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Abstract: Crop diversity conservation in situ is an ecosystem service with benefits at household,
community, and global scales. These include risk reduction and adaptation to changing physical
and sociocultural environments—both important given the accelerating changes in climate, human
migration, and the industrialization of agriculture. In situ conservation typically occurs as part of
small-scale, traditionally based agriculture and can support cultural identity and values. Although
decisions regarding crop diversity occur at the household level, few data detail the household con-
text of in situ crop diversity management. Our research addressed this data gap for maize and
Phaseolus bean in Oaxaca, Mexico, a major center of diversity for those crops. We defined diversity
as farmer-named varieties and interviewed 400 farming households across eight communities in
two contrasting socioecological regions. Our research asked, “In a major center of maize and
Phaseolus diversity, what are the demographic, production, and consumption characteristics of the
households that are stewarding this diversity?” We describe the context of conservation and its
variation within and between communities and regions and significant associations between diver-
sity and various independent variables, including direct maize consumption, region, and marketing
of crops. These results provide a benchmark for communities to understand and strengthen their
maize and bean systems in ways they value and for scientists to support those communities in dy-
namically stewarding locally and globally significant diversity.

Keywords: crop divergence; farmer-named crop diversity; households; in situ conservation; maize;
Mexico; migration; Oaxaca; Phaseolus bean; crop richness; Simpson'’s index; traditionally based
agriculture

1. Introduction

Research has shown that traditionally based agriculture remains an essential source
of food and together with other traditional livelihoods (e.g., fishing, hunting) provides
sustenance for as much as 70% of the global population [1], although this estimate is con-
tested [2]. Here, the term “traditionally based” agriculture indicates small-scale produc-
tion, often managed and worked by households, that uses traditional practices but may
incorporate inputs such as commercial chemical fertilizers or tractors. For example, of
those employed in maize cultivation in Mexico, an estimated 92% work in traditionally
based farms of <5 ha, using low inputs, with most being rainfed [3]. Especially in centers
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of crop origin and diversity, this agriculture dynamically conserves crop genetic diversity
in situ through management practices and ongoing adaptation to changing conditions and
is recognized as a complement to ex situ conservation as the genetic foundation for the
global food systems we all rely upon [4]. Crop diversity conservation in situ is recognized
as an ecosystem service of agriculture [5,6] with benefits at the household, community,
and global scales. Key benefits include harvest risk reduction, that is, decreasing the po-
tential for poor harvests over time, and enhanced ability to adapt to changing physical
and sociocultural environments [6], which are especially important with accelerating
changes in climate, migration, and the industrialization of agriculture. As in situ conser-
vation typically occurs as part of small-scale, traditionally based agriculture, it also sup-
ports cultural identity and values [7]. This agriculture can also be the basis for developing
future food systems that are environmentally, economically, and socially sustainable, and
just [8].

While there have been studies of the regions or communities where crop varietal di-
versity is maintained in situ, e.g., [9], detailed investigations of household production and
consumption of crop diversity are rare, even though it is the unit of decision making for
in situ crop diversity conservation [10]. Our research helps to fill this critical gap in two
regions of significant crop diversity in Oaxaca, Mexico, by documenting and describing
the household characteristics of in situ crop conservation. We followed the definition of
the household as a group that is often family-based and shares “production,... distribu-
tion,...transmission, ...biological and social reproduction, and co-residence” from early
work [11] investigating the production and environmental benefits of small scale agricul-
ture managed by the household.

Mexico is the center of origin, domestication, and the primary center of diversity for
maize [12] and Phaseolus vulgaris (common bean) [13], and at least two other Phaseolus
species (P. coccineus, P. dumosus) [14]. Within Mexico, topographic variation and cultural
diversity combine to make the state of Oaxaca a major center of maize and Phaseolus di-
versity, with wild relatives of both crops present. Oaxacan farmers maintain 35 (59%) of
the 59 maize races native to Mexico [15] (referred to as “landraces” in that reference)
[16,17] in the form of hundreds of farmer-named varieties. Maize races are groupings first
based on morphological, physiological, genetic, and other criteria [18]; varieties are sub-
groups within races, often identified with an area, that share distinguishing characteris-
tics.

Oaxaca is also the most culturally diverse state in Mexico, with 16 ethnic groups and
five indigenous linguistic families comprising 176 language variants. The majority of
maize farming households in the state and in the two regions included in this study are at
least partially self-provisioning for their maize food needs [9]. In addition to having high
levels of crop and cultural diversity, Oaxaca also has high levels of poverty, low levels of
formal education, and, in some communities, low masculinity indices due to male out-
migration ( Table 1).
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Table 1. Community and municipality characteristics from published sources.
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Sierra Juarez communities ©
A 2000 757 1444 1479 84.3% 5.19 76.3% 87.99 High 1517 95 1.12 70 22 0.41 5.9
B 2040 881 1502 559 94.4% 6.65 56.8% 91.38 Low 575 51 1.13 100 28 0.42 20.5
C 2050 2012 1684 791 75.4% 5.67 98.3% 85.41 High 2495 704 1.13 319 71 0.41 11.6
D 1950 1805 1359 1684 83.4% 5.41 88.6% 85.44 High 5598 1110 1.12 222 135 0.41 9.9
Valles Centrales communities 7
E 1500 717 1876 1426 75.8% 4.5 0.0% 94.74 High 19,679 4916 0.95 237 138 0.6 42
F 1360 692 1912 1294 63.7% 4.09 0.7% 83.31 High 1312 495 1 377 15 0.7 8.0
G 1675 698 1781 1852 95.5% 8.76 1.8% 94.46 Low 4405 800 0.99 180 18 0.67 2.7
H 1447 771 1879 1094 83.0% 5.69 0.3% 84.58 Medium 19,215 6196 1 322 700 0.79 28.8

1[16]. 2 Results for community (localidades), 2010 population census [19]. * [20]. 4 Data for municipalities with same name as community except: Ejutla de Crespo for Santa

Marta Chichihualtepec; Zimatlan de Alvarez for Valdeflores Zimatlan. > Municipal populations [19]; crop data, “maiz grano

”
7

w“

‘frijol” [21]. ¢ Community names; municipality

name is the same unless otherwise noted. A = San Juan Atepec; B = Santa Maria Jaltianguis; C = Asuncién Cacalotepec; D = Totontepec Villa de Morelos. 7 Community
names; municipality name is the same unless otherwise noted. E = Santa Marta Chichihualtepec (Heroica Ciudad de Ejutla de Crespo); F = San Agustin Amatengo; G = San
Andrés Zautla; H = Valdeflores Zimatlan (Zimatlan de Alvarez).
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Our study builds on an extensive survey of maize racial diversity in the state of Oa-
xaca primarily conducted during 2004-2005 which included phenotypic and agronomic
characterizations [16]. In 2007, we interviewed farmers in eight communities in the Sierra
Juarez (S]) and Valles Centrales (VC), two of the eight regions of Oaxaca documented in
that earlier survey. Our research was intended to complement the maize survey and had
two goals. First, describing basic household characteristics (including labor migration,
farming practices, farmer-named maize and Phaseolus bean diversity, farmers’ attitudes
toward risk in agriculture, and their hopes for the future). Our second goal was to use
these data to test the null hypotheses that household characteristics (a) do not vary signif-
icantly between communities in a region or between regions, and (b) that there is no as-
sociation between the number of farmer-named maize and bean varieties maintained by
the household and other household characteristics. This data article provides a broad pic-
ture of traditionally based farming households facing both social and environmental
changes in an important center of crop diversity, as well as insights into the practices
households use to meet their farming goals. The characteristics and practices documented
here and the local empirical knowledge they are built on are critical elements of the “com-
plexity of local situations” —the combination of biophysical and sociocultural factors that
require adaptations to the challenges of the Anthropocene that are distinct, participatory,
and locally crafted [22]. Our results can serve as a baseline for future research with com-
munities into practices they may wish to pursue to achieve their own goals for these ad-
aptations.

2. Materials and Methods
2.1. Study Sites

We conducted our study in two of the eight regions of Oaxaca documented by Aragén
Cuevas et al. in their survey of Oaxacan maize racial diversity [16]. Based on that previous
work, we selected the SJ region, which had the highest maize racial diversity (n =7 primary
races present), and the VC region, which had the greatest total area planted with traditional
or farmers’ maize varieties (maices criollos, 120,000 ha). Within each of those regions, we se-
lected four communities that were in the original maize survey and that represented con-
trasting growing environments within the region (Figure 1, Table 1), as well as the primary
cultural groups in each region: Mixe and Zapotec in SJ, and mestizo in the VC.
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Figure 1. The locations of the eight communities included in this study (INIFAP).

The IRB of the University of California, Santa Barbara, approved our research proto-
col and survey instrument—an interview questionnaire —after which we received permis-
sion from municipal authorities to work in each community. We obtained complete lists
of adult residents, by household and, where relevant, by neighborhood, from the local
health clinics and created a random sample of adult household heads (male or female, as
appropriate) in Santa Maria Jaltianguis and Asuncién Cacalotepec, which did not have
defined neighborhoods, and a stratified random sample, including all neighborhoods in
the six other communities. In each community we interviewed 50 households. All house-
holds in our samples grew either maize or bean, or both. Published government data pro-
vide a general overview of those communities (Table 1). Although 50 households commu-
nity~! were interviewed, the sample size differed for some variables due to lack of re-
sponse or for variables that were nested, for example, the amount of maize sold relative
to household consumption was only relevant to households selling maize.

2.2. Interview Questions

The interview questions addressed five topics. First, farmer-reported maize and bean
diversity in terms of named varieties. Second, household demographics, including age,
sex, education, and primary language of the interviewee, household composition, and la-
bor migration. Third, maize and bean farming practices, including seed sources, planting
environments, production inputs, and yield estimates. Fourth, household use of maize
and bean harvests, including direct consumption as food or feed, and sales. Fifth, values
in farming, specifically attitudes toward risk and expectations for the future.

2.2.1. Farmer-Reported Maize and Bean Diversity

We used three indicators for region- and community-level maize and bean diversity:
(a) richness or the number of farmer-named varieties being grown in 2007; (b) the propor-
tional abundance of farmer-named varieties and the derivative calculation of divergence;
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and (c) maize population size, measured in kilograms of seed planted of a farmer-named
variety in 2007.

All three indicators are based on farmer-named varieties, a commonly used metric in
surveys of farmer crop diversity, both because it is relatively easy to document and be-
cause it reflects farmers” own understanding of their crop diversity [10]. Other research
has demonstrated that farmer-named varieties can underestimate genotypic diversity,
combining distinct genotypes, varieties, or even species (homonymy or “lumping”), for
example, in self-pollinated crops, including rice in Guinea, West Africa [23], and bean in
Oaxaca [24,25]. However, the opposite (synonymy or “splitting”) has also been docu-
mented. For example, genetic analyses of farmer-named bean varieties or varietal groups
in Oaxaca demonstrated that they can sometimes be more specific and complex than those
of outside “experts,” even encompassing distinctions at the level of subpopulations of an
ecogeographic race [24]. One bean study in Oaxaca found variation in varietal classifica-
tions among farmers within a community [25], and varietal classifications are likely to be
even more variable and complex in maize because it is cross-pollinating, in contrast to the
predominantly self-pollinating P. vulgaris. For example, Pressoir and Berthaud [26] found
that variation in flowering duration and anthesis silking interval in local maize popula-
tions in the VC created within-population structure (e.g., excess homozygosity and a
Wahlund effect) not anticipated based on seed system practices or molecular markers.
Undoubtedly, both homonymy and synonymy are present in the classifications we report
here.

Our first indicator, richness or number of farmer-named varieties, is a count of those va-
rieties at the household, community, and regional levels. Since farmers’ varietal names
are an imprecise measure of crop genetic diversity (see, e.g., [25]), we were conservative
with our counts based on these names both within and between communities in the same
region. For example, if the yellow maize planted in high- and low-altitude fields was given
the same generic name (local yellow maize, amarillo criollo), we did not distinguish these
as different, despite evidence that farmers often allocate different maize and bean varieties
to differently named elevational environments [24,27]. This makes our estimates espe-
cially conservative for S] communities in cases where farmers did not report different
names for the seed lots planted at different elevations. On the other hand, if farmers told
us that they grew two types of high-altitude, local white maize that have distinct names,
we classified these as two different varieties. Similarly, for regional totals we counted crop
varieties with the same name from different communities in the same region as the same,
even though they may be different. For example, we counted as one variety a small, black-
seeded P. vulgaris of the Mesoamerican ecogeographic race with a bush growth habit
grown in all four S] communities; in the two S] Mixe communities (Cacalotepec and
Totontepec) it is referred as Mditsk xéjk and is known in the two Zapotec S] communities
(Atepec and Jaltianguis) as Dad giiin-nii but it is also called by the Spanish name Delgado
by some members of each of these communities. Thus, both community and regional
named variety counts reported here are deliberately conservative.

Our second indicator of crop diversity, proportional varietal abundance, was calculated
as Simpson’s Index of Heterogeneity (SI) (where SI=1 - D) [28], estimated using the num-
ber of farmer-named varieties and their frequencies (see Section 2.3 for details). We also
measured a derivative of SI, the divergence of diversity, or the allocation of varieties among
and between study units, e.g., in a community vs. in households there, and in a region vs.
in communities there [10,29].

Our third indicator of diversity was crop population size measured as mean kilograms
of maize seed sown variety™ in 2007 and as the change in total kilograms of maize sown between
1987 and 2007. The amount of seed sown is a better basis for comparing crop population
sizes than area sown because of the range of planting densities across different environ-
ments, with no sowing rate area™! being consistent across locations in this study. Maize
seed sown was often reported in almudes, a volumetric measure common in Oaxaca and
other areas invaded and occupied by Spain. We converted almudes to kilograms based on
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standard conversions unique to each community which ranged from 4-6 kg almud- due
to differences in the seed size of the maize varieties grown.

2.2.2. Interviewee Characteristics and Household Demographics

In addition to basic information about the interviewee, who was most often the head
of household, we also documented household composition and labor migration over the
previous 10 years.

2.2.3. Maize and Bean Seed Sources and Farming Practices

We asked farmers where they obtained maize and bean planting seed, whether they
planted modern varieties, and about other potential sources of geneflow, as well as about
their use of agrochemicals and organic fertilizers. Farmer yield estimates were used to
calculate yields kg seed sown using the triangulation method [30,31]. Yield calculations
for bean were separated into bush- and vining-type growth habit.

2.2.4. Use of Maize and Bean Harvests

We asked farmers about the amount of maize and bean their households consumed,
whether or not either crop was sold, and, if sold, the amount sold relative to household
consumption.

2.2.5. Attitudes toward Risk, Expectations for the Future

We assessed attitudes toward risk through two previously described scenarios
[32,33] (Figure 2). For the first scenario, regarding the value of yield stability over time,
farmers were asked to compare two maize varieties: one with yields highly responsive to
rainfall; the other with more stable, less responsive yields, but with relatively higher yields
under poor rainfall conditions. The hypothetical maize varieties were described as being
exactly the same in every other way.

a. H e
Maize X (stable) Ragn fzg i Maize Z (responsive)

QOO B OOO0OO

‘Normal’

QO QOO
O PEZ’ Nothing!

Which maize variety is best for you?

b. Yields
P g Year 1 Year 3 Year 9
Varieties of maize
o o o
& o o o
Locally o o o
available <O o <O
GlIEA o o o
From o o
formal o o
system o Seed of new variety
<O available from formal
0 system after year 6 or 7,

cost~200% >Z

Which maize variety is best for you?



Sustainability 2022, 14, 7148

8 of 35

Figure 2. Two scenarios regarding attitudes toward risk presented to farmers in eight communities
in Oaxaca, Mexico. (a) Scenario to elicit farmer attitudes towards risk. Farmer perceptions of geno-
type x environment interaction and attitudes toward risk. Reprinted with permission from [31]. (b)
Scenario to elicit farmer attitudes towards hypothetical consequences of a transgenic maize variety.
Reprinted with permission from [34].

The second scenario also presented a comparison between two contrasting maize va-
rieties: the first with relatively stable yield and locally available seed; the second with in-
itially very high yield and seed that must be acquired from the formal seed system, at
twice the cost of seed of the stable variety. Yield of the responsive variety would decline
over approximately six years to a level lower than that of the stable one, but at that time
seed for another variety with high initial yield would become available from the formal
seed system. The responsive variety represents a maize variety with a transgene that pro-
vides effective protection from a pest that reduces yield in the local growing environment
(similar to Bt maize). However, over time, evolution of resistance in the pest population
would render the transgene ineffective and yield would drop below the levels of the local
stable variety. The two varieties were described as being in every other way the same and
were referred to as varieties 1 and 2. The term “transgenic” was never used in this sce-
nario, which was presented before any question or discussion about transgenesis was in-
troduced in the interviews.

Next, we provided farmers with a description of transgenesis as a “process con-
ducted in laboratories by scientists in which properties from other living organisms such
as other plants or animals could be inserted into a seed, in this case maize. After this pro-
cess the seed could be planted and would grow as normal maize but the plant would
contain that property.” We also presented the example of a microscopic soil organism
with the property of resistance to caterpillars, and that property could be inserted into
maize, making it resistant to caterpillars (as is the case for Bt maize). After this description
was given, we asked the farmers if they thought this technology itself was good, bad, or
whether its value depended on the results.

To ascertain farmers’ personal perspective on the future of farming in their commu-
nity, we asked interviewees if they hoped young people in their community would con-
tinue to be maize and bean farmers in the future, and then asked them if they actually
believed youth would continue to farm.

2.3. Analyses

Analyses were conducted in RStudio, version 2021.09.2 build 382 [35]. We screened
quantitative variables for normalcy with the Shapiro-Wilk test [rstatix package; other
packages bracketed below]; where appropriate we followed the non-parametric Kruskal-
Wallis [rstatix] test by a Dunn’s Test [FSA], otherwise we used one-way ANOVA [stats]
tests. We analyzed qualitative response variables with chi-square tests [rstatix], and hy-
potheses regarding associations between household characteristics and maize and bean
varietal diversity with logistic regression analysis [stats], with independent variable col-
linearity screened by variance inflation factor [car], model fitting ascertained based on
minimizing regression AIC, maximizing accuracy calculated by repeated k-fold cross-val-
idation [caret; n = 3, reps = 3], and log odds ratios from these logistic regressions plotted
on a log scale (see Figure 3). Farmer-named crop variety diversity was described as rich-
ness and as proportional abundance, expressed as the Simpson Index of Heterogeneity
(SI) [vegan], with (SI=1-D; D = ¥, p?) and pi = proportion of individuals in the ith variety,
following [28]. We used divergence [10] or “proportion of diversity residing among pop-
ulations” [29] to describe diversity among community vs. household levels, calculated as
(Community SI—mean household SI in community)/Community SI; and at region vs.
community levels, calculated as (Region SI—mean community SI in region)/Region SI.
Statistical significance was assigned at p < 0.05 throughout.
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Figure 3. Log odds ratios of independent variables associated with levels of varietal richness for
bean and maize. Varietal richness levels were (a) less than two vs two or more varieties, (b) less than
three vs three or more varieties. Error bars represent the 95% confidence interval; values are plotted
using a log scale.

3. Results and Discussion

Our results provide a detailed description of the household context of in situ conser-
vation and use. While many variables did not have significant associations with diversity,
they are nonetheless important for understanding that context and anticipating possible
trends of change, for example, rates and destinations of labor migration, levels of con-
sumption, sources of seed, and potential for gene flow. All data are available through the
public data repository Dryad https://doi.org/10.25349/DISCOW (accessed on 6 June 2022).

3.1. Farmer-Reported Varietal Diversity in Maize and Bean

We documented the diversity of farmer-named maize and bean varieties across eight
Oaxacan communities, measured as richness, proportional abundance (SI) and diver-
gence, and overall population size (only for maize).
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3.1.1. Richness (Number of Farmer-Named Varieties)

Seventy-three percent of households interviewed grew both maize and beans in 2007.
In the 5], 20 households (10%) did not grow beans, and one Totontepec household did not
grow maize; in the VC, 84 households (41%) grew no beans, and one household in Zautla
did not grow maize (Table 2). One household in each of Cacalotepec and Amatengo re-
ported growing five maize varieties; two Valdeflores households grew four maize varie-
ties, with one out of four and three out of four of those being modern varieties. The nearly
universal cultivation of maize (99.5% of households) reflects the economic, cultural, social,
culinary, and nutritional significance of the crop [7,36,37]. Maize production is important
for subsistence, even for households receiving migrant remittances or participating in
wage labor locally (see the comments about farming and the future, Section 3.5.2).

We found higher mean maize varietal richness in the SJ and larger maize population
sizes in the VC, parallel to Aragén Cuevas et al.’s general finding [16] that more maize
racial diversity is maintained in the SJ, while in the VC significantly more kilograms of
maize, and thus larger maize populations, are sown (Table 2). See Tables Sla and S1b for
the names of bean and maize varieties that farmers reported growing in 2007. We found
the same pattern of greater varietal diversity for bean in the S] compared to the VC. Farm-
ers reported non-Phaseolus species that they also classified as “frijol” (“bean”), but we did
not include these varieties in the bean diversity counts because Oaxaca is not their center
of origin, domestication or diversity: frijol Chivo (Vigna unguiculata—Santa Marta Chichi-
hualtepec n = 26); chicharo/Poopxéjk (Pisum sativum — Cacalotepec n = 2, Zautla n = 1); frijol
Nescafe (Mucuna pruriens— Amatengo n =1).
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Table 2. (a) Farmer-reported bean varietal richness and associated abundance and divergence estimates. (b) Farmer-reported maize varietal richness
and associated abundance and divergence estimates. (c) Farmer-reported total kilograms of maize seed sown and per variety and change in amount
sown (1987-2007).

(a)
Total Bean! Varieties Household! among Those Sowing Bean
Proportion Of  Community Richness
Region, Community Households Richness Standard Dunn’ Proportional Divergence
Planting Beans (Farmer-Named Mean Devia- Min Max Tun:lzs Abundance (SI) Estimate 3
Bean Varieties) tion e

Between regions * *

Sierra Judrez, all communities 0.90 17 1.78 % 0.80 0 4 0.88 0.17
San Juan Atepec 0.92 8 1.98 0.82 0 4 a 0.72 0.39
Santa Maria Jaltianguis 0.92 11 1.78 0.81 0 4 a 0.82 0.37
Asuncion Cacalotepec 0.88 7 2.05 0.76 0 3 0.77 0.36
Totontepec Villa de Morelos 0.88 6 1.31 0.60 0 3 b 0.58 0.60

Valles Centrales, all communities 0.58 13 1.35*% 0.62 0 3 0.70 0.15
Santa Marta Chichihualtepec 0.35 6 1.25 0.45 0 2 w 0.78 0.85
San Agustin Amatengo 0.63 9 1.76 0.79 0 3 X 0.82 0.62
San Andrés Zautla 0.86 6 1.14 0.42 0 3 w 0.39 0.84
Valdeflores Zimatlan 0.55 4 1.23 0.50 0 3 w 0.37 0.71

* Significant difference between units at this level, p <0.05. ' Phaseolus spp. only, farmer-named varieties. 2 Units with different letters are significantly different. *Community
divergence = (community SI - mean household SI)/community SI; regional divergence = (regional SI - mean community SI)/regional SI, following [10]. SI = Simpson’s Index
of Heterogeneity, expressed as 1 - D, after [28].
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(b)
Maize Varieties Household-! among Those Sowing Maize
Total Richness
Races of Maize Proportion Cot.nmunlty
Identified of Richness Proportional
Region, Community . Households (Farmer- roporuona Divergence
in the . Standard . Dunn’s Abundance .
. Planting Named Mean . . Min Max Estimate 3
Community ? . . Deviation Test 2 (SD
Maize Maize
Varieties)

Between regions NS *

Sierra Juarez, all communities 10 1.00 19 1.51% 0.67 0 5 0.71 0.03
San Juan Atepec 4 1.00 8 1.27 0.45 1 2 a 0.72 0.81
Santa Maria Jaltianguis 3 1.00 8 1.60 0.70 1 3 ab 0.71 0.64
Asuncién Cacalotepec 4 1.00 10 1.50 0.77 1 5 ab 0.71 0.70
Totontepec Villa de Morelos 6 0.98 6 1.66 0.69 0 3 b 0.62 0.51

Valles Centrales, all communities 6 1.00 14 1.23*% 0.60 0 5 0.55 0.20
Santa Marta Chichihualtepec 4 1.00 7 1.24 0.52 1 3 w 0.69 0.84
San Agustin Amatengo 3 1.00 9 1.38 0.80 1 5 w 0.57 0.75
San Andrés Zautla 4 0.98 2 1.00 0.00 0 1 X 0.12 0.83
Valdeflores Zimatlan ¢ 3 1.00 7 1.27 0.68 1 4 w 0.40 0.75

* Significant difference between units at this level, p <0.05. NS = not significant. ! Source [16].2 Units with different letters are significantly different. *Community divergence
= (community SI — mean household SI)/community SI; regional divergence = (regional SI - mean community SI)/regional SI, following [10]. SI = Simpson’s Index of Heter-
ogeneity, expressed as 1 — D, after [28]. * Two Valdeflores households planted four maize varieties: in one household three were modern varieties (MVs), in the other
household one was a MV; in both households the others were local maize varieties.
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()

Maize Sown Household-! among Those Sowing Maize

. . Kg Sown Variety, 2007 ! Total Kg Sown, 2007 Change in Kg Sown, 1987-2007 2
Region, Community D . Dunn’
Mean SD Min Max YIS NMean  SD Min Max s Mean SD Min Max
Test 3 Test 3
Between regions * * NS
Sierra Juarez, all communities 12.37* 10.07 0.50 80 17.30 13.25 0.00 84 NS -5.15 16.28 -84 60
San Juan Atepec 1555 10.83 0.50 52 19.16 12.88  0.50 52 NA NA NA NA
Santa Maria Jaltianguis 1035  11.30 1.33 80 b 16.22 14.07 2.00 80 -6.29 17.49 -38 60
Asuncion Cacalotepec 1224 794 2.00 32 ab 16.46 10.79  4.00 60 -2.65 8.78 -28 16
Totontepec Villa de Morelos  11.25 925  2.00 40 b 17.30  15.02  0.00 84 -6.54 20.07 -84 32
Valles Centrales, all communities 38.59* 33.01 150 156 38.41* 33.04 0.00 184 -8.17 32.95 -164 110
Santa Marta Chichihualtepec 46.62 41.06 150 156 X 51.99 4278 1.50 156 w -2.90 38.22 -136 110
San Agustin Amatengo 2270 1792 4.00 92 y 30.69 31.22  4.00 184 X -10.77 32.55 -164 60
San Andrés Zautla 30.38 2330 2.00 100 Xy 30.38 2330 0.00 100 Xy -15.18 30.41 -140 52
Valdeflores Zimatlan 3659 28.02 6.00 120 Xy 41.31 28.04 6.00 120 wy -3.73 29.84 -84 60

* Significant difference between units at this level, p < 0.05. NS = not significant. NA = not available, see text. ! Mean number of maize seeds kg™ across the two regions

ranges between 2870-3010, approximately. FAC field notes. 2 Dunn’s Test insignificant at all levels. ® Units with different letters are significantly different.
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In the SJ, farmers who continue to plant tierra caliente (see Section 3.3.2 and Table S3
for descriptions of the growing environments) sowed large quantities of beans (mean
planting, 4.3 kg), predominantly with the delgado variety as a sole crop, relative to the
amounts of beans sown in tierra templada (1.12 kg) and tierra fria (0.24 kg). For example,
one household in the SJ plants 96 kg of delgado, while also planting “handfuls” of two
other varieties, each in different tierra fria fields. In that region, many households de-
scribed a shift over time to a focus on smaller plantings closer to their community to re-
duce walking and avoid losses due to field damage by animals —a trend of environmental
contraction in SJ agriculture noted by other researchers [38].

To assess the impact of independent variables together on varietal richness, we ex-
pressed varietal richness at the household level in the form of two binomial dependent
variables: as either less than two or two or more varieties; and as either less than three or
three or more varieties (Figure 3, for model information for logits included in Figure 3, see
Table S2). We then investigated the association of each of these two richness variables
with the independent variables documented. Across our entire sample, households di-
rectly consuming more maize person™, and households in the S] were more likely to grow
two or more maize varieties (Figure 3a), while households selling beans were 3.3 times
more likely to have two or more bean varieties. However, increasing the amount of maize
sold, defined as less than, equal to, or greater than the amount consumed (a proxy for
market orientation of maize farming), meant that households were less likely to grow two
or more bean varieties.

Similarly, selling beans made households 3.3 times more likely to grow three or more
bean varieties, and for each maize variety grown households were two times more likely to
grow three or more bean varieties. Households were 1.8 times more likely to grow three or
more maize varieties for every increase in the number of bean varieties grown (Figure 3b).

The contrast between variables associated with growing two or more vs. growing
three or more varieties of each crop (see Figure 3) suggests a qualitative threshold in the
determinants of household varietal diversity maintenance between two and three varie-
ties: (a) households growing three or more varieties may be intentionally focused on di-
versity because diversity in one crop was positively associated with diversity in the other;
and (b) households growing two or more varieties may be doing so for reasons other than
to maintain diversity; for example, growing two or more named bean varieties was asso-
ciated with selling beans, not selling large amounts of maize and being a S] community,
and growing two or more maize varieties was associated with kilograms of direct daily
maize consumption person-.

3.1.2. Proportional Varietal Abundance and Divergence

SI and divergence describe the structure of diversity at different scales and are the
most useful indicators for this study. Using these indicators, we found some differences
in the structure of varietal diversity between crops and regions (Table 2). Proportional
varietal abundance, calculated here using Simpson’s Index of Heterogeneity (SI), de-
scribes the likelihood that randomly chosen populations of the same crop in a region or
community will be of different varieties; higher SI values indicate that for a given crop the
proportion of each variety is relatively evenly distributed, not dominated by a single va-
riety. As with richness, SI in the S] compared to in the VC was higher for both crops and
the differences between communities were smaller, indicating a more even distribution of
varieties across the S] region. However, there was also variation between communities in
each region: SI was substantially lower for bean in Totontepec (S]) and in Zautla and Val-
deflores (VC) than other communities in their regions, and lower for maize in Zautla (VC)
than other communities in the VC. These results suggest a less even distribution of crop
diversity in these communities and therefore the value of more extensive sampling from
different households to capture the full extent of diversity.

While SIindicates the proportional abundance of varietal diversity within a unit such
as a community or region, divergence describes the structure of that diversity in regions
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and their constituent communities, and in communities and their households. A higher
divergence estimate indicates diversity present across the larger unit, for example, a re-
gion, while a lower estimate indicates diversity stratified into subunits, for example, the
communities that comprise a region, with some varieties absent in some communities. For
maize and bean at the regional level, divergence estimates are low (<0.20) in both regions,
with some varieties only grown by some communities.

Divergence estimates for bean at the community level in the S] were lower than in
the VC, meaning that in the S] a larger proportion of bean diversity was not present in all
households within a community. However, Totontepec differs from other S] communities
with a greater proportion of bean varietal diversity maintained at the community instead
of the household level, indicating more widely grown varieties. The pattern for maize is
similar to that for bean, but with much lower regional divergence estimates, especially in
the §J, indicating diversity due to different communities growing distinct named varietals.
For both crops, more named diversity is maintained among households than at commu-
nity levels in the S] compared with the VC, again emphasizing the need to sample exten-
sively among S] households to capture that diversity.

The proportion of rare varieties is an important factor affecting SI and thus diver-
gence estimates. If we define as “rare” varieties grown by fewer than 10% of households
in a region (<20), then rare maize varieties comprised 84% (SJ) and 86% (VC) of named
maize varietal diversity. Rare bean varieties comprised 76% (S]) and 65% (VC) of regional
named bean varietal diversity, contributing to the slightly higher regional divergence in
SJ compared to VC.

3.1.3. Maize Planting Population Size and Change

There were regional differences in the extent of maize farming, measured as amount
of seed sown variety in 2007, and in change, measured as the difference between total kg
maize sown annually in 1987 and 2007. In 2007, only 12 kg of seed was planted per maize
variety in the SJ, compared with 39 kg in the VC (see Table 2c), which may be due to the
SJ’s variable topography, resulting in smaller cultivable areas, and because forestry and
non-timber forest products provide land-based sources of livelihood in the SJ not availa-
ble in the VC.

In both regions, there was a decline in total kilograms of maize seed farmers reported
sowing between 1987 and 2007 (Table 2c). This change was not statistically different be-
tween regions, but the biological significance may be greater in the S] where total maize
population size was, and is, much smaller. In addition, plants, including crops, adapted
to higher elevations are most threatened by the warming of the anthropogenic climate
crisis through loss of appropriate habitat [39].

Large reductions in kilograms of maize seed sown by two households in San Juan
Atepec were comparable with maximum reductions in other communities, but the small
sample size (n = 8) in that community for kilograms of maize planted in 1987 made it
inappropriate to include Atepec in the combined community and regional descriptive sta-
tistics.

3.2. Interviewee and Household Characteristics

The first languages of 96-100% of interviewees in the S] communities were the indig-
enous Zapotec and Mixe languages compared with 100% Spanish in the VC communities
(Table 3). Mean household size and number of adult females and males were not signifi-
cantly different. The proportion of household members that were children was higher in
the SJ.
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Table 3. Interviewee characteristics and household composition.

Person Interviewed ! Household Composition
First Language, %
Reglon,' Age, Form:a 1 Gender, Total Adult Adult Proportion of
Community Year Education, % Female Zapotec Mixe Spanish  Members Females Males Household
Years <15 Years Old

Between regions NS NS NS *
Sierra Juarez, all communities Mean 54.43 4.94 40% 50% 48.5% 1.5% 4.14 1.56 1.42 0.23
’ SD 15.24 2.66 1.78 0.74 0.78 0.23
San Juan Atepec Mean 55.22 4.96 38% 100% 0% 0% 4.20 1.49 1.45 0.25
SD 13.90 2.35 1.58 0.61 0.67 0.24
Santa Maria Jaltianguis Mean 55.82 5.52 39% 96% 0% 4% 3.96 1.48 1.42 0.21
SD 14.25 1.59 1.50 0.65 0.67 0.23
Asuncién Cacalotepec Mean 53.46 5.02 43% 2% 98% 0% 3.83 1.52 1.44 0.17
SD 16.49 3.64 2.09 0.85 0.94 0.20
) Mean 53.16 4.29 41% 0% 98% 2% 4.53 1.73 1.39 0.26
Totontepec Villa de Morelos SD 1649 2.68 1.89 0.83 0.83 0.22
Valles Centrales. all communities Mean 58.49 4.36 41% 0% 0% 100% 4.05 1.59 1.49 0.18
’ SD 15.58 3.42 2.17 1.00 0.88 0.20
C 1. Mean 57.29 442 41% 0% 0% 100% 4.22 1.57 1.49 0.22
Santa Marta Chichihualtepec SD 1579 1.98 1.90 0.79 0.85 0.21
San Agustin Amatengo Mean 58.56 2.50 42% 0% 0% 100% 3.40 1.37 1.29 0.16
SD 13.76 3.11 1.87 0.95 0.78 0.20
San Andrés Zautla Mean 59.20 6.53 37% 0% 0% 100% 4.49 1.61 1.69 0.23
SD 18.83 3.61 211 0.95 1.00 0.21
Valdeflores Zimatlan Mean 58.87 4.37 46% 0% 0% 100% 4.11 1.80 1.51 0.12
SD 14.10 3.34 2.59 1.22 0.88 0.17

* Significant difference between units at this level, p <0.05. NS = not significant. ! Not tested for differences.
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Labor migration is a significant investment for these farming households; a majority
sent out labor migrants at some point in the previous 10 years, with the USA the single
most common destination. Over 60% of households across both regions had members mi-
grating for work between 1997-2007 (Table 4), but migrant destinations and the propor-
tion of households participating differed by sending region and community (Figure 4).
For example, compared to SJ, more VC households sent migrants to the USA and more
migrants household! to that destination. More SJ households sent migrants to destina-
tions in Mexico, as well as more migrants per household to those destinations, though this
difference was not significant. Mean numbers of male and female migrants reflected the
same patterns as published indices of masculinity (Table 1), with the exception of Caca-
lotepec.

Among households with migrants, proportion sending migrants to a destination, and farmer-
reported maize and bean varietal richness
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Figure 4. Variation across communities for maize and bean varietal richness and participation in
labor migration to specific destinations !. ! Migration destination proportions calculated among
households with migrants; community varietal richness calculated among households sowing those
crops. SJ = Sierra Judrez; VC = Valles Centrales; SMJ = Santa Maria Jaltianguis; SMC = Santa Marta
Chichihualtepec.

Within regions, communities also differed in the proportions of households sending
out migrants in the previous 10 years and in the numbers of migrants sent to destinations
in Mexico and the US. Three communities, Atepec, Cacalotepec (S]), and Zautla (VC), had
higher proportions of households sending members to Mexican destinations than to the
Us.

We found no consistent, significant associations between maize and bean diversity
and migration prevalence, number of migrants, or migrant destination (Figure 4). We
speculate that this is likely due to variations in variables we did not quantify, including
remittance practices and amounts [38] and the different ways in which recipient house-
holds use remittances. Some households described using remittances to enhance agricul-
ture through purchases of land, labor, and equipment, while others used remittances to
support a transition away from agriculture, e.g., investing in education, businesses, or
housing (Soleri et al. field notes).
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Table 4. Household labor migration .

Only Among Households (HHs) Sending Labor Migrants, 1997-2007
Migrant Destinations
Total Number of Anywhere in Mexico Anywhere in USA

Among all HHs, Propor- Migrants/HH, Any A A
. . tion with Migrants to Destination, Count e Number migrants/HH e Number Migrants/HH
Region, Community Lo T T
Any Destination, 5 5
1997-2007 .5 .5
5 Dunn’s 5 Dunn’s
Mean SD % Mean SD Test? % Mean SD Test?
R R
Between regions NS NS * NS * *
Sierra Juarez, all communities 63% * 2.67 1.74 62% * 1.39*%  1.52 54%* 1.25*  1.64
Males 1.67 1.21
Females 1.06 1.16
San Juan Atepec 69% 2.20 1.32 66% 126  1.29 a 51%  0.94 1.14 b
Males 1.73 0.80
Females 0.40 091
Santa Maria Jaltianguis 74% 3.14 2.00 36% 0.67  1.04 a 83% 253 2.09 c
Males 2.00 1.50
Females 1.06 0.97
Asuncion Cacalotepec 60% 2.86 1.55 93% 275  1.65 b 14%  0.18 0.48 a
Males 1.45 1.09
Females 1.45 1.27
Totontepec Villa deMorelos 47% 2.42 1.93 58% 1.00 1.29 a 63%  0.95 0.97 b
Males 1.42 1.02
Females 1.00 1.29
Valles Centrales, all communities 66% * 2.85 1.82 46% * 1.20* 1.74 67% 1.59* 1.68
Males 1.74 1.16
Females 1.14 1.23
Santa Marta Chichihualtepec 73% 2.64 1.61 51% 134 1.75 w 66%  1.20 1.23 w

Males 1.58 1.00
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Females

San Agustin Amatengo
Males
Females

San Andrés Zautla
Males
Females

Valdeflores Zimatlan
Males
Females

75%

40%

75%

1.06
2.46
1.67
0.79
294
1.61
1.33
3.38
2.00
1.48

1.15
1.52
1.13
0.83
248
1.50
1.37
1.88
1.15
1.47

47%

82%

21%

1.26

2.19

0.50

1.91

1.97

1.11

WX

w

X

61%

31%

94%

1.24

0.38

297

1.24

0.62

2.01

* Significant difference between units at this level, p < 0.05. NS = not significant. ! Calculations are only among households participating in migration, unless otherwise
indicated. 2 Together, proportions for sending out migrants to Mexico and the US may total more than 100%, as some households sent to both destinations. 3 Units with

different letters are significantly different.
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3.3. Maize and Bean Farming Practices
3.3.1. Seed Sources

Gene flow from transgenic maize into farmers’ varieties in Mexico has long been a
concern [40] and remains a topic of research and debate. Opportunities for gene flow in
centers of crop diversity gained prominence when the presence of a transgenic promotor
in a small sample of farmers’ maize varieties in the SJ was reported in 2001 [41], launching
a global debate amid conflicting evidence [42—44] about transgenes in centers of origin
and diversity. Subsequent research has provided further evidence for the introgression of
transgenes in Mexican maize [45,46], widely believed to be the result of gene flow from
transgenic maize into local populations. In Mexico, the center of origin, domestication,
and diversity for maize, and where the crop is culturally iconic and essential to the diets
of tens of millions of Mexicans, authorization of commercial transgenic maize plantings is
contentious. Starting in 2013, Demanda Colectiva Maiz (http://demandacolec-
tivamaiz.mx/wp/, accessed on 6 June 2022), a diverse group of scientists, farmers, activists,
and others brought legal action to stop sales and planting of transgenic maize in Mexico,
based on the precautionary principle and arguing for the human right to biodiversity free
of transgenic materials, achieving an injunction against any plantings in late 2013. At the
end of 2020, the government of President Andrés Manuel Lépez Obrador issued a state-
ment announcing the phasing out by 2024 of transgenic maize planting in Mexico and also
of glyphosate herbicides often used with herbicide-resistant transgenic crops, to “main-
tain and secure [maize] production for public health and the biocultural diversity of the
country and the environment”.

Where farmers obtain their planting seed is one indicator of opportunities for gene
flow. Even though almost every household in both S] and VC regions reported on-farm
seed saving (Table 5), there was also ample opportunity for gene flow from non-local va-
rieties. This was primarily through planting industrial or ‘modern” varieties (referred to
as “mejorado”, or “hibrido” varieties by Oaxacan farmers) and maize (and, to a lesser extent,
beans) obtained as food, which at the time of the survey was typically from DICONSA,
imported from outside of the community and likely of modern varieties. The planting of
maize and beans obtained as food was more common in the SJ than the VC, significantly
so for maize.

More S] farmers reported experimenting with planting maize grain sold as food. In
2007, DICONSA sold mostly maize from the US and to a lesser extent from the northern
Mexican state of Sinaloa. The US maize could have been transgenic, since in 2007 half the
maize grown in the US was transgenic, 52% was herbicide-tolerant, and 49% contained
the transgenic pesticidal gene Bt [47]. Sinaloan maize was unlikely to have been trans-
genic, as a de facto moratorium on commercial plantings of transgenic maize was in place
at the time, although there could have been contamination with transgenes. Genetic anal-
ysis (PCR and Southern blot) of one sample of DICONSA maize collected in the SJ in 2001
was negative for transgene markers [45]. In the SJ, the smaller population sizes, more ex-
perimentation with maize purchased as food grain, and high rates of outcrossing in that
crop mean that local maize diversity there is more threatened by gene flow.

Another possible opportunity for gene flow, especially in maize, is from volunteer
plants, those not intentionally planted by the farmer, for example, maize grain spilled
during transportation, as documented for canola in Japan [48] and speculated for maize
in Oaxaca [42]. The majority of farmers in both the VC and the SJ said they would let a
volunteer maize plant grow if it appeared near their fields; San Juan Atepec is the excep-
tion, with a majority saying they would not let it grow.
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Table 5. Farmers’ on- and off-farm maize and bean seed sources.

Maize, % of Households Interviewed Bean, % of Households Interviewed
Have Ever Have Planted Have ever Sown Have Planted Com-
Region. Communit Save and Sown Maize Commercial Leave a Maize Save and Plant Non-Criollo Bean mercial Bean
glon, y Plant Their Seeds Identi- Maize Purchased  Volunteer to Their Own Seeds Purchased as Food
Own Seeds fied as MVs, asFoodfroma Grow Near Field Seeds 19972 0'07 from a Store,
1997-2007 Store, 1997-2007 1997-2007
Between regions NS * * * NS * NS
Sierra Juarez, all communities 96% * 12% * 22% * 73% * 94% 11% * 20%
San Juan Atepec 92% 12% 24% 36% 96% 11% 20%
Santa Maria Jaltianguis 100% 32% 34% 88% 94% 22% 28%
Asuncion Cacalotepec 92% 0% 11% 77% 86% 2% 24%
Totontepec Villa de Morelos 100% 29% 18% 929, 98% 79 10%
Valles Centrales, all communities 94% * 20% * 10% 94% * 91% 19% * 15%
Santa Marta Chichihualtepec 96% 9%, 8% 88% 94%, 13% 11%
San Agustin Amatengo 100% 23% 6% 98% 88% 6% 23%
San Andrés Zautla 90% 16% 17% 100% 95% 17% 16%
Valdeflores Zimatlan 89% 31% 9% 89% 87% 40% 9%

* Significant difference between units at this level, p < 0.05. NS = not significant. MVs = modern varieties.
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One reason that VC farmers experimented less with planting maize sold as food may
be that they have had more opportunity to see and try growing modern varieties, and a
larger proportion have sown commercially obtained modern variety maize seed (see Ta-
ble 5). Numerous VC farmers noted that non-local maize was not appropriate for their
fields, most of which are used for rain-fed production. While modern varieties have been
promoted by governmental and private entities in the VC and some modern varieties may
yield well in irrigated VC fields, few modern varieties have been promoted for the SJ,
which may have contributed to more experimentation with food grains out of curiosity.

Across and within regions, we found a significant negative association between
households growing more than one bean variety and having sown bean bought for food
at some time in the last 10 years; thus, food grain is not a common source of added bean
varietal richness. The same relationship was not found between maize varietal richness
and sowing maize grain. At the regional level, VC households had lower maize varietal
richness, planted more modern varieties of maize and bean using purchased seed, and
fewer had tried sowing grain of either crop available as food. It is also important to rec-
ognize that farmers may not manage new seed, including food grain, as a separate named
variety; for example, they may mix that seed with seed of their existing varieties [26].

3.3.2. Growing Environments, Inputs, and Yield Estimates

In the ], farmers identify three growing environments based on elevation: tierras fria
(>1800 masl), templada (~1400-1700 masl), and caliente (<1200 masl) (FAC, field notes) [27]
(see Table S3). Some farmer-named varieties of both maize and bean were specifically
identified with one of these environments in our interviews (see Table Sla,b). The varieties
allocated by farmers to particular environments can be genetically distinct and in the case
of bean the varieties appear to be shifting, likely in response to changing temperatures in
the three environments due to anthropogenic climate change [24]. Changing the allocation
of seed to environments was also influenced by demographic changes. For example, farm-
ers in the SJ frequently commented that farming, especially for aging households, has in-
creasingly focused on the tierra templada fields that are closest to the community and
where smaller amounts of seed are sown compared to tierra caliente fields, e.g., 1.12 vs.
4.31 kg of bean, respectively. In the VC, the first-order characterization of growing envi-
ronments is temporal, not spatial, with the most common plantings for the predominantly
rainfed summer season, 48 households across the region planting with irrigation in the
winter season (Table S3) and 60% of those in Valdeflores.

A higher proportion of households in the VC used inputs in maize and bean cultiva-
tion, the only exception being herbicide use for bean, for which there was no significant
difference (Table 6). Still, the intercommunity variation and patterns within each region
are notable: in the SJ, Totontepec had the highest frequency of households using all inputs
for both crops except organic matter; in the VC, more households in Valdeflores used most
agrochemical inputs for both crops, while in the SJ, the proportion of households in Jalti-
anguis using organic matter-based fertilizers for both crops was substantially greater than
in the other three S] communities, the result of training workshops held there in the early
2000s, including ones led by FAC and HCG. Thus, while there are regional differences,
particular communities have discernable patterns of practice which we speculate may be
the result of characteristics specific to them, such as market orientation (Valdeflores) or
exposure to training about management of organic matter (Jaltianguis).
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Table 6. (a) Farmer descriptions of their bean farming. (b) Farmer descriptions of their maize farming.

(@)

Bean Cultivation, Proportion of Farmers Stating

Farmer-Reported Mean Bean Yield Estimate,

TR
They Use Commercial, Agrochemical: ?n 5 - Kg Harvested/Kg Sown 12
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Region, Community . - E By = £ 8
ors . . . ., GrainStorage © =& * = = g @ £ R
Fertilizer Herbicide Insecticide .. £S5 8 £ L 3 e
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Q o ™ - <] UV =
S g g = 3 R
A~ &0 A =
Between regions * NS * * * NS NS
Sierra Judrez, all communities Mean 41% * 12% * 3% 19%* 13% * 9.7 16.1
SD 12.68 7.46
San Juan Atepec Mean 20% 0% 0% 7% 9% 9.7 154
SD 14.48 745
Santa Maria Jaltianguis Mean 60% 0% 0% 9% 38% 9.6 18.6
SD 12.90 6.50
Asuncién Cacalotepec Mean 9% 23% 5% 18% 2% 10.9 14.3
SD 7.74 4.83
Totontepec Villa de Morelos Mean 69% 26% 6% 42% 2% 6.5 16.6
SD 9.59 9.50
Valles Centrales, all communities Mean 63% * 19% * 41% * 38% * 78% * 16.1 % 24.7
SD 5.56 13.13
Santa Marta Chichihualtepec Mean 97% 12% 21% 41% 97% 15.3 a 20.9
SD 5.23 11.39
San Agustin Amatengo Mean 53% 13% 38% 9% 66% 13.1 ab 31.1
SD 494 16.12
San Andrés Zautla Mean 36% 6% 15% 51% 76% 8.2 b 1.9
SD 3.25 0.45
Valdeflores Zimatlan Mean 72% 52% 100% 48% 72% 26.8 a NA
SD 8.56 NA

(b)
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Maize Cultivation, Proportion of Farmers Stating oo & 0 B L -
. . = v v & F ©
They Use Commercial, Agrochemical: "o 8 TS T2 ®
2 E% o 2 v o3 o
. . . §s ¥ XN @ N M\ 0 ®
Region, Community Grain 2% = g p‘é ‘E" g X <
Fertilizer Herbicide Insecticide  Storage g .gn E é" g é g g
Insecticide & 6 RS é’ E § ]
Between regions * * * * * *
Sierra Judrez, all communities Mean 50% * 11% * 2% 24% * 15% * 46.7 NS
SD 45.65
San Juan Atepec Mean 50% 0% 0% 18% 12% 44.5
SD 50.60
Santa Maria Jaltianguis Mean 67% 2% 0% 8% 39% 449
SD 35.97
Asuncién Cacalotepec Mean 10% 21% 2% 19% 4% 53.4
SD 44.94
Totontepec Villa de Morelos Mean 71% 22% 4% 51% 6% 44.5
SD 51.34
Valles Centrales, all communities Mean 89% * 18% * 14% * 44% * 76% 344*
SD 14.48
Santa Marta Chichihualtepec Mean 96% 15% 13% 44% 88% 19.8 a
SD 7.32
San Agustin Amatengo Mean 94% 17% 14% 26% 73% 42.3 b
SD 16.24
San Andrés Zautla Mean 78% 2% 2% 27% 78% 36.5 b
SD 14.59
Valdeflores Zimatlan Mean 89% 37% 26% 75% 67% 38.5 b
SD 19.30

* Significant difference between units at this level, p <0.05. ! Triangulation of farmer estimates following [30]. Average and standard deviation calculated individually from
farmer-reported data. 2Data points for bush-type varieties: S] = 84, CV = 40; for vining-type varieties: S] =99, CV = 40. 3 Units with different letters are significantly different.
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Higher rainfall, lower evaporation rates, and more intensive management of the
smaller maize plantings in the S] compared to the VC may contribute to the higher mean
maize yields in the SJ. Mean bean yield estimates for both growth types were higher in
the VC; however, there is substantial variation in these estimates and the inter-regional
differences are not statistically significant.

3.4. Household Use of Maize and Bean Harvests
3.4.1. Household Maize and Bean Consumption

Maize is central to Mexican cuisine, including in Oaxaca, and, together with Phaseolus
bean, forms the foundation of most rural Oaxacan diets. We asked farmers about their
household consumption of maize grain, understanding that this is not always obtained
solely from their own production. Even among households who stated their maize harvest
provides for their needs for 12 months or more (Table 7), some still purchase maize for
livestock feed, while reserving their own maize for human food. Per person direct human
consumption of maize (kg day™) was not significantly different between VC and S]J re-
gions, but even though household size is not significantly different between the two re-
gions, total household maize consumption in the VC is 141% of that in the SJ (see Table 3)
due to the significantly greater mean amount of maize used for livestock feed in the VC,
with a mean feed:food ratio 1.9 times higher than in the SJ (Table 7). In addition, purchased
tortilla consumption in the VC is five times that in the SJ, in part due to greater bread
consumption in the SJ. Valdeflores reported the lowest direct human maize consumption
of all communities, the highest purchased tortilla consumption, and at least double the
quantity of maize for livestock feed than any other community in the study. Valdeflores
is also the community in which maize harvests are used up most quickly, contributing to
VC maize harvests lasting significantly shorter times than S] harvests. As a region, the SJ
has slightly higher mean per capita daily bean consumption compared to the VC; how-
ever, there is much variation between and within communities in both regions.
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Table 7. (a) Farmer-reported maize consumption. (b) Farmer-reported bean consumption.

@

Maize consumption

Kilograms of Maize/Person/Day

Feed: Food Ratio

Kilograms of

Months Household Can

Direct Huma For Household Animal: Direct Human Total Daily Household Purchased Use Their Own Maize
1 n
Conesim tion 1 Li est:ck Household Maize Maize Consumption, Kg Tortillas/ Harvest, Without
Vi
P Consumption Person/Week Purchasing Maize
Region,
Community 3 3 7 3 3 3
v (7] v v (7] 7]
c = : = : = c = c = : [-
[+ D 7] 5] D [©] 5] Q [©] (51 D 7] [ O 7] « O 7]
(7] U U ("] (7] ("]
s @ = p= @ ) p= @ = = @ = p= @ = = @ =
g g g g = =
5 5 5 5 5 5
[a) a a a a A
Between regions NS NS NS * * *
Sierra Judrez, all 053 036 NS 030* 035 0.64*  0.82 201 164 NS 040 105 1061 559
communities
San Juan Atepec 047 0.17 0.29 0.30 ab 0.77 1.18 ab 2.81 1.41 0.34 0.95 a 9.99 2.61 ab
Santa Maria 054 036 044 048 ab 087 08 a 314 168 083 156 b 945  3.04 a
Jaltianguis
Asuncion Cacalotepec  0.61 0.54 032 0.30 ab 0.57 0.42 ab 2.92 1.89 0.03 0.18 C 10.66 3.26 b
Totontepec Villade ) o) 7 017 023 b 035 044 b 278 159 039 087 a 1229 965 b
Morelos
Valles Centrales, all 0.54* 0.40 0.64* 117 119% 216 411 372 202 315 978 628 NS
communities
Santa Marta
L. 0.63 0.28 X 0.60 0.84 WX 1.08 1.54 w 4.47 2.64 WX 0.91 2.23 w 9.53 7.01
Chichihualtepec
Acusti
San Agustin 067 045 x 032 044 wy 047 060  x 314 239wy 186 329 wx 1198 871
Amatengo
San Andrés Zautla 0.48 0.45 y 036 0.67 y 0.69 1.37 X 3.29 3.01 y 2.42 3.31 Xy 8.86 3.24
Valdeflores Zimatlan 040 0.31 y 1.22 1.86 X 2.59 3.51 5.45 5.40 X 2.78 3.34 y 8.65 3.82
(b)
. . Bean Consumption, Kilograms/Person/Day '?
R t
egion, Community Mean SD Dunn’s Test 2

Between regions
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Sierra Juarez, all communities
San Juan Atepec
Santa Maria Jaltianguis
Asuncion Cacalotepec
Totontepec Villa de Morelos

Valles Centrales, all communities
Santa Marta Chichihualtepec

San Agustin Amatengo

San Andrés Zautla

Valdeflores Zimatlan

0.073*

0.062

0.084

0.085

0.061

0.068 *
0.048
0.074

0.053
0.095

0.046

0.043

0.049

0.054

0.032

0.059
0.030
0.054

0.026
0.086

bc

ac

* Significant difference between units at this level, p <0.05. S = not significant. * Children under 15 years old counted as 75% of adult consumption as per [49]. 2 Units with

different letters are significantly different. 3For this question, “beans” (frijoles) was generic, potentially including both bush and vining types and multiple species.
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3.4.2. Selling Maize and Bean Harvests

In addition to consumption by humans or animals, some farming households sell
maize and bean harvests. This can affect diversity, as some maize research in Mexico has
found that rare, local named varieties with high value persist in niche markets [50,51].
Households in all eight communities sold some of their maize and bean harvests (Figure 5),
but a larger proportion of households did this in the VC region.

Maize Bean Maize Bean
Proportion of households in region or ity who sell Proportion of households in region or hosell
Between regions 33%*# 25%*#
All Sierra Juarez 22%* 20%* All Valles Centrales 44%% 31%*
Equal
g 31% g 28% 9%
g &
< Equal E More
_ o
; :
g
=
£
a
§° go 29% 12%
g g
£ b § b
‘:j E Eb E
& & :
g
g . 4 . 63% 54%
g g
% = @ Equal
& E £ 5
Y b g k
% o P
g &
i ;
) 7
g £
kS <
k) k)
é g 18% § g 53% 7%
% é Equal
3 P
2 £
S 3
g =
& >
§
&

Figure 5. Maize and bean sales, and quantity relative to household consumption. * Proportion of
households selling is significantly different between units at this level, p < 0.5. # Relative amount
sold by households is significantly different between units at this level, p <0.5.

To put maize and bean sales in the context of total household consumption, we asked
those households that did sell if the amount sold was less than, about equal to, or greater
than the amount of each crop they consume directly. Compared to the S], a greater pro-
portion of households in the VC sold an amount larger than the amount they consumed
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of the same crop. In the S] communities, the large majority of selling households sold less
than they consume of either crop, especially in the case of bean, while those selling house-
holds managed greater bean diversity than households not selling beans (see also Figure
3). A minority of households in Jaltianguis and Totontepec sold the maize but compared
to the other S] communities many of those households sold amounts equal to or greater
than their own consumption—a total of 60% and 44% in the respective communities. In
Atepec and Cacalotepec, more households sold maize, but few of them reported selling
amounts equal to or more than they consume at home—a total of 11% and 17%, respec-
tively. Among those selling maize in the SJ, households without labor migrants sell
amounts equal to or greater than they consume directly compared to households sending
migrants. Jaltianguis was the only community reporting more households selling beans
than maize.

In the VC, significantly more households sold both crops in Zautla and Valdeflores
compared to Chichihualtepec and Amatengo. Additionally, for both crops in Zautla and
Valdeflores, which receive more rainfall (see Table 1) and have access to irrigation, a
greater proportion of households sold amounts equal to or greater than the amount they
consume, although these amounts were only significantly different for maize—a total of
71% and 55% of selling households, respectively.

Our data describe contrasting relationships between crop sales and varietal richness
for bean and maize. Across and between regions, households selling beans managed more
bean varietal richness, especially those selling less than they consumed. This suggests that
selling beans may be associated with an additional variety, as, for example, in the 5],
where Dad giiin-nii/Mootsk xéjk is frequently marketed and sown in larger amounts than
other varieties. In contrast, across all locations, households selling maize had significantly
less maize richness.

3.5. Farmer Attitudes towards Risk and the Future of Farming
3.5.1. Perceptions of Risk: Harvest Failure, Yield Stability, and New Technology

Risk is always present in agriculture, affecting farm viability and household wellbe-
ing, because the future, whether the next growing season or the next decade, is unknown.
We asked farmers about their perceptions of risk. Developing genotypes and varieties re-
sponsive to high-input environments has been a cornerstone of Western plant breeding
since the ‘green revolution’ [52]. However, our previous research in Oaxaca and elsewhere
has found that a majority of low-resource, small-scale farmers are risk-averse and prefer
varieties displaying yield stability, rejecting some characteristics of transgenic varieties,
and that these attitudes are associated with crop diversity maintenance [31,53].

Using the two scenarios described earlier (see Figure 2), we found that farmers are
well aware of the possibility of poor harvests and failed harvests (harvests equal to or less
than the amounts planted). Especially in the VC, the primary source of maize harvest fail-
ure is variation in timing or amount of summer rainfall [54]. Farmers in that region re-
ported a significantly greater proportion of years (number out of ten) of very poor maize
harvest compared to farmers in the S] region (Table 8). In the first scenario (see Figure 2a),
in both regions the stable variety was preferred by a large majority of farmers. Some farm-
ers, especially in the VC, have observed that modern varieties perform worse than tradi-
tional varieties under drought stress, and previous studies in Oaxaca [31,33,53] similarly
found that the majority of farmers preferred the stable maize variety in that scenario over
the high-response variety.
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Table 8. Perceptions of risk in maize farming. Farmer estimations of poor maize harvest, responses
to two risk scenarios, and attitudes toward transgenesis.

Hypothetical TG
Y f P i Mai io:
ears of Poor Maize Yield and Yield Maize Scenario
Harvest/10 Years . Proportion of Farmers Prefer- .
Stability: . . Proportion of
. ring Stable Variety When:
Proportion of - Farmers
Compared with .
Region, Communit Farmers Seeds of Stating
gtot, y Preferring . Seeds of All Transgenesis
Stable Responsive Varieties Per Se Is
Mean SD . . Variety That Cost .
Variety over High 2% More Are the Negative
R Variet i
esponse Variety than Stable Same Price
Variety Seeds
Between regions * NS NS * *
Sierra Jurez, all 3.7 1.6 87% 97% 93% 78% *
communities
San Juan Atepec 3.3 1.49 86% 100% 95% 82%
Santa Maria Jaltianguis 3.8 1.52 80% 96% 94% 64%
Asuncion Cacalotepec 4.1 1.87 94% 98% 91% 89%
Totontepec Villa de 37 175 90% 96% 92% 78%
Morelos
Valles Centrales, all 5.1 187 81% * 94% 82% 59% *
communities
Santa Mart
e 53 1.60 88% 96% 89% 72%
Chichihualtepec
San Agustin Amatengo 5.2 1.57 83% 90% 88% 67%
San Andrés Zautla 44 2.10 87% 98% 76% 50%
Valdeflores Zimatlan 5.2 2.17 67% 91% 75% 48%

* Significant difference between units at this level, p < 0.05. TG = transgenic. NS = not significant.

Also consistent with our previous findings, we found that for the second scenario
most farmers preferred the stable maize variety (see Figure 2b) compared to a responsive
one with the features of a hypothetical transgenic maize variety (increased seed cost, lim-
ited availability, yield decline over time). However, in the two most commercially ori-
ented communities, Zautla and Valdeflores in the VC (see Figure 5), seed cost was also a
reason for the rejection, and when seed prices were described as equal more farmers in
those communities were open to the new variety’s other characteristics. Finally, when
asked if transgenesis per se is negative, fewer VC farmers had negative attitudes to the
new technology per se. Again, in Zautla and Valdeflores, a smaller proportion (48-50%)
of farmers considered transgenesis per se negative, as described in the interview, than in
the other communities where a higher proportion of farmers (64-89%) had a negative re-
sponse to the technology itself (see Table 8). Across both regions and all communities, the
proportion of farmers seeing transgenesis per se as negative was smaller than the propor-
tion who rejected the characteristics of the hypothetical transgenic variety at either level
of seed cost. Based solely on the criteria outlined in the scenarios, the responses indicate
an openness to new technology if it is locally appropriate and useful. It is important to
note that our scenarios did not explore ethical or political associations with transgenic
technologies.

3.5.2. The Future: Hopes and Beliefs Regarding Farming and the Next Generation

The transformation of small farmers into labor for state or private capital has been a
global development goal for decades, e.g., [3,55]. More recently, recognition of the
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diversity conservation “service” provided by these farms has led to their endorsement by
some development and conservation professionals [56,57]. However, the reality is that the
poverty, physical hardship, social neglect, and cultural marginalization experienced by
many agricultural households and communities create strong pressures to find alterna-
tives to farming, particularly among youth. Thus, a threat to traditional farming and as-
sociated crop diversity worldwide is young people leaving agriculture in favor of wage
labor. To obtain their own assessments of the future of farming, we asked households
what they hoped for the future and then what they believed the reality would be.

When asked if they hoped their children (or young people in the community if they
did not have children) would be maize and bean farmers in the future, a majority of inter-
viewees across regions and communities replied “yes” (Table 9). Many cited agriculture
as a source of food security and sovereignty for their households. However, in addition,
there were also many comments describing farming as having positive attributes in and
of itself. Farmers noted that identity, heritage, health, independence, and enjoyment were
among benefits that some of them experienced through their farming and that they hoped
their children would also be able to experience.

Table 9. Hopes and beliefs about the future of maize and bean farming.

Proportion of Households Farmer Comments, from across Communities
Who Believe the
ho H h
. . Who Hope t . ®  Next Genera- Themes and Examples of Themes and Examples of
Region, Community Next Generation . . . . -
to Be Maize and tion Will Be Major Reasons for Hoping Major Reasons for Believing
Maize and Bean Youth Will Farm Youth Will Not Farm
Bean Farmers
Farmers
Between regions NS NS

Sierra Judrez, Farming is an important tradition, Young people are migrating out

Y 92% 51% * a part of our identity as campes-  of the community and not re-
all communities ° ’ 'P f Y P tf , Y
inos urning
San Juan Atepec 92% 39% v . “estan en los EEUA, los nie-
venimos de herencia de cam- . .
. tos son diferentes, hablan in-
pesinos és
, “es la vida del campesino” &% .
Santa Maria " algunos nunca han visitado
. . 96% 41% para que no se hecha perder lo .,
Jaltianguis L . Oaxaca
que hicieron los antiguos, se . L, .
necesita el campo” ya tienen la vision de irse a
P los EEUA”
Ly Preferences for formal education
Asuncion .o ) .
89% 64% Farming is necessary for survival and the work opportunities that
Cacalotepec ) .
might bring
“es lo mas indispensable que
uno puede conocer”
“es la fuente del trabajo, tiene
la esperanza en el campo”
Totontepec “para que tengan de comer”  “la joventud prefiere estu-
. 92% 61% u p . . L
Villa de Morelos comprar maiz y frijol es mas diar
dificil ya que no hay dinero
para comprar”
“siempre tiene de comer, aun
en tiempos de escasez”
) , Climate changes are making
Valles Centrales, Farming offers benefits and pleas- . .
s 90% * 45% 8 off ; f e farming even more difficult than
all communities ures beyond simply surviving

in the past
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Santa Marta o o “para que conservar y que
Chichihualt 98% 57% .
ichihualtepec coma sano .
San Acusti £ el bonito, v 1 “el campo ya no es el mismo,
an Agustin el campo es muy bonito, y la .
5 87% 42% P ye " y el sol ya esta muy fuerte
Amatengo necesidad nos ensefia o )
. » . . . el tiempo ya no es el mismo,
San Andrés porque da cierto tipo de inde- .
77% 36% . ya no hay agua
Zautla pendencia ’, X
” como o0igo, en el futuro
el campo me gusta mucho, es .,
. y llueve menos
Valdefl mi satisfaccion comer lo que |, 210 se saca provecho v no
aldeflores ., \Y
. . 98% 44% cultivo y P P y
Zimatlan es seguro el campo

“esta mas tranquilo, respira
aire puro, mas libre”

* Significant difference between units at this level, p < 0.05. NS = not significant.

Still, many of those who hoped youth would continue farming were skeptical that
this would be the case for a number of reasons: the disruptive impact of formal education,
migration in the form of prolonged or permanent absences, and other influences that dis-
tance youth from farming, in addition to the challenges posed by a changing climate that
farmers in both regions saw as making successful farming more difficult and problematic.

In both regions, those who hoped that youth would continue to farm in the future
were evenly divided into those who believed this would occur and those who did not.
Across and within both regions there was a significant positive association between maize
varietal richness and thinking that youth actually would continue to farm maize and
beans, possibly because these are the households with the greatest interest and physical
and cultural investment in agriculture.

4. Conclusions

This data article describes aspects of the household context of in situ conservation in
a major global center of crop diversity for maize and Phaseolus beans grown by small-
scale, traditionally based farmers across diverse Oaxacan communities and environments.
We documented farmer-reported maize and bean diversity, household characteristics, la-
bor migration, use of agricultural inputs, changes in the size of maize plantings, seed
sources, opportunities for gene flow, use of harvests, and attitudes toward risk and the
future of farming.

These data provide a baseline and orientation for the household context of maize and
Phaseolus bean farming and the in sifu conservation of those crops in two contrasting re-
gions of Oaxaca, including a snapshot of farmer-named maize and bean varietal diversity
in the households interviewed in 2007. This farmer-named diversity is assumed to be cor-
related, though not isometric with, genetic diversity. Our previous research on farmer va-
rietal naming and diversity [25], along with that of others, e.g., [10], indicates that for sam-
pling genetic diversity, farmers’ named variety categories are a first, orienting step.

Together, a limited number of variables were associated with farmer-named maize
and bean varietal richness across all communities in the two regions included in this re-
search (Figure 3). Regional contrasts were found for some variables, with differences in
biophysical (Table 1, Table S3) and sociocultural (Table 3) environments and in household
experiences of migration (Table 4), modernization, and climate change (Tables 8 and 9)
playing a role. Additionally, the discernable patterns indicate that the impacts of these
changes may be different for the two important crops, for example, with marketing asso-
ciated with greater diversity in bean but not in maize. Similarly, while there was no sta-
tistically significant difference between the two regions in the reduction of maize popula-
tion size (total kilograms of maize sown) between 1987 and 2007, the reductions are more
likely to be biologically significant in the S] because households grow more varieties and
farmers’ seed lots for individual varieties were one-third the size of those in the VC (see
Table 2, kilograms seed sown variety!). However, the variation within regions, and
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sometimes within communities, makes further generalizations about patterns and relation-
ships with named crop varietal diversity challenging. The heterogeneity of household char-
acteristics and practices observed in this study is similar to findings from research on the
implications of policy change [58] and of migration [38] on rural Oaxacan households. All
of this research indicates that households are influenced by many and varying factors that
can combine in distinctive ways under local circumstances, including between households.

As the challenges of the Anthropocene intensify, detailed descriptions of local con-
texts such as those that have been presented here, together with local knowledge and re-
gional and global observations, will be key to constructing and enhancing the locally ap-
propriate adaptation [22] that communities want for themselves.
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www.mdpi.com/article/10.3390/su14127148/s1, Table Sla: Sierra Juarez Region. Maize and bean va-
rieties farmers reported growing; Table S1b: Valles Centrales Region. Maize and bean varieties farm-
ers reported growing; Table S2: Model information for logits included in Figure 3; Table S3: Envi-
ronments and fields of maize and bean sown, as reported by farming households, 2007.
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