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Abstract: Crop species diversity is a key component of agroecosystem resilience, food system stability,
ecosystem services production, and sustainable development. Despite its importance, quantitative
understanding of crop species diversity is often lacking. This study assesses changes in crop species
production diversity in Mexico from 1980 to 2020 at state, regional, and national levels. Measures of
crop species richness and effective diversity (alpha, beta, gamma) were derived from government
production data on 304 species, each stratified into rainfed and irrigated components. Time series
of these components reveal three main findings: (1) diversity generally increased during the study
period, especially among fruits, vegetables, spices and herbs, and ornamental crops; (2) the diversity
of irrigated crops was about two times higher than the diversity of rainfed crops, despite comprising a
small fraction of the total cultivated area; and (3) the diversity of irrigated crops increased dramatically
after implementation of the North American Free Trade Agreement (NAFTA) in 1994—though most
increases occurred in dry northern regions where production depended on unsustainable irrigation.
In sum, findings show that while crop diversity can contribute to numerous forms of sustainability, not
all diversification processes derive from agroecologically-based, sustainable forms of intensification.
In Mexico, crop species diversification was associated with a post-1994 boom in produce exports to
the United States and the unsustainable use of scarce water resources at home. Such context-specific
understanding is crucial for determining whether crop diversification, in all its forms, ultimately
leads to sustainable outcomes.

Keywords: agrodiversity; ecosystems; irrigation; NAFTA; sustainable intensification; water

1. Introduction

Crop species diversity is an important component of agroecosystem resilience, food
system stability, and the production of ecosystem services [1-4]. Conserving crop diversity
is a goal of agri-environmental policies around the world, with diversity targets specified in
the United Nations Sustainable Development goals and the directives of other international
organizations [5-7]. Despite the importance of conserving global crop diversity, consider-
able uncertainty exists about the timing and extent of diversification patterns and processes
at national and subnational levels [8]. This uncertainty has impeded conservation efforts,
leaving policymakers without the means to assess what remains of crop diversity today
and how to manage it in the future [9]. A fuller understanding of crop diversity patterns
and the drivers and impacts of diversification processes is needed.

Agricultural intensification is generally recognized as a driver of the erosion of crop
genetic (landrace) diversity, a significant threat to global food security and biodiversity [10].
At the genetic level, the continuing erosion of crop diversity has received significant re-
search attention, though fewer studies explore diversification at higher taxonomic levels
where patterns are less certain. At the species level, for example, firm evidence of the global
erosion of crop diversity has been elusive [9,11,12]. One study finds crop species diversity
increased through much of the 20th century, peaking in the 1980s and leveling off in the early
1990s [13]—though the onset and duration of this pattern varied across regions, suggesting
the influence of distinct policy, socioeconomic, and environmental factors [12,14-16]. To
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understand these factors, context-based assessment of trends in crop species diversity at
regional and national levels is critical. Ultimately, identifying these trends is key to under-
standing the drivers of crop diversification processes at the species level and, ultimately,
how this diversification influences socio-environmental outcomes [17-19].

Mexico is a ‘mega-diverse’ country and a Vavilov center of crop origin that has made
important contributions to global food production, though the country also experienced sig-
nificant agricultural changes over the last century [20-22]. Mexico was an early adopter of
Green Revolution technologies and intensification strategies beginning in the mid-twentieth
century [23,24]. Today, agriculture in Mexico is characterized by a heterogenous array of
crop types, levels of intensification, and production systems [25]. Within this complexity,
research on crop diversity has tended to focus on the identification and conservation of
maize genetic (landrace) diversity. The focus is well justified. Mexico is the world’s pri-
mary reservoir of in situ maize genetic diversity, and its conservation is critical on many
levels—from ensuring global food security to supporting the lifeways of many indigenous
communities [26-28]. Beyond the focus on maize diversity, however, the current trends
and patterns of total crop species diversity in Mexico are poorly understood. This baseline
understanding is critical for assessing how the agricultural changes of the 20th century
have impacted agrodiversity and ecosystems.

Agriculture in Mexico experienced dramatic structural changes after the implemen-
tation of the North American Free Trade Agreement (NAFTA) in 1994. Among these, the
lifting of trade barriers sparked a boom in crop production in northern regions. However,
recent research has shown that this production was dependent on the intensification of
irrigation systems and the export of ‘virtual water’ in the form of crop exports to the United
States [29]. Agricultural water use in northern regions became increasingly unsustainable
during the late 20th century, which led to the growing recognition of the need for reforms in
agricultural water use [30-33]. While the impacts of NAFTA-led changes in agriculture and
irrigation continue to be explored, little is known about how these changes have impacted
total crop species diversity.

To address these knowledge gaps, this paper seeks to answer three questions:

e  Q1I: Has crop species production diversity in Mexico increased or decreased over the
last several decades (1980-2020)?
(Q2: Have these changes differed among rainfed and irrigated crops?
Q3: How has NAFTA (1994-2020) influenced trends in crop species diversity?

To answer these questions, yearly crop production data were used to calculate crop
species richness (number of species) and effective diversity (alpha, beta, gamma) at state,
regional, and national levels from 1980 to 2020. Data were obtained from publicly available
government sources on the harvested areas (ha yr~!) of 304 crop species cultivated on
rainfed and irrigated lands. Time series plots and heat maps of crop diversity measures
were used to illustrate spatial and temporal changes during the study period. Findings were
discussed in the contexts of agri-environmental policy and water resource management in
Mexico and broader relationships between crop diversity and sustainability.

2. Materials and Methods
2.1. Data Sources

Crop production data were obtained from the Agri-food and Fisheries Service (SIAP)
of Mexico’s Secretary of Agriculture and Rural Development [34]. Data included the total
yearly rainfed and irrigated cropland areas (ha yr—!) of 304 crop species produced in each
of Mexico’s 31 states and the Federal District (hereafter, “states”) from 1980 to 2020. Crop
species were stratified into 14 groups based on cross-referencing with SIAP catalogs and
the Food and Agriculture Organization of the United Nations classification [35,36]. For
each crop group and year, the cultivated areas (total and % of total) of rainfed and irrigated
crops were calculated and expressed as time series. The dataset for 2020, which marked the
final year of NAFTA and the onset of the COVID pandemic, was substantially reduced and
inconsistent compared to previous years. It was unclear if this reflected pandemic-related
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data collection issues or actual changes in production. Therefore, the year 2020 was omitted
from further analysis.

2.2. Diversity Measures

Crop species diversity was calculated in two ways. First, the number of species per
area was calculated and expressed as a measure of crop richness diversity. Second, both
richness and evenness diversity components were measured and expressed as the exponent
of the Shannon diversity index. This is commonly interpreted as a measure of the effective
number of crop species cultivated per equal area [18,37—-40]:

D =ef, 1)
n
H = _Zpilnpi/ (2)
i=0

where D is effective crop species diversity, H is the Shannon diversity index, p is the
proportion of cultivated area for crop species 7, and # is the total number of crop species.
Spatial variations in D for each year were calculated following:

B="/q, 3)

where 7y expresses yearly gamma diversity, « expresses yearly alpha diversity, and  ex-
presses yearly beta diversity. Gamma diversity represents the total D of larger areas
(i.e., the nation and region). Alpha diversity represents the mean D of smaller areas (i.e., the
states). Beta diversity is the ratio of gamma and alpha diversities, which is a measure of
dissimilarity in D among states.

In other words, gamma diversity expresses the total species diversity at national or
regional levels, and alpha and beta diversities express crop species compositions within
(alpha) and among (beta) the states. For example, if all state-level (alpha) D were equal, all
regional- and national-level D would be equal, and therefore, beta diversity would equal 1.
However, when alpha diversity among states differs, beta diversity values are greater than
1 and express a degree of dissimilarity in D among the states, either within a region or the
nation. Together, these three measures of spatial diversity are commonly used in ecology,
conservation biology, and agricultural studies to illustrate patterns and trends in spatial
diversity [8,13,37,41].

In this study, gamma-, alpha-, and beta-diversity calculations were made for: (1) rain-
fed cropped areas, (2) irrigated cropped areas, and together, (3) all cropped areas. Changes
in species richness and effective diversity throughout the study period were illustrated at
the state, regional, and national levels. Regional grouping of states followed the widely
used Bank of Mexico classification, which divides the country into four main regions: North,
North Central, Center, and South [42,43]. All analyses and illustrations were completed in
JMP Pro 15.2.1. (SAS Institute, Cary, NC, USA).

3. Results
3.1. Changes in Rainfed and Irrigated Crop Species

Overall, the total cultivated area in Mexico increased during the study period, espe-
cially after 1994 (Figure 1). For rainfed crops, the total cultivated area increased by about
15% after 1994, from 13 to as high as 15 million hectares (Mha). For irrigated crops, the
total cultivated area increased at a slightly higher rate (20%), though the total area under
irrigation was smaller (from 5 to 6 Mha). Cereals (mostly maize) comprised the largest
share of rainfed croplands, though the share decreased steadily from 56% in 1980 to 46% by
2019. Fodder crops comprised the second-largest share of rainfed croplands, which steadily
increased from 12% in 1980 to 24% by 2019.
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Figure 1. Rainfed and irrigated cropland areas in Mexico for each crop group from 1980 to 2019.
Smoother line fit with cubic spline (A = 0.05). Dashed line marks implementation of the North
American Free Trade Agreement (NAFTA) in 1994.

Cereals also comprised the largest share of irrigated croplands, which increased from
40% in 1980 to about 53% in 1994, before falling to 36% by 2000 and finally recovering to
between 42% and 48% from 2000 to 2019. Fodder crops also comprised the second-largest
share of irrigated croplands, rising from 15% in 1994 to 25% by 2010 before dropping again
to 15% by 2019. The share of irrigated croplands producing fruits increased by about 44%
from 1980 to 2019. Importantly, fruit crops comprised the largest and most consistent
percent increases in irrigated cropland area during the study period.

3.2. National-Level Changes in Crop Species Diversity
3.2.1. Crop Species Richness (National)

Crop species richness (number of species) generally increased after 1994, especially
among fruits, ornamentals, spices and herbs, and vegetables (Figure 2). Among rainfed
crops, 33-36 fruit species were cultivated before 1994 and 42-55 species after 1994. The
richness of rainfed ornamentals, spices and herbs, and vegetables also increased after 1994,
though these increases were smaller, seldom exceeding 35 species in any group.
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Figure 2. Number of rainfed and irrigated crop species (richness) for each crop group from 1980 to 2019.
The arrow marks implementation of the North American Free Trade Agreement (NAFTA) in 1994.

The species richness of irrigated crops also increased after 1994 and was generally
larger than for rainfed crops. A prime example was ornamental species, which differed
sharply among rainfed and irrigated croplands before and after 1994. Before 1994, slightly
more rainfed ornamental species were cultivated than irrigated ornamental species (both
fewer than 12 species), but after 1994, the number of irrigated ornamental species increased
to more than 58 species, while rainfed ornamental species increased to only 28-32 species.
Increases after 1994 in spices and herbs followed a similar pattern, whereby increases
were far greater on irrigated croplands than on rainfed croplands. The number of fruit
and vegetable species cultivated also increased dramatically after 1994, though differences
were greater for irrigated vegetables than for irrigated fruits, which also showed strong
diversification after 1994 in rainfed croplands.

Opverall, the post-1994 period saw dramatic increases in species richness among fruits,
ornamentals, species and herbs, and vegetables—though increases for most crops were far
greater on irrigated lands than on rainfed lands.

3.2.2. Crop Effective Diversity (National)

At the national level (gamma), the total effective crop species diversity (D) of irrigated
crops was about twice that of rainfed crops (Figure 3), though the gamma diversity of all
crops (both rainfed and irrigated) increased after 1994. After 1994, the gamma diversity
of rainfed crops increased by about 71%, from 7 to 12 effective species, while the gamma
diversity of irrigated crops increased by about 69%, from 16 to 27 effective species. Nation-
ally, the gamma diversity of irrigated crops decreased to its lowest level (D = 17) in 1994
before spiking to its highest level (D = 26) in the following decade. After an adjustment
period, the gamma diversity of irrigated crops steadily increased by ~5% through 2019.
Together, the gamma diversity of all crops decreased slightly leading to 1994, but after
1994 increased by ~36% through 2019. Alpha diversity (mean state-level D) increased only
slightly after 1994, which served to widen the gap between alpha and gamma diversities.
For both rainfed and irrigated crops, alpha diversity was about 50% of gamma diversity
before 1994 but only about 40% of gamma diversity after 1994.
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Figure 3. Changes in effective gamma, alpha, and beta diversity (D) in Mexico during the study
period. Gamma diversity expresses total national-level D; alpha diversity expresses mean state-level
D; beta diversity expresses dissimilarity in D among states.

The widening gap between gamma and alpha diversities after 1994 is reflected by
corresponding increases in beta diversity. The beta diversity of rainfed crops, while signifi-
cantly lower than for irrigated crops, steadily increased after 1994. Through most of the
study period, however, the beta diversity of irrigated crops remained significantly higher
than for rainfed crops, and changes in beta diversity tended to be larger and more frequent
for irrigated crops than for rainfed crops. Interestingly, the beta diversity of irrigated crops
declined sharply in the years leading to 1994, when it reached its lowest recorded level (2.2),
but then spiked after 1994 to its highest recorded level (2.7). After 2003, however, the beta
diversity of irrigated crops fell and began to stabilize near pre-1987 levels. Among all crops,
the trend in national-level beta diversity is clear—beta diversity declined steadily before
reaching its lowest point (1.8) in 1994. It then increased steadily after 1994 and matched its
highest level (2.2) by 2019.

3.3. Regional-Level Changes in Crop Species Diversity
3.3.1. Crop Effective Diversity (State and Regional)

Figures 4 and 5 show that among all crops (rainfed and irrigated), state- and regional-
level D tended to be highest in the North and North Central regions. This pattern also
held for irrigated crops, except for those in the Central state of Puebla, which were also
highly diverse. For rainfed crops, patterns of state- and regional-level D were less distinct,
changing little during the study period. Nevertheless, rainfed D was highest in the North
Central states of Nayarit, San Luis Potosi, and Sinaloa and in the Southern states of Tabasco
and Veracruz (D = 10-12). Rainfed D was lowest (D < 4) in Baja California Sur (North
Central), Queretaro (Center), and Yucatan (South) states.
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Figure 4. Heat chart of changes in effective crop species diversity (D) from 1980 to 2019 by states and
regions of Mexico, stratified by rainfed, irrigated, and all crops.
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Figure 5. States and regions of Mexico.

For irrigated crops, state-level D was highest in Chihuahua and Coahuila (North), Baja
California Sur, Jalisco, and Michoacén (North Central), and in Puebla (Center)—where in
most cases, D > 14. The largest increases in state-level D after 1994 were observed among
irrigated crops in Baja California Sur, where D increased from 8 in 1994 to more than 15 by
2019. Large increases in irrigated-crop D after 1994 were also observed in the North Central
states of Nayarit, San Luis Potosi, Sinaloa, and Zacatecas.

Among all crops, D was highest in Baja California Sur. Here, the post-1994 increase in
D closely resembled the increase in this state among irrigated crops alone. In other states,
the D of all crops in the North and North Central regions generally increased after 1994, but
the pre- and post-1994 contrasts were not as apparent as in the state of Baja California Sur.
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3.3.2. Regional Gamma Diversity

Temporal and spatial patterns of change in D are further illustrated in Figure 6. After
1994, rainfed gamma D (total rainfed D per region) changed little in the North and South
regions but increased by 40% (5 to 7) in the Center region and by 43% (7 to 10) in the North
Central region, where it was highest.
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Figure 6. Changes in regional-level effective crop species diversity (D) among rainfed crops, irrigated
crops, and all crops. Here, gamma diversity expresses total D in each region (North, North Central,
Center, South), and beta diversity expresses dissimilarity in D among the states in each region. The
dashed line marks implementation of the North American Free Trade Agreement (NAFTA) in 1994.

Opverall, however, regional gamma D was significantly higher for irrigated crops than
for rainfed crops. The differences between rainfed and irrigated gamma D were the smallest
in the South region, though these increased during the study period. Interestingly, in the
South, gamma D was the same for both rainfed and irrigated crops (7.5) in 1980. By 2019,
however, while gamma D had remained the same for rainfed crops (7.5), it had almost
doubled for irrigated crops (13). In the other three regions, irrigated gamma D dropped
immediately before 1994 but then increased dramatically after 1994. In the North region,
for example, irrigated gamma D increased from 13 to 17-22 from 1994 to 2019, while in the
Center region, it increased from 11 to 16 (increases of about 54% and 46%, respectively).
Overall, gamma D for irrigated crops was highest in the North and North Central regions.
When all crops were measured together, gamma D remained highest in the North and
North Central regions.

3.3.3. Regional Beta Diversity

Regional beta D varied widely during the study period. For rainfed crops, regional
beta D after 1994 was highest in the North and North Central regions and lowest in the
Central and South regions. In the North, rainfed beta D rose before 1990, dropped sharply
from 1990 to 2003, and then rose again from 2004 to 2019 to the highest level among regions.
In the North Central region, rainfed beta D rose steadily from 1986 to 2007 and was the
second highest among regions by 2019. In the Center region, rainfed beta D rose after 1994
to reach about the same level as in the South region. In the South, however, rainfed beta
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D dropped steadily throughout the study period, from the highest among all the regions
in 1980 to the second lowest by 2019. Overall, post-1994 changes in regional beta D show
greater differentiation (turnover) among states in the North and North Central regions than
among states in the Center and South regions, where measures of D among states were
more alike.

Among irrigated crops, the most notable changes in beta D were in the North region,
which measured lowest among all regions before 1994, but then dramatically increased
after 1994 to the highest level among regions. In sharp contrast, beta D dropped sharply
among irrigated crops in the North Central and South regions from the two highest among
regions in 1994 to the two lowest by 2019. Interestingly, the beta D of all crops remained
largely flat throughout the study period—except in the North, where it rose sharply after
1994 and remained significantly higher than in other regions. In sum, the gamma and
beta diversities of crops in the North and North Central regions were higher than in the
Center and South regions. Among irrigated crops only, gamma D also was highest in the
North and North Central regions, though state-level D in the North region showed greater
heterogeneity (higher beta D) than in the North Central region.

4. Discussion
4.1. Increased Temporal and Spatial Diversity of Crop Species (Q1)

We found that effective crop species diversity generally increased at state, regional, and
national levels during the study period. Regional- and national-level diversities (gamma)
increased dramatically, while mean state-level diversity (alpha) increased modestly. Diver-
sity increases were larger in the North and North Central regions than in the Center and
South regions. The differences in species composition among states (beta) also tended to be
highest in the North, especially after 1994 and among irrigated fruits, ornamentals, spices
and herbs, and vegetable crops.

These findings contribute to a growing body of research highlighting that while the
genetic diversity of crop landraces and wild relatives continues to erode, crop species diver-
sity patterns differ widely [9,13]. Previous research finds that crop species diversification
appears to have peaked during the 1980s and then leveled off beginning in the 1990s,
though the magnitude and timing of these trends depended strongly on regional- and
national-level factors [13,18,44,45]. This study shows that crop species production diversity
in Mexico continued to increase well after the 1990s at state, regional, and national levels.
Though correlational, findings suggest that diversification trends were strongly related to
the effects of regional trade and the intensification of irrigation.

4.2. Crop Species Diversity Dependent on Unsustainable Irrigation (Q2)

This study found that the species diversity of irrigated crops was about twice as high
as the species diversity of rainfed crops at the national level. This was also true at the
regional level, though sharp distinctions emerged among regions. Irrigated diversity was
highest in the North and North Central regions, where large-scale hydraulic infrastructure
and intensive irrigation resulted in some of the highest crop productivity in Mexico [46].

This finding provides insight into the effects of intensification on crop diversification,
a topic that merits greater research attention. While studies show that the intensification of
inputs generally leads to the homogenization of landscapes and reductions in agrobiodi-
versity [10], the partial effects of different inputs on diversity are poorly understood. In
the case of irrigation, a key component of intensification, studies show that increases in
irrigation can lead to both crop diversification (greater diversity) and specialization (less
diversity). When leading to diversification, farmers use irrigation to expand the range of
crops that can be grown, which often includes more value-added or nutritionally diverse
crops [47,48]. When leading to specialization, farmers instead use irrigation to enhance the
productivity of a few, usually water-intensive species [49,50]. Ultimately, farmer decisions
over how to employ irrigation to diversify or specialize derive from perceptions of the
opportunities and constraints of socioeconomic, environmental, and other factors [51,52].
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These decision-making processes are difficult to measure and assess over large spatial
scales due, in part, to data limitations and the heterogeneity of agricultural landscapes. The
net results of these decisions, however, can be observed in the aggregate [14,45]. In Mexico,
a recent national-level study found that irrigation was a strong positive predictor of crop
species richness and evenness of diversity across the country [53]. The study controlled for
a range of socioeconomic and environmental factors, but due to data limitations, examined
only one year (2007). The current study examined longer-term patterns, with findings again
suggesting a positive relationship between irrigation and crop species diversification.

Importantly, however, a growing body of research also finds that irrigation practices
in Mexico are unsustainable. Over several decades a water crisis has developed in which
agricultural water withdrawals, which comprise ~76% of all withdrawals nationally, have
far exceeded recharge, especially in northern regions where water insecurity has become
severe [32,33]. As such, the irrigation-led boom in crop productivity and diversity came at
great costs to freshwater resources [29]. Policymakers and water managers should care-
fully consider these factors in any sustainability assessment or tradeoff analysis involving
agricultural water management and agrobiodiversity in Mexico.

4.3. Crop Species Diversification after NAFTA (Q3)

This study found that crop species diversity increased dramatically after the implemen-
tation of NAFTA in 1994. Before 1994, national-level diversity was largely flat or decreasing,
with the gamma and beta diversities of irrigated crops reaching the lowest recorded levels.
However, immediately after 1994, species diversity spiked to its highest recorded levels,
adjusted, and then continued an upward trajectory through 2019. Regionally, the largest
post-1994 increases in species diversity were observed in the North and North Central
regions, while the lowest increases were in the Central and South regions.

These findings are consistent with existing studies on the contrasting regional effects of
NAFTA on agriculture in Mexico. Studies generally show that NAFTA negatively impacted
small-scale maize producers in southern regions who, after 1994, were forced to compete
with cheap maize imports from heavily subsidized producers in the United States [54,55].
NAFTA also drove an increase in maize imports from the United States, which, among
other issues, drove concern over the introduction of maize cultivars (GMOs) to maize
landrace diversity [56]. However, in contrast to these negative impacts, large producers in
northern regions largely benefitted from NAFTA and the lifting of export restrictions to the
United States [57]. After 1994, northern producers experienced a boom in the export-led
production of non-maize crops to the United States to meet its growing demand for fruit
and vegetable crops [29,58]. This production boom was largely made possible by the
intensification and expansion of unsustainable irrigation practices [29].

Taken together, the effects of NAFTA and the intensification of irrigation systems
led to an increase in crop species production diversity in Mexico, especially in northern
regions. However, these factors also raise important questions about the significance and
sustainability of crop species diversification in this context.

4.4. Limitations and Future Research

While crop diversification is generally associated with sustainable outcomes, the
findings of this study raise several reasons to examine this assumption more closely. Though
beyond the scope of this study, five areas for future inquiry into this assumption are
listed below.

First, a better understanding of crop species’ functional diversity is needed. Under-
standing functional diversity is key to assessing the effects of diversification on non-crop
biodiversity and ecosystem services. However, there are many factors that potentially
confound the relationship between crop diversity and its effects on ecosystem services.
For example, while crop diversity generally enhances pollinator activity [53,59,60], it is
unclear how different forms of protected agriculture (e.g., greenhouses) potentially im-
pede pollinator activity. Mexico is a world leader in protected agriculture; much of it is
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found in the northern irrigated regions with high production diversity identified in this
study [61]. More generally, it remains unclear how crop functional diversity is impacted by
the combined or interaction effects of agricultural inputs and, ultimately, how these effects
impact ecosystems [3,17]. Therefore, assessing the effects of functional crop diversity on
ecosystem services is key to linking the diversification processes identified in this study
with sustainable outcomes.

Second, a better understanding of the role of irrigation in crop diversification is
needed. The strong positive association between unsustainable irrigation and crop diversity
identified in this study raises concerns over the sustainability of existing agrodiversity in
Mexico. Climate projections show that current agricultural water use in northern regions
will likely become even less sustainable [30,33]. Therefore, additional research into the
potential tradeoffs between current forms of intensification, water resources management,
and crop diversity in Mexico is needed [62]. Ultimately, any benefits of crop diversity to
agroecosystem resilience, food system security, or ecosystem services must be weighed
against the continued depletion of freshwater reserves in northern regions.

Third, additional research into the effects of crop production diversity on food and
nutritional security in Mexico is needed. Several studies link crop production diversity
with dietary diversity and nutritional security through either increases in subsistence con-
sumption or income generation [63—65]. In Mexico, it is unclear if the dramatic increase in
export-led species production diversity after 1994 improved dietary diversity or nutritional
security domestically. Research into this question could hold special significance for south-
ern Mexico—a region where few of the benefits of NAFTA have been felt [54] and where
food insecurity remains high [66,67].

Fourth, a better understanding of crop beta diversity and its significance is needed.
Crop beta diversity is often interpreted as a positive indicator of food system stability and
resilience and as a hedge against climatic risks, pest outbreaks, and market shocks [13].
In this sense, greater heterogeneity of diversity measures among smaller units promotes
production and yield stability at larger levels [68,69] and protects against synchronized
crop failure [70]. Following this interpretation, the increase in beta diversity among irri-
gated croplands in the North would serve as a positive indicator of the above. However,
other interpretations of crop beta diversity have been made [8], which are in line with a
general lack of consensus on how to interpret beta diversity in ecological and non-crop
biodiversity conservation studies [39,71-73]. In sum, additional research is needed to assess
relationships between the crop beta diversity measures identified in this study and the
above outcomes. Findings could provide important insight into the stability and security
of food systems between Mexico and the United States.

Finally, better understanding of farm-level crop species diversity across Mexico is
needed. While this paper focused on crop species diversity over large temporal and spatial
scales, future research into the drivers of yearly changes at smaller scales is crucial; measures
of crop diversity can simultaneously increase and decrease depending on taxonomic level,
the spatial scale of analysis, levels of data aggregation, and measurement techniques [9].
Therefore, the state-, regional-, and national-level findings of this study do not necessarily
reflect individual, farm-level diversification patterns or processes in Mexico (also see
LaFevor and Pitts, 2022).

5. Conclusions

This study has three significant findings that contribute to broader understandings of
global crop diversification patterns and trends. First, crop species production diversity in
Mexico generally increased from 1980 to 2019 at state, regional, and national levels. Second,
diversity was highest among irrigated croplands in the North and North Central regions,
though irrigated crop diversity tended to be higher than rainfed crop diversity in all regions.
Third, crop diversity increased dramatically after implementation of the North American
Free Trade Agreement in 1994, especially among fruits, spices and herbs, ornamentals, and
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vegetable species. Importantly, however, crop diversification followed a boom in produce

exports to the United States that was associated with unsustainable irrigation practices.
While crop diversification is typically associated with contributing to sustainable

outcomes—enhancing agroecosystem resilience, food system security, and ecosystem

services—this study cautions that such associations are highly context-dependent. Ulti-

mately, better understanding of the drivers and impacts of crop species functional diversity

at different temporal and spatial scales is needed to assess contributions to sustainability.
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