to identify practices that support system diversity,
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reduce the workload, increase ecological sustainability, and foster the
competitiveness of milpas with large-scale commercial production
(Ebel et al., 2018).

Climate change will strongly impact Mesoamerica, requiring
changes in varieties and crops in many regions (Ureta et al., 2016).
The continuous evaluation of practices under the diverse conditions
of milpas, along with crop improvement research, are needed, to
generate mitigation and adaptation solutions for milpa farmers in
affected areas.

Regarding the imperative of reduced workloads in milpas, one
option is research and development on small-scale mechanization for
more efficient soil preparation, fertilization, sowing, weed
management, harvesting, and post-harvest management. This work
should be accompanied by agronomic research on improved planting
arrangements and sowing densities, timing of field operations, and
precise use of inputs.

Few studies have addressed optimal fertilization for landrace
maize, which reacts differently from modern hybrids to fertilizer
(Alonso Ferro et al,, 2007). In one interesting case, Van Deynze et al.
(2018) reported nitrogen fixation by microorganisms associated with
landrace maize in the Mixe region and other varieties demonstrating
tolerance to acidic or alkaline soils; this suggests the need for more in-
depth knowledge regarding the fertilizer needs of local maize varieties,
to generate useful recommendations. There is also little knowledge
about the fertilization needs of the other milpa crops or regarding soil
fertility management of the milpa in its entirety (Reyna-Ramirez et al,
2018; Osorio Alcala and Fabian, 2019). Reyna-Ramirez et al. (2018)
underscored farmers’ lack of knowledge regarding appropriate levels
of fertilization and illustrates the tendency of smallholders to apply
high amounts of fertilizers with low efficiency, when they have access
to these. More systemic research on milpa fertilization (sources,
timing, methods, effects on all crops and on soil biology) is necessary.

We found no weed management studies for crops other than
maize, and the practices evaluated could have different impacts on
different crops. Also, there were no studies on alternatives other than
cover crops, herbicide use, or manual weed control. An integrated
approach to weed management should evaluate options such as
mechanical control, use of milpa-compatible herbicides, rotations
and residue covers, and improved planting arrangements, among
others. Regarding pests, the milpa’s great agrobiodiversity and
consequent lower incidence of pests should make pest management
possible without the use of synthetic insecticides. To confirm this,
there is a need to study milpa pests, define economic thresholds for
damage, evaluate low-impact or biological insecticides, and eliminate
use of high-impact and toxic insecticides. In each region, pests,
predators, and parasitoids must be catalogued and farmers trained
on the value of biodiversity and promoting management that favors
system resilience. Solutions are also needed to manage macrofauna
such as badgers or raccoons that can cause great losses.

Reported LERs suggest that milpas can be highly productive,
coinciding with data from other regions showing that small farms
were much more productive than large farms, if total production
rather than the yield of a single crop was considered (Heltberg, 1998;
FAO, 2016; Baudron et al,, 2019). Diversified agricultural systems and
polycultures are both more productive on a per-hectare basis, even if
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their individual crops yields are below those of crops on larger farms,
and more resilient due their cropping diversity (Altieri, 1999; Altieri
and Manuel, 2011). However, increasing milpa productivity does not
necessarily have to aim for greater surpluses, but rather to improve
the availability of nutritious food and system resilience in the face of
environmental and socioeconomic constraints. Still, the milpa can
offer food security to families only if it produces enough and through
technological interventions that farmers can implement. Those in
turn must be developed and evaluated through participatory research
and adapted to local conditions to increase yields and reduce crop
losses (Gonzalez-Esquivel et al., 2020; Fonteyne et al., 2021; Saldivia
Tejeda et al., 2020).

5 Conclusions

Agronomic research on the milpa has been surprisingly limited,
considering the system’s historical, cultural and agronomic
importance. There is little scientific knowledge regarding its
agronomic processes or the environmental interactions of its
components, and this has constrained the output of useful, science-
based agronomic recommendations and support programs for milpa
farmers. Changes in climate, public policies, and society require an
“update” of milpa systems, with increased attention of the scientific
community and research investors. This includes holistic,
participative research on the agronomic management of milpas,
accounting for the effects of varied interventions on all
cultivated species.
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