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Abstract
Global analyses have revealed virtual drains and gains of water between trading countries, with
Mexico ranking as one of the countries with the fastest increase in unsustainable water
consumption in agriculture for export markets, since 2000. It is unclear, however, how Mexico has
reshaped its crop production and associated reliance on freshwater resources to satisfy growing
domestic and international markets, especially the United States (US). While the Mexico-US
partnership has been identified as one supported by unsustainable irrigation water, the spatial
understanding of its strain on water resources has remained at the national scale and without
context of the crops driving the change. In this analysis, we focus on the evolution of Mexican
agriculture since 1994, the year the North American Free Trade Agreement was enacted, to identify
hotspots of water unsustainability in crop production in the domestic and US supply chain. Using
a global process-based crop water model, we find that between 1994 and 2015, rainwater (or ‘green’
water) and irrigation (or ‘blue’) water consumed in the production of crops increased by one
fourth nationally, while water in crops exported to the US doubled. Virtual export of blue water
embodied in the trade of berries increased five orders of magnitude; a substantial growth in blue
water export was also associated with trade to the US of cereals, fruits, nuts, vegetables, pulses, and
tubers. Our results show that in Mexico irrigated water plays an increasingly prominent role in
export agriculture, and that many healthy crops that dominate US imports from the world are
grown in water scarce Mexican municipalities relying on unsustainable irrigation practices. This
serves as a warning for the sustainability of future Mexican healthy food supplies, both for the
domestic market and for export to the US.

1. Introduction

The 2020 ‘State of Food Security and Nutrition in the
World’ painted a grim reality of global progress made
towards ensuring safe, nutritious, and sufficient food
for all people, also casting doubt on achieving sustain-
able, healthy diets (FAO et al 2020). Healthy diets are
defined by the United Nations as diets that include
foods from several food groups and with a diversity
within groups (FAO et al 2020). Sustainable diets
are those with ‘low environmental impacts which
contribute to food and nutrition security and to
healthy life for present and future generations’ (FAO
2012). The 2030Agenda for SustainableDevelopment

combines these definitions to focus on healthy and
sustainable diets, thereby highlighting the critical
need to assess sustainability of food supply chains
today and into the future (FAO/WHO 2020).

At the same time, availability and affordability of
high quality, healthy diets have increased in high-
income countries, such as the United States, even as
severe food insecurity rose and overall nutrient qual-
ity decreased in lower income countries, such asMex-
ico (FAO et al 2020).Meanwhile, in recent years,Mex-
ico has exported its greatest ever quantity of fruits,
vegetables, and nuts to the United States (US) (FAO
2020). While these food groups by themselves do
not wholly encapsulate a healthy diet per the United
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Nations definition, they are necessary components of
one. The associated changes in crop demand to satisfy
US diets have reshaped theMexican agricultural land-
scape in terms of domestic production, trade with
other countries, and domestic natural resource use.

The proliferation of agricultural trade between
Mexico and the United States is in part a result of
the North American Free Trade Agreement (NAFTA).
Effective January 1994, NAFTA loosened restrictions
on agricultural trade, among other commodities
(NAFTA 1994). NAFTA partner countries received
preferential duty treatment on goods, and import-
antly, gained duty-free status for crops over a staged
process. Duties were eliminated based on crop cat-
egories and season, first in 1994, and incrementally by
1998, 2003, and 2008. Compared to the pre-NAFTA
era, continental market integration increased for all
agricultural sectors, including grains and oilseeds,
fruits and vegetables, sugar and sweeteners, and pro-
cessed foods (Zahniser et al 2015).

Changes in crop demand and production type
have implications for water resources. Global crop
water requirement (CWR) models have been used
broadly to calculate freshwater withdrawals for agri-
cultural production and to quantify virtual water
trade (VWT) flows between countries (Allan 1996,
Mekonnen and Hoekstra 2011, Konar et al 2013,
D’Odorico et al 2019). Virtual water is the water con-
sumed to produce a commodity; although it is not
physically present in that commodity in its terminal
location, it is virtually traded as that commodity is
exported to another region or country (Allan 1996).
VWT of staple crops, such as rice and wheat, have
been attributed with net water savings due to the
re-distribution of crop production from less water-
efficient countries to more efficient countries (Konar
et al 2013). At the same time, the global redistribu-
tion of food crops and associated water and nutrient
resources is not—to date—optimal (Davis et al 2017).
Analysis of global unsustainable virtual water flows in
agricultural trade reveals that 52%of global irrigation
is unsustainable, with 15% of it virtually exported
between countries (Rosa et al 2019). For this analysis,
‘unsustainable’ is defined as situations where local
surface and ground water (termed ‘blue water’) con-
sumption for irrigation exceeds locally available blue
water resources. Available resources are the amount
of surface and subsurface runoff remaining after pre-
serving environmental flows, which are often taken as
80% of runoff (Richter et al 2012).

Mexico is a major player in global unsustainable
virtual water flows, ranking as the country with the
third highest increase in unsustainable agricultural
water consumption between 2000 and 2015, due to
expansion of irrigated agriculture (Rosa et al 2019).
Unsustainable water consumption in Mexican agri-
cultural exports increased by 89% during this time,
with a notable uptick in the export of unsustainably
produced fruits and vegetables to the United States.

Water use for Mexican agricultural export has also
been attributed to groundwater depletion in produc-
tion, national consumption, and exports (Dalin et al
2017). The post-NAFTA era is marked by an increase
in intracontinental trade and a tightening of North
American VWT (Dalin et al 2012).

In this study, we investigate how agricultural
exports fromMexico to the US changed since NAFTA
was enacted in 1994, thereby reshaping the pat-
terns of crop production, irrigation, and unsustain-
able water use in Mexico. To that end, we examine
the evolution of crop water consumption for Mex-
ican domestic production and virtual water export
to the US at a spatial and temporal resolution never
examined before.We quantify water requirements for
58 primary crops and compare them to regional sus-
tainability classifications for the year 2000 to identify
crops and municipalities that are contributing to
unsustainable water consumption and export. By
tracking state- and municipality-level shifts, we ana-
lyze a unit of measurement that has direct value for
local to regional policy makers and identify which
growing regions have rapidly and oftentimes unsus-
tainably transformed to accommodate the US export
market.

2. Methods

This study analyzed the annual CWRs of Mexican
production of 58 key crops that comprise over 96%
of harvested hectares and 95% of production mass
for food crops in Mexico between 1986 and 2016.
The 58 crops represent 91% of all non-animal agri-
cultural export from Mexico to the United States
between 1986 and 2016 based on bulk metric ton
(1000 kg, hereafter referred to as ‘ton’). Produc-
tion data came from the Agri-Food and Fisheries
Information Services (SIAP) of the Mexican gov-
ernment and are reported at the state level from
1980 onwards and the municipal (or county) level
from 2003 onwards (SIAP 2020). The database repor-
ted crop seed mass separately; we do not consider
seeds in our analysis. Trade data are from the Food
and Agriculture Organization Corporate Statistical
Database (FAOSTAT) and reported at the national
level from 1986 onwards as US import from Mex-
ico (FAO 2020). Where temporally possible, analysis
was conducted at the municipal level, with municip-
alities representing the smallest administrative unit in
Mexico.

To analyze trends, the 58 crops were grouped into
nine crop categories that follow FAOSTAT commod-
ity groupings: cereals, fruits, vegetables, nuts, pulses,
tubers, fodder crops, oil-bearing crops, and other
crops not included elsewhere (2020). The crops selec-
ted for the other crops category did not fit into the
other designated categories but are present in Mex-
ican production and export. Sub-categories within
fruits and vegetables were also created—berries,
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citrus fruits, tropical fruits, other fruits, brassicas and
leafy v. (vegetables), fruiting vegetables, and other
vegetables—based on FAO primary food commod-
ities of plant origin groups (FAO and WHO 2006).
A summary chart of the groupings can be found
in the supplementary materials (available online at
stacks.iop.org/ERL/16/105008/mmedia).

CWRs, and blue and green water consumption
were quantified using the WATNEEDS model, a
global process-based crop water model (5 arcmin;
∼10 km resolution), applied to the municipalities of
Mexico (Chiarelli et al 2020). This model has been
previously used to assess irrigation water require-
ments (Davis et al 2017, Chiarelli et al 2018, Rosa
et al 2018). The model’s structure and validation are
presented in Chiarelli et al (2020). Model values for
crop parameters accounting for planting and harvest-
ing dates and the growing period were taken from
(Chapagain and Hoekstra 2004) where not already
available in the WATNEEDS model. Daily soil water
balance during each crop’s growing season was used
to calculate municipal-level, spatially explicit CWRs
for rainfed (green water) and irrigated (blue and
green water) crops (mm yr−1) for every year from
1986 to 2016. State-level CWRs are area-averaged
sums of the requirements for the municipalities they
contain (equation (1)).

State average CWR (volume/area) values were
aggregated from estimates at the municipality level:

CWRs =
∑
m

CWRm
Am

As
(1)

where Am is the area of municipality m within the
total state’s area, As.

Crop water consumption was then calculated by
dividing the CWR value calculated in the WAT-
NEEDSmodel by the yield for each crop, then bymul-
tiplying the resulting value by the production of that
crop in that year (equation (2)). The yield is calcu-
lated using SIAP data for each corresponding year,
location, and modality (irrigated or rainfed). For the
purposes of this study, we assume that CWRs are met
for all crops in all years, meaning that the crops are
not operating under deficit irrigation.

Water consumption (volume) of crop i is determ-
ined as:

WCi =
CWRi

Yi
× Productioni (2)

where Yi (mass/area) is the yield of crop i in that
location and Productioni is the production mass of
crop i.

Blue, green, and all (blue plus green in the case
of irrigated agriculture) water consumption were cal-
culated for every crop, location, and year combina-
tion.Water consumption changewas calculated as the
change between the average of the final three years

and the average of the initial three years, with the
reported change happening between the middle year
of the initial and final three years. This was done to
smooth out any variation from year-to-year that may
be due to incomplete reporting in one year.

Export data from FAOSTATwere used to quantify
Mexican export to the US (FAO 2020), with miss-
ing data imported from theUnited StatesDepartment
of Agriculture (USDA) Foreign Agricultural Service
Global Agricultural Trade System (GATS) database
where needed (USDA/FAS 2020). FAOSTAT primary
product extraction rates were used to determine the
amount of exported primary product originating
from the 58 primary crops in the SIAP database (FAO
n.d.). Where available, the Mexico-specific extraction
rate was used.

While SIAP has a dataset of subnational direct
crop export since 1999, this dataset is sparse until
2015, at which point it reports only 18 of the 58
crop categories in our study and at far lower quant-
ities of export than reported in FAOSTAT, likely
due to how ‘export’ is defined (i.e. presence of a
middleman processor in Mexico before export) and
availability of municipal-level data. For this reason,
state- and municipal-level ‘export’ values are here
estimated as the amount of domestic production that
contributes to the export market as a best approxim-
ation of export given limited existing data. These val-
ues were calculated by taking a proportional average
of the location’s production to the national produc-
tion, thereby conserving flows at the national scale
and distributing their impacts equally among produ-
cing regions of each exported crop (equation (3)):

Export proportionlocation, crop

=
Production tonslocation, crop

National production tonscrop

×National Export tonscrop. (3)

Here, the local export proportion is the amount
of the national export of a crop that originates in
the specified location, calculated as the proportion of
the national production that originates in that loca-
tion times the national export of the specified crop.
In cases where export tons exceeded the amount of
national production, the export proportion is simply
the location’s proportion of the national production.
Municipal- and state-level water consumption for
export are then determined on a crop-wise basis as
the respective water consumption for that crop times
its export proportion. This provides a modelled value
of the amount of water resources that are contribut-
ing to export from every municipality or state.

Finally, trends in irrigated crop production and
associated water requirements were compared to
(Rosa et al 2018)’s global map (at 30 × 30 arcmin
resolution) of sustainable and unsustainable irrig-
ation areas available only for the year 2000. In this
map, local water consumption was determined by
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combining calculated blue crop water consump-
tion values with local blue water consumption for
municipal and industrial uses. Local water availabil-
ity was computed based on estimates of runoff and
flow accumulation minus the water used for other
needs (municipal and industrial) and the environ-
mental flows. The unsustainable areas are defined as
areas where irrigation practices in 2000 require water
exceeding the locally sustainable amount required to
maintain local environmental needs assuming 80%of
runoff is reserved for environmental flows. Contrast-
ingly, sustainable water use occurs in locations where
available blue water resources exceed blue water con-
sumption. This model does not differentiate between
water sourced from surface versus ground water. The
growth trends of irrigated crop production and water
requirements calculated as part of this study were
compared to year 2000 sustainable and unsustainable
classifications for Mexico in ArcGIS using the Inter-
sect Analysis Tool. Areas were then classified based
on whether (a) their 2000 water use was sustainable
or unsustainable, and (b) the irrigated crop water
consumption calculated in this study was increasing,
decreasing, or exhibited no change. No change was
defined as an irrigation water consumption change
of <|5|% over the study period.

3. Results

3.1. Domestic production
For the 58 selected crops in this study, harvested area
increased by +2.6% and +0.9% per year until 1994
and 2016 respectively (figure 1). In these cases, growth
is faster prior to 1994 than post 1994, with growth in
the selected crops outpacing all agricultural growth in
Mexico. Both rainfed and irrigated agriculture grew
at a rate of roughly 0.9% each year in terms of har-
vested area and +4.3% in terms of production out-
put. The time between 1994 and 2016 also saw a
national increase in crop yields for many primary
crops, especially fruits and vegetables. This included
a doubling of irrigated crop yield of eggplant; cucum-
ber; tomato; asparagus; papaya; cassava; strawberries;
watermelon; and melons, other (incl. cantaloupes).
Unsurprisingly, the time period brought about agri-
cultural expansion in Mexico.

While at the national level harvested area and
production quantity increased modestly, crop cat-
egories saw broader ranges of increase and decrease
(see table in supplementary materials). Increases in
irrigated land area and production tons (respectively)
were led by fodder crops (+115%, +152%), nuts
(+104%, 204%), tubers (+63%,+120%), vegetables
(+53%, +153%), and fruits (+41%, +94%), due to
an expansion of agricultural land use, spatially or
temporally, and increasing crop yields. In the case
of cereals, irrigated area increased while rainfed area
decreased, with the irrigated production (in tons)
increasing more than the rainfed production in these

categories. For oil-bearing crops, irrigated area and
production decreased while rainfed area and produc-
tion increased. Irrigated and rainfed area increased
for fruit, nuts, and tubers, with irrigated produc-
tion change outpacing rainfed production. Irrigated
and rainfed area increased for fodder crops and
vegetables, with rainfed production change outpacing
irrigated production change. Pulses harvested area
and production generally decreased with the excep-
tion of rainfed production, which stayed roughly con-
stant.

Within crop categories, specific crops led the
increases in agricultural production. Irrigated pine-
apple and raspberry production increased by four
orders of magnitude, followed by a quadrupling or
more of eggplant, papaya, asparagus, strawberries,
spinach, and grapefruit production. Crops that at
least doubled in irrigated production include sweet
corn, green maize, watermelon, cauliflowers and
broccoli, cucumber, nut, chilies and peppers, lemons
and limes, seed cotton, green bean, onion, and cas-
sava. Blueberries, which were not extensively grown
until 2009, increased by five orders ofmagnitude since
then.

This study estimates that the current irrigation
water consumption for the selected crops changes
from 18.68 km3 yr−1 in 1994 to 17.09 km3 yr−1

in 2000 and up to 20.57 km3 yr−1 in 2015 (years
are three-year averages) (figure 2). This finding is
in overall agreement with previous studies (Rosa
et al 2018, 2019). Between 1994 and 2016, average
annual blue water consumption increased for nuts
(+107%, +0.42 km3 yr−1), fodder crops (+73%,
+1.32 km3 yr−1), tubers (+60%, +0.09 km3 yr−1),
vegetables (+40%, +0.65 km3 yr−1), other crops
(+20%, +0.50 km3 yr−1), and fruits (+12%,
+0.31 km3 yr−1) (figure 2). Blue water consumption
decreases were concentrated in the remaining cat-
egories: oil-bearing crops (−30%, −0.21 km3 yr−1),
pulses (−29%,−0.44 km3 yr−1), and cereals (−10%,
−0.77 km3 yr−1). Overall, blue water consumption
increased 14%, at 2% per year until 1994, and 10%,
at 0.05% per year, between 1994 and 2015.

3.2. Export
Export of the 58 select crops to the United States has
grown in bulk quantity since 1987 at a faster rate than
Mexican export to theworld.While export fromMex-
ico was nearly stagnant between 1987 and 1994 (an
annual decrease of 1.8% to the world and 0.7% to the
US), it has increased since at an annual rate of 9% to
the world and 14% to the US. The Mexico-US trade
relationship not only dominatesMexican agricultural
exports, but it is strengthening with time.

In recent years, the US has received on aver-
age 80% of Mexico’s global export of the selected
crops (i.e. the categories of: nuts, groundnuts, sugar
cane, and vegetables and fruit), grown under either
rainfed or irrigated conditions. For comparison, that
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Figure 1. Annual harvested area for irrigated (left) and rainfed (right) crops in Mexico between 1986 and 2016.

Figure 2. Annual irrigation blue water consumption in production in Mexico between 1986 and 2016.

number was 59% in 1994. For the three-year averaged
2014–2016 period, irrigated agriculture represented
58.4% of Mexican export to the US (based on
primary extraction rates), with the remaining agricul-
ture being rainfed, and Mexico exported 11.5% of its
total domestic production to the US. The crops that
have continued to be dominated byMexican export to
the US, holding at least 90% ofMexico’s global export
market share, are: vegetables and fruit (specifically,
cabbage; green maize; lettuce; tomato; cauliflowers
and broccoli; cucumber; chilies and peppers; oranges;
lemons and limes; watermelon; mangoes, mangos-
teens, and guavas; strawberries; blueberries; papaya),
and fodders.

In terms of US trade partners, Mexico was the
US’s single largest supplier of fruits, with Mexican
exports to the US accounting for over 88% of all of
theUS’s imports of fruits in 2016 (FAO 2020).Mexico
also accounted for 33%ofUS nut imports and 31%of
US vegetable imports in 2016.While overall per capita
domestic supply of fruits decreased in the US between
1994 and 2016, the per capita Mexican export of
fruits to the US increased (FAO 2020). The per capita
domestic supply of nuts increased in the US, as did

the per capita Mexican export of nuts. The per capita
US domestic supply andMexican export of vegetables
decreased.

Total blue water consumption in exports saw a
pronounced change. Overall, blue water consump-
tion for US export-oriented crops increased 36.5%,
at 5.2% per year from 1987 to 1994, and 79.4%,
at 3.8% per year, between 1994 and 2015. Annual
exports to the US and associated annual virtual water
flow increased (between 1994 and 2015) for all cat-
egories of irrigated crop excluding oil-bearing crops
and other crops, with the greatest growth in irrig-
ated blue water required for export in fruits (+173%,
+0.58 km3 yr−1), cereals (+690%,+0.53 km3 yr−1),
vegetables (+98%, +0.37 km3 yr−1), and nuts
(+3689%,+0.13 km3 yr−1) (figure 3(c)). Blue water
consumption for pulses, fodder crops, and tubers also
increased over the period, but accounted for only
0.02 km3 of total annual blue water export increase,
representing roughly 1% of the total increase.

Not only is bulk quantity of export and associ-
ated water to the US increasing (figure 3(a)), but the
fraction of Mexico’s total irrigated agricultural pro-
duction and water resources that is going to the US
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Figure 3. Blue water consumption in irrigated crops. The reported water consumption values represent (a) export by crop
category, (b) export as a fraction of total domestic irrigation blue water consumption, and (c) year snapshots in 1994 and 2016 by
category and subcategory. Growth in irrigated blue water exports in the cereals category was led by wheat. Growth in the vegetable
category was led by cabbages, chilies and peppers, and asparagus. Growth in the fruits category was led by raspberries; avocado;
watermelon; lemons and limes; mangoes, mangosteens, and guavas; and grapes.

has increased for the categories of fruits, vegetables,
and nuts. In recent years, at least 20% of domestic
irrigation water required to grow fruits and veget-
ables are associated with produce exported to the US
(figure 3(b)). This compares to an average value of
15.1% for all selected crops. For some subcategories,
such as berries, citrus fruits, and brassicas and leafy
vegetables, the fraction of domestic production going
to US export has surpassed 50% in recent years. This
means that Mexican production of specific subcat-
egories and their associated water requirements are
increasing to directly serve the US export market.

Irrigated agriculture for specific crop commodit-
ies has grown alongside increasing demand for export
to the US. The largest percentage of growth of blue
water consumption for exported crops is seen in the
avocado trade, with growth of magnitudes of four
to seven-fold increase depending on the municip-
ality. US avocado imports from Mexico represen-
ted 91% of US global imports in 2016, up from
3% in 1994 (USDA/FAS 2020). Raspberries also see
a growth at a magnitude of five to six. US rasp-
berry imports from Mexico represented 98% of US
global imports in 2016, up from 1% in 1994 (USDA/-
FAS 2020). Lettuce grows at a magnitude of four.
US lettuce imports from Mexico represented 82% of
US global imports in 2016, up from 36% in 1994
(USDA/FAS 2020). For some crops, single growing
regions dominate the domestic production and there-
fore export of the crop. For example, estimated vir-
tual export of blue water to grow cauliflowers and
broccoli originating in Guanajuato has increased by
621% since 1994, with the production in Guanajuato

representing 62%of national bluewater consumption
for the crop group in recent years. Similarly, estim-
ated virtual water export of blue water to grow avo-
cados in Michoacán has increased five orders of mag-
nitude, withMichoacán representing 72% of national
blue water consumption for avocados in recent years.
Lastly, estimated virtual export of blue water in
asparagus grown in Sonora has grown 200% since
1994 with Sonora production representing 68% of
the national blue water consumption in recent years.
A summary chart of specific crop commodities for
export and their growth can be found in the supple-
mentary materials.

3.3. Sustainability of irrigation water requirements
trends
From a water quantity perspective, water resource
management can be sustainable if water consumption
does not exceed local availability, which is defined
as the difference between (surface and groundwa-
ter) runoff and environmental flows (i.e. the min-
imum surface runoff that should be sustained to con-
serve aquatic habitat). When these conditions are
not met, water consumption for human activities
occurs at the expenses of environmental flows (i.e.
aquatic habitat) or groundwater stocks and is there-
fore ‘unsustainable.’ Water sustainability assessments
across Mexico show that in the year 2000, 986 of
Mexico’s 2448 municipalities were at least partially
unsustainably using their water resources. Of that,
almost half (462) of municipalities that were at least
partially unsustainably managing water resources in
2000 saw an increase in water consumption for

6



Environ. Res. Lett. 16 (2021) 105008 S Hartman et al

Figure 4. Sustainability and change in irrigation water consumption. The map shows year 2000 sustainability classifications and
irrigation requirement trends since then. Select Mexican municipalities and the crops driving irrigation trends are highlighted.

Figure 5. Estimated distribution of export-oriented irrigation water. The 2014–2016 annual averaged distribution of water
consumption for all exported crops (leftmost figure) and for the four dominant crop categories (inset figures). Additionally,
unsustainable regions experiencing an increase in irrigation water consumption since 2003 are overlain with dotted shading on
the leftmost figure. The highest bulk quantity of water exported for cereals originated in Mexicali, Baja California; Cajeme,
Sonora; and Etchoja, Sonora. The highest bulk quantity of water exported for nuts originated in Jiménez, Chihuahua; Hermosillo,
Sonora; and Camargo, Chihuahua. The highest bulk quantity of water exported for fruits originated in Hermosillo, Sonora;
Buenavista, Michoacán; Caborca, Sonora; Padilla, Tamaulipas; and Apatzingán, Michoacán. The highest bulk quantity of water
exported for vegetables originated in Caborca, Sonora; Mexicali, Baja California; Ensenada, Baja California; San Luis Río
Colorado, Sonora; and Hermosillo, Sonora.

irrigated agricultural production between 2003 and
2016 based on three year averages of their trends
during the reported municipal period (2003–2005 vs
2014–2016) (figure 4).

Nearly the entire northern and central regions
of Mexico had unsustainable water use in 2000
and exhibit an increasing trend in irrigation water

consumption since then (figure 5). This region has
historically been home tomuch of the country’s irrig-
ated agriculture (Ochoa-Noriega et al 2020, SIAP
2020). Contrastingly, the southern portion of the
country has long been rainfed dominant. For some
municipalities that lie in the 2000 unsustainable zone,
the increase in water consumption represents the

7



Environ. Res. Lett. 16 (2021) 105008 S Hartman et al

emergence of irrigated agriculture altogether in places
that were previously only rainfed, and for crops that
are dominant in domestic food consumption, such
as wheat, beans, and corn. Twenty-nine unsustain-
ablemunicipalities started using irrigation after 2003,
17 of which were municipalities in the southern
state of Oaxaca. The municipalities with the greatest
increase in unsustainable irrigation water consump-
tion frompreviously only (ormosly) rainfed crops are
Matamoros, Tamaulipas; Valle Hermoso, Tamaulipas;
and Sierra Mojada, Coahuila. All are in the north-
ern portion of the country. Some areas that were sus-
tainable in 2000 are also experiencing an increase in
irrigated agriculture water consumption. Seven sus-
tainablemunicipalities expanded from rainfed only to
include irrigated agriculture, all of which were in the
south of the country. The crops that led the irrigation
water consumption increase in unsustainable muni-
cipalities that already had irrigation in 2003 varied
by region. The rapid increase in irrigation water con-
sumption for export-oriented agriculture impacted
growing regions throughout the country, oftentimes
in municipalities with unsustainable water manage-
ment in 2000.

4. Discussion

The agricultural landscape of Mexico has changed
greatly since 1986 and after the enactment of NAFTA
in 1994. Overall irrigated and rainfed lands have
increased, as well as the pace of agricultural output,
with implications for irrigation water consumption.
Crop yields have increased, indicating that the per
ton amount of green water consumed for the same
crop at the beginning and end of the study period has
decreased. The increase in yields, however, may result
from the intensification of irrigation and associated
increase in blue water consumption to meet the irrig-
ation water requirements. In some cases, irrigated
agriculture has expanded geographically into rain-
fed lands, with crops that are traditionally rainfed
being irrigated. At the same time, the country’s export
to the US has increased, drawing upon the strained
water resources of Mexico. As agriculture and export-
oriented industry grow, three observations are clear.

First, the US consumer’s voracious demand for
fruits, vegetables, and nuts is ostensibly linked with,
yet exacerbating, the exploitation of water resources
in Mexico. This poses a threat to food system sus-
tainability in Mexico and the US alike. Growth in
export of agricultural products and associated water
requirements to the US is most pronounced in the
sub-categories of fruits and vegetables, especially
berries, citrus fruits, and brassicas and leafy veget-
ables. These sub-categories are also largely sourced
from regions with unsustainably used water resources
(for all uses including agricultural). The thirsty nut
industry in Chihuahua grows in an unsustainably
irrigated, arid part of the county while fruits blossom

on wet, yet increasingly water-strained Michoacán
farms. The very crops that have come to define the
US diet, such as asparagus from Sonora, leafy greens
and strawberries from Baja California, and broccoli
from Guanajuato, are sourced from municipalities
with unsustainable use of water resources. Further,
avocado and raspberries are becoming increasingly
present in a few municipalities of Michoacán that
were sustainable in 2000 but may become strained
as the luxury-crop industry concentrates there. The
results of this study show that the year-round US
domestic supply of produce favorites is made possible
through trade irrespective of associated unsustainable
irrigation practices.

Second, VWT impacts regions and not necessar-
ily countries. While the traditional VWT lens assesses
transfers between countries, this neglects to recog-
nize that agribusiness is heterogenous within a coun-
try. InMexico, agricultural output of export-oriented
crops and associated water requirements is concen-
trated along Mexico’s northern border with the US,
its coasts, and its temperate central highlands. These
regions, and the people who live there, are most
impacted by local water insecurities arising from
overuse of water supply for agriculture. While an
assessment of the costs (externalities such as environ-
mental degradation and water insecurity) and bene-
fits (such as financial or connectivity boosts) of the
local agribusiness on local people is beyond the
scope of this study, the spatial heterogeneity of water
resource strain throughout the country indicates that
impacts are not evenly distributed.

Third, irrigation expansion within the country is
not exclusively detrimental, provided that it occurs in
areas where the irrigation water requirements can be
sustainablymet. The expansion of irrigation into pre-
viously only rainfed areas in southernMexico appears
to be contributing to greater predictability of water
resources to grow crops for local consumer markets.
Irrigation in these areas serves as a tool for resilience
as climate change makes seasonal variability of rain-
fall less predictable (Gornall et al 2010). The emer-
gence of irrigation in the tropical south of the coun-
try is mostly for staple crops (with the exception
of irrigated oil palm), contrasting the heavy irrig-
ation regions in central and northern Mexico that
produce, among others, irrigation-only export crops
such as asparagus, brassicas, berries, and nuts. Sus-
tainable irrigation expansion within rainfed agricul-
tural regions of Mexico is necessary and possible to
feed a growing population amid climate change (Rosa
et al 2020).

Our study shows through biophysical modeling
that the historic trends in irrigation in Mexico are
leading to the unsustainable production of crops con-
centrated in the northern, central, and coastal regions
of Mexico. While irrigation expansion happening in
the rainfed-dominant south is not currently a threat
to sustainability, the irrigation expansion happening
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elsewhere in Mexico is unsustainable and therefore
represents a threat to future generations and ecosys-
tems alike. The increase in water demand has grown
most sharply for commodity products ripe for export,
especially to Mexico’s largest agricultural trade part-
ner, the United States. The results of this study reveal
the spatial and temporal heterogeneity of Mexico’s
agricultural production and associated export to the
US, whose restrictions were incrementally lifted with
the enactment of NAFTA. The modern result of
trade policies and agribusiness’ crop decisions has
established an export-oriented agricultural industry
buoyed by unsustainably consumed water resources.
For the US, this endangers surety of future food sup-
plies, especially for crops that the US sources primar-
ily from Mexico. Studies have also found that the
agricultural industry in Mexico relies on short-term
land leasing that exhausts local resources includ-
ing soil nutrients and water resources, resulting in
environmental degradation (González 2014, 2020).
The land use practices further challenge a landscape
with agriculture-induced environmental externalities
including pollution of water bodies, decreased biod-
iversity, and climate change (Ochoa-Noriega et al
2020).

While this study quantifies the spatial and tem-
poral changes in agricultural production and asso-
ciated water consumption and compares it to year
2000 water sustainability classifications, it does not
assess sustainability yearly for the entire study period
or evaluate different scenarios for preservation of
environmental flow (assumed to be 80% for this
study). Local water availability is constantly chan-
ging as water stocks are consumed and replenished
for different anthropogenic and nature-based uses,
as well as a result of local water balance fluctuations
(Falkenmark and Rockström 2005). Also, this study
does not take into account changes in policies at the
municipal, state, or national level thatmay have influ-
enced the proliferation of export-agriculture in Mex-
ico since 1994. Nor does it calculate the comparative
impact of expansion of manufacturing and mining,
both heavy consumers of water resources in Mexico.

Despite these limitations, this analysis is able
to highlight a pattern of increased irrigation across
the country since the enactment of NAFTA in 1994
at a spatial resolution never explored before. In
some regions, the unsustainable and increasing con-
sumption of water resources is driven by foreign
market demands fueled by increasing demand in
high-income places such as the United States. In
other regions, the emergence of irrigated agricul-
ture is indicative of irrigation infrastructure that will
provide resilience as precipitation patterns change
due to climate change. As the agricultural landscape
evolves, Mexico is characterized by a mosaic of sus-
tainable and unsustainable crop lands that strive to
satisfy domestic and foreign demands.

5. Conclusion

The NAFTA of 1994 solidified an agricultural and
social transformation in Mexico that began with
the Green Revolution (Harwood 2020). In the years
since, Mexico has continued to undergo agricultural
expansion, with a portion of its food and associ-
ated resources destined to supply the US consumer
market. In this study, we considered the agricul-
tural transformation of a country at the smallest
administrative unit to elucidate impacts on regional
sustainability of water resources for export-oriented
irrigation agriculture and domesticmarkets. Our bio-
physical analysis of the CWRs for irrigated agriculture
furthers an understanding of the relationship between
local water consumption for agriculture and sustain-
ability of subsequent food consumption at the ter-
minal location. As one of the most water unsustain-
able trade relationships in the world, the Mexico-US
trade relationship is characterized by agriculture that
exploits local resources to feed people in areas dis-
connected from the local agricultural consumption of
water resources. It is a classic example of the ability
of VWT to decouple producer and consumer through
institutional means such as trade.

Our findings indicate that irrigated agriculture
practices grew throughout Mexico, with irrigation
in the north, coasts, and central regions associated
with export agriculture and irrigation in the south
associated with newly established irrigation for local
consumption.Water consumption in production and
export increased since 1994. This occurred at a faster
rate for export, especially for crops such as avocado,
raspberries, asparagus, and broccoli. Some of these
crops, both for domestic consumption and export to
the US, originated in municipalities with unsustain-
ably consumed water resources.

By providing a spatially and temporally explicit
map of water consumption for the major crops of
Mexico, this study lays the groundwork for future
work examining the localized role of the export
industry in determining both domestic and foreign
food supply sustainability. Future research should
focus on the hotspot growing regions identified in this
study that have seen rapid transformations of spe-
cific crop commodities, such as the berry industry
of Michoacán, the broccoli industry of Guanajuato,
and the nuts industry of Chihuahua. In each of these
locations, more work is needed to understand the
social and ecological impacts of irrigated agricultural
expansion, thereby furthering the scientific under-
standing of disproportionate socio-environmental
impacts at varying scales.

Improved spatial and temporal understanding of
irrigated CWRs and associated exports can be bene-
ficial for policy makers and farmers, especially as cli-
mate change and shifting consumer preferences alter
the sustainability and type of crop that is grown
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respectively. This analysis provides a warning for the
major agricultural regions of the world of the delicate
challenge between sustainably managing resource-
limited supply and global consumer-driven demand
for produce. While irrigated Mexican fruits, veget-
ables, and nuts are increasingly components of the US
year-round diet, this shift often induces an unsustain-
able use of water resources inMexico, the country that
contributes to most of the US produce imports.

Data availability
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included within the article (and any supplementary
files).

Acknowledgments

S H was supported by the National Science Founda-
tionGraduate Research Fellowships Program (#DGE-
1752814) and the National Science Foundation
INFEWS Fellowship (#DGE-163374). P D was fun-
ded by the USDA Hatch Multistate Project (#W4190)
capacity fund. We thank Dr Lorenzo Rosa for making
the data from his 2018 publication available for use
in our study.

Conflict of interest

The authors declare no conflict of interest.

ORCID iDs

Sarah Hartman https://orcid.org/0000-0002-
2427-8440
Davide Danilo Chiarelli https://orcid.org/0000-
0002-4707-3018
Maria Cristina Rulli https://orcid.org/0000-0002-
9694-4262
Paolo D’Odorico https://orcid.org/0000-0002-
0007-5833

References

Allan J A 1996 Policy responses to the closure of water resources:
regional and global issuesWater Policy: Allocation and
Management Practice 1st edn ed P Howsam and R C Carter
(London: Chapman & Hall) pp 18–27

Chapagain A K and Hoekstra A Y 2004Water footprints of nations.
Volume 1: Main Report UNESCO-IHE Institute for Water
Education, Delft

Chiarelli D D, Passera C, Rosa L, Davis K F, Odorico P D and
Rulli M C 2020 The green and blue crop water requirement
WATNEEDS model and its global gridded outputs Sci. Data
7 273

Chiarelli D D, Rosa L, Rulli M C and D’Odorico P 2018 The
water-land-food nexus of natural rubber production J.
Clean. Prod. 172 1739–47

D’Odorico P et al 2019 Global virtual water trade and the
hydrological cycle: patterns, drivers, and

socio-environmental impacts Environ. Res. Lett.
14 053001

Dalin C, Konar M, Hanasaki N, Rinaldo A and Rodriguez-Iturbe I
2012 Erratum: evolution of the global virtual water trade
network Proc. Natl Acad. Sci. USA 109 8353

Dalin C, Wada Y, Kastner T and Puma M J 2017 Groundwater
depletion embedded in international food trade Nature
543 700–4

Davis K F, Rulli M C, Seveso A and D’Odorico P 2017 Increased
food production and reduced water use through optimized
crop distribution Nat. Geosci. 10 919–24

Falkenmark M and Rockström J 2005 Balancing Water for
Humans and Nature, the New Approach in Ecohydrology
(London: Earthscan)

FAO and WHO 2006 Codex classification of foods and animal
feeds (available at: www.fao.org/tempref/codex/Meetings/
CCPR/ccpr38/pr38CxCl.pdf) (Retrieved 14 September
2020)

FAO, IFAD, UNICEF, WFP and WHO 2020 The State of Food
Security and Nutrition in the World 2020. Transforming food
systems for affordable healthy diets The State of Food Security
and Nutrition in the World (SOFI) 2020 (Rome: FAO) p 320

FAO/WHO Nutrition Decade Secretariat 2020 United Nations
decade of action on nutrition mid-term review foresight
paper (2016–2025) (available at: www.who.int/news/item/
12-03-2020-mid-term-review-of-the-un-decade-of-action-
on-nutrition) (Accessed 25 August 2021)

Food and Agricultural Organization (FAO) 2012 Sustainable diets
and biodiversity: directions and solutions for policy,
research and action (FAO Headquarters, Rome, 3–5
November 2010) Biodiversity and Sustainable Diets United
against Hunger ed B Burlingame and S Derninip 7

Food and Agriculture Organization (FAO) 2020 FAOSTAT
statistical database (available at: www.fao.org/faostat/en/
#data) (Retrieved 24 June 2020)

Food and Agriculture Organization (FAO) n.d. Definition and
classification of commodities (available at: www.fao.org/
waicent/faoinfo/economic/faodef/faodefe.htm) (Accesssed
14 September 2020)
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