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Abstract: Mexico is the world-leading avocado producer. The municipality of Uruapan in the
Avocado Belt region in Central Mexico produces 153,000 tons a year, nearly 6.4% of Mexico’s total
volume. We performed a green and blue water footprint (WF) analysis between 2012 to 2017 in this
municipality, and compared the estimated WF volumes with water concessions for agriculture. Mean
annual rainfall was 1757.0 mm in the study period, mean effective rainfall 877.2 mm, mean crop
evapotranspiration 933.1 mm, and 312.5 mm of mean irrigation requirement. The mean WFtotal was
744.3 m3 ton−1, below the global mean WF for this crop (1086 m3 ton−1). WFtotal was 2.5 times higher
in irrigated plantations (1071.4 m3 ton−1) than in rainfed plantations (417.1 m3 ton−1). The crop
yield was slightly higher (3.8%) under irrigated (10.26 ton ha−1 year−1) than in rainfed plantations
(9.88 ton ha−1 year−1). WF and its components varied between years. The lowest WFblue was in
2015 when atypical spring rainfall increased available water during the dry season. The irrigation of
avocado plantations doubles water use with a slight yield increase in relation to rainfed plantations.
Regarding WF volumes and water concessions, we found that agroindustrial avocado production
consumes up to 120% of the surface and groundwater volumes granted to agriculture use in years
with dry conditions. The results indicate that other water users are depleted of this resource, creating
water stress and scarcity, and leading to water rights conflicts and social discomfort.

Keywords: avocado production; water consumption; sustainability; water scarcity

1. Introduction

Water is an essential resource for economic and ecological processes. The efficient
and sustainable use and management of water resources are key to maintaining social
and economic development and proper ecological functioning. Agriculture production
is considered to be the largest global water consumer [1] and estimates point out that
70% of the world’s freshwater withdrawals are directly linked to agriculture activities [2].
Moreover, growing water scarcity is nowadays considered a global systemic risk [3,4].

In water-stressed regions, identifying and recognizing the spatial and temporal di-
mensions of water withdrawals and consumption is key to provide effective and sound
water resources management guidelines. In this context, the water footprint and water
scarcity concepts had proven to be useful among some other tools that reveal both, water
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consumption and scarcity. In this sense we can mention the following: the water foot-
print method, the water footprint according to the ISO: 14046 standard and the agronomic
productivity of water (WP). The first, introduced by Hoekstra et al. [5] is an integrated
sustainability indicator in agriculture and food production [6] which recently has been
applied to other types of goods, e.g., clothing [7]. This concept is aimed to contribute
toward the adequate, efficient management and use of freshwater resources, and refers to
the volume of freshwater required to produce a specific product [5,6]. Three water footprint
categories are established: green, blue, and gray. The green water footprint is defined as
the volume of rainwater that does not become run-off and is consumed in the production
process. The blue corresponds to the volume of surface or groundwater that is used in the
production process, while the gray water footprint is defined as the volume of freshwater
required to reduce the pollutants to ambient levels [5,6]. According to NGO Agualimpia [8]
the second method was approved in 2014, and it is based on the Life Cycle Analysis ap-
proach of a product, and is a tool to evaluate the use, transformation, consumption, and
destination of natural resources, including water. The water footprint ISO: 14046 standard
identifies the impacts generated in the environment [9]. Finally, the agronomic productivity
of water, which is the relationship between production and the water used or consumed;
this concept allows the definition of the physiological and agronomic mechanisms that
govern the relationships between the input and output of crop water [10]. Although the
aforementioned methods are all adequate to measure the water consumption associated
with a specific agricultural crop, the water footprint approach was chosen for the present
study, because this sustainability indicator has the advantage of allowing the estimation of
the volume of water used in relation to the water resources available at a specific time and
place [11].

Given a finite amount of available water resources in a region, water resource stress
increases with water use and consumption [12]. Then, water scarcity can be defined as the
rate of utilizable water supply in the primary water supply [13]. Further, water scarcity is
generally divided into several levels, such as: no water stress, low water stress, mid-water
stress, high water stress, and very high water stress [1]. Moreover, Hoekstra et al. [5] define
the scarcity of blue water in a geographically defined area, usually a basin or watershed,
as the ratio of the blue water footprint in the area and the availability of water, where the
latter represents the environmental needs for ecological health.

In the last decade, blue water scarcity indicators have become more relevant because
of decreasing water availability in many regions. The latter is a major concern, and the
UN Sustainable Development Goals (SDGs) dedicate goal 6 to blue water efficiency and
mitigation of water scarcity, and the sustainable use of water resources [14].

Mexico is considered a nation facing severe water scarcity, water pollution, and
unequal social water access, but it is also a major producer of several crops [15]. Commodity
cash crops are produced mainly for global export markets and are grown in low- and
middle-income countries, such as Brazil, Indonesia, Congo, or Mexico [16]. In several of
these countries the deforestation process aimed to expand agricultural land is considered a
relevant land-use change driver [16–21].

According to FAOSTAT, 2022 [17], global avocado production had risen from 1.8 million
tons to 8.2 million tons between 1990 and 2020, while global avocado plantation surface
increased from 285,674 hectares to 825,532 hectares in the same period with a mean yield
of about 9.6 ton ha−1 year−1 (see Supplementary Figure S1). In the last 30 years, world
avocado production was led by Mexico with nearly 29.3% of world production (mean yield
of 10.6 ton ha−1 year−1), followed by Colombia (10.7%), Dominican Republic (8.3%), Peru
(8.1%), Indonesia (7.4%), and Kenya (3.9%). This nutritious fruit is nowadays cultivated in
at least 65 countries, of which 35 produce over 10,000 tons per year [17].

However, world avocado production is highly spatially concentrated [18,19], and
about 45% of global trading volume is produced in a region called Franja aguacatera de
Michoacán, the Avocado Belt in the state of Michoacan, in central Mexico. According to
Mexico’s agrifood and fisheries information service 2020 report (“siap” is its name in
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spanish). this state had a surface area of 169,939.5 hectares of avocado plantations, nearly
70.5% of the country [20]. At the time of writing this contribution, Michoacan was the only
Mexican state certified for avocado exportation to the largest avocado market in the world,
the USA market, by the Department of Agriculture [21].

The Avocado Belt of Michoacan had been described by Arima et al. [18] as “A contigu-
ous geographic region which constitutes a cohesive ecological area in terms of temperature,
precipitation, biogeography, vegetation types, soil groups and terrain”. The area is domi-
nated by temperate forest types including coniferous, oak, and mixed forests, which can
be differentiated from the rest of the state where tropical forests predominate. The estab-
lishment of avocado plantations has been identified as one of the major threats to native
forests in Michoacan [16,18,22].

It is well established that water use by avocado production can be related to water
access inequity in regions with agroindustrial avocado production aimed for exportation,
such as Petorca and La Ligua valleys in central Chile [23]. In these valleys, water is used
to produce this exportation commodity crop and entire communities are left without this
scarce and vital resource [23,24].

Avocado, as a fruit crop, has a significant demand for irrigation water, and esti-
mates are frequently in the range of 750 m3 ton−1 [25,26], but a recent study published
by the Swedish University of Agricultural Sciences found water consumption close to
2900 m3 ton−1 for avocado produced in Chile when combining green, blue, and gray water
footprint [27]. Chilean avocado producers claim 389 m3 ton−1 [28], and avocado producer
representatives in Mexico claim a water footprint of 600 m3 ton−1 [29] even when at the
national level, Mexico has an estimated mean water footprint of 1012 m3 ton−1 for this
crop [30], which is similar to the earlier reported global means of 1132 m3 ton−1 and
1086 m3 ton−1 [31,32].

It is to our knowledge that no water footprint estimation had been performed consid-
ering this fruit crop with a regional or local perspective in the Avocado Belt region. We
therefore consider this relevant since this region produces nearly half of the global exports
and concentrates about 21% of the world avocado cultivated surface. Therefore, a closer
and more detailed insight is needed to evaluate the water footprint of this crop to guide
strategies aimed at making avocado production sustainable [33].

In this contribution, we analyzed information of an iconic and representative mu-
nicipality within the Avocado Belt of Michoacan, Uruapan. This municipality produces
nearly 6.5% of Mexico’s annual, 2.4 million tons and we evaluated the water green and blue
footprints and addressed the water stress index, comparing the blue WF and the available
water for agricultural use through water rights concessions.

2. Materials and Methods
2.1. Study Area

Our study area is located between 19.18496◦ and 19.62749◦ northern latitude and
101.93616◦ and 102.39363◦ western longitude and comprises the municipality of Uruapan
in the Avocado Belt of Michoacan state, in Central Mexico (Figure 1). The municipality
covers 101,477.33 ha (1014.77 km2) [34]. Avocado plantations covered 15,101 ha in 2017 [20],
and avocado plantations can be found between 1138 and 2654 m.a.s.l. [22]. Mean altitude
of plantations is 1620 m.a.s.l. and standard deviation of 242.4, with a mode altitude of
1580 m.a.s.l.

In the target municipality, annual rainfall ranges from 1083.7 mm in the driest areas to
1669.7 mm in the wettest locations, with a mean of 1378.9 mm [35]. The rainy season occurs
during the summer, between June and October, and a small proportion of annual precipita-
tion falls during the winter months, accounting for less than 5% of annual precipitation [36],
while the mean annual temperature is about 17.3 ◦C [37].

Located in central Mexico and part of the Trans-Mexican Volcanic Belt, soils are of
volcanic origin, and Andosols and Luvisols are the main soil groups [18,38,39].
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Figure 1. Study area location with Uruapan Municipality (black polygon) and avocado plantation
distribution in the Avocado Belt of Michoacan (yellow polygons).

2.2. Calculating Blue and Green Water Footprint Indicators

The water footprint methodology, based on the crop water requirement (CWR), the
amount of water used in the production of a specific crop will depend on climatic parame-
ters, specifically potential evapotranspiration (ETo), as well as crop and soil characteris-
tics [5]. The water availability for the crop depends on specific soil characteristics, mainly
available soil water controlled by soil depth, soil texture, organic matter content, and bulk
density which determine water storage and availability in the soil [40].

The methodology was developed to evaluate the commercial flows of water in the
agricultural sector, and it has been adapted to other sectors such as the trade of livestock
products and other types of products [41].

2.2.1. Crop Water Requirement

The term crop water requirement (CWR, mm) refers to the volume of water needed by
a crop to grow and produce a specific product. CWR depends on the evaporation power
of the atmosphere, expressed by the reference evapotranspiration (ETo, mm) and on crop
water use characteristics, which are strongly related to crop health and phenology, and
can be summarized in the crop coefficient (Kc, dimensionless) [42]. ETo was estimated
using the CROPWAT model and considering the standard Penman–Monteith equation
described by Allen et al. [42]. The CWR is calculated by multiplying ETo by Kc under
standard conditions, this is, with no water limitations for crop growth. The CWR is equal
to actual crop evapotranspiration (ETc, mm):

CWR = Kc · ETo = ETc, (1)
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where ETo is the reference crop evapotranspiration and represents the evapotranspiration
from a standard vegetated surface of 0.12 m tall grass with surface resistance of 70 s m−1

and an albedo of 0.23 [42]. The Kc represents the conditions where no limitations are placed
on crop growth or evapotranspiration due to water shortage, crop density, disease, weed,
insect, or salinity-derived stress [42].

Variations in the Kc occur because of the change in crop features during the growing
cycle and are influenced by crop variety, climate, and growth stages. Further, the crop-
growing period can be divided into four stages: the initial, the developmental, the mid-
season, and the late-season stage [42].

2.2.2. Crop Water Use

Estimating the crop water use (CWU) requires estimates of the evapotranspiration (ET)
rates for the studied crop in the climate of the region. These data were obtained applying
the CROPWAT v 8.0 (M. Smith; https://www.fao.org/fileadmin/user_upload/faowater/
Applications/CRW8.ZIP) model using weather monthly data for the municipality, together
with soil and crop characteristics from reference plantations throughout the study area [5].

2.2.3. Green CWU

The green crop water use (CWUg, m3 ha−1) is the amount of rainwater that the crop
(avocado) transpires as the photosynthesis process takes place, plus the direct evaporation
from the soil in the crop fields [5]. The CWUg is calculated from the daily evapotranspiration
of rainwater during the growth period. A factor of 10 is used to express water depth (mm)
as the volume of water per surface unit (m3 ha−1).

CWUg = 10 · ∑g.period
d=1 ETg, (2)

Ewaid et al. [43] mention that ETg can be either the effective rain (Effrain) or the ETc.
In the case that Effrain > CWR, then the ETg = ETc, this assumes that the crop never utilizes
more water than is required for ideal growth. On the other hand, if Effrain < ETc, then
ETg = Effrain. In study case, Effrain was estimated considering the USDA, SCS method
described by Dastane [44] and included within the CROPWAT model [45].

2.2.4. Blue CWU

The blue crop water use corresponds to the irrigation requirement (CWUb, m3 ha−1),
also called the blue water, is the amount of irrigation water required by the crop and
includes sources, such as surface or groundwater [5].

CWUb = 10 · ∑g.period
d=1 ETir (3)

The irrigation requirement is calculated as the difference between the ETc and the
effective rain depth (Effrain, mm). This concept considers the amount of water that the
soil can hold and the infiltration capacity of the soil. So, if the Effrain > ETc, the CWUb
is zero, and no irrigation is required by the crop. On the contrary, in case the CWR is
not completely met by Effrain, the evapotranspiration met by irrigation (ETir, mm) is the
difference between them.

ETir = ETc − Effrain (4)

2.2.5. Total Water Footprint of a Crop

The total WF of a crop is calculated as the sum of the green water footprint (WFg) and
the blue water footprint (WFb), both in m3 ton−1 [5]. The WF represents then, the amount
of water required to produce a certain crop yield in m3 ton−1.

WF = WFg + WFb (5)

where the WFg is calculated by dividing CWUg (m3 ha−1) by the crop yield (Y, ton ha−1)

https://www.fao.org/fileadmin/user_upload/faowater/Applications/CRW8.ZIP
https://www.fao.org/fileadmin/user_upload/faowater/Applications/CRW8.ZIP
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WFg =
CWUg

Y
(6)

further on, WFb is calculated by dividing the IR (m3 ha−1) by the crop yield (Y, ton ha−1).

WFb =
IR
Y

(7)

In this approach, the WF of a crop is the volume of water used to develop a specific
amount of crop production in a growth period, therefore, the total WF production of a crop
(m3 ton−1) is the addition of the green and blue WF components.

2.2.6. Blue Water Footprint Water Stress Index

According to Fuerte-Velázquez [46], the blue water footprint water stress index was de-
termined by the ratio between the WFb of the studied crop in the analyzed area (m3 year−1)
and the concessioned volume of surface and groundwater (m3 year−1) for agricultural use
for each year in the same area:

WSI =
WFb
CSw

(8)

where WSI is the water stress and CSw corresponds to the available total volume of surface
and ground for agricultural use.

According to Mexican law, both the surface and subsurface water belong to the nation
and therefore are under federal government jurisdiction. Water volume rights can be
concessioned or granted by the National Water Commission (Comision Nacional del Agua).
The CSw volumes data for the target municipality were obtained from the Public Registry
of Water Rights of the Mexican government (REDPA by its acronym in Spanish) [47] and
correspond to the concessioned volume of water (m3 year−1) to agriculture activities, given
by Mexican authorities.

2.3. Data Requirement
2.3.1. Weather Data

We estimated CWU using the CROPWAT v 8.0 software [45], for this, we used
daily weather data from four automated weather stations which are part of the network
of APEAM and are available online [48]. Original daily weather records span from
December 2011 to June 2018, these were aggregated and summarized in a single monthly
time series of average weather conditions for the municipality. Monthly means of
maximum, minimum, daily temperature, wind speed, and relative humidity, were
calculated, in the case of precipitation, daily precipitation depths were added to provide
a monthly total. Standard gap-filling correlative procedures between stations were
applied to original daily and monthly time series data in order to fill database gaps.
The final time series spans from January 2012 to December 2017, covering 6 complete
calendar years (Figure 2).

We assumed that these average weather conditions were representative and homoge-
neous across the whole municipality for the time series span.
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Figure 2. Mean monthly weather time series for Uruapan municipality between December 2011 and
June 2018; Temperature (A), precipitation (B), wind speed (C), and relative humidity (D). Note the
winter and spring of 2015 with abnormally high precipitation depths (B).

2.3.2. Crop and Soil Parameters

The soil parameters required by the CROPWAT v 8.0 model included detailed infor-
mation about the soil, such as total available moisture content, initial moisture depletion,
maximum rain infiltration rate, and maximum rooting depth. To fulfill these, we used
information derived from direct field observations, soil profile descriptions, and previously
acquired and analyzed soil samples from avocado plantations.

We assumed that the soil characteristics were valid and homogeneous throughout
the whole extension of the municipality (Table 1). We are aware of the possible systematic
errors generated by this assumption, but avocado yield and production data are available in
their most refined form only at the municipality scale [20]. Regarding rainfall interception,
we used the USDA soil conservation method.

For crop parameters, including rooting depth, critical depletion, and time span of
plant growth stages, we used information from in situ measurements, direct observations,
and information provided by key informants as plantation managers and farmers, for
Kc values and yield response factor we considered values reported in the specialized
literature [39,41,49,50].

Avocado crop cycle dates were taken into account, considering the phenology of
the crop reported by Rocha-Arroyo et al. [49], and including the normal (winter) flower
blooming with anthesis normally occurring the third week of January, as the only flower
bloom, since it produces the largest and most reliable fruit production in the region [49].

The fruit development duration of 9.6 months (290 days) was considered and assumed
that standard conditions occurred during the whole crop cycle. These included: the crop is
under optimum soil water conditions, it is well-fertilized, grown in large fields, disease-free,
and achieving full production under the given climatic conditions (Table 1).

It is known to us that even in the absence of irrigation infrastructure in the plantations,
trees can receive auxiliary irrigation during flowering, fruit set, and later fruit development
in order to avoid the loss of flowers and fruits due to water stress. However the quantifica-
tion of such input is out of the reach of the present research since it implies knowing the
exact amount of water poured in each plantation. The spatial scale considered, and the
available data sets does not allow this level of analysis.
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Table 1. Parameters considered for the soil and crop components of the CROPWAT v 8.0 model [35].

Soil

Total Available Soil Moisture (mm/m) 150

Maximum rain infiltration rate (mm/day) 300

Maximum rooting depth (cm) 120

Initial Soil Moisture Depletion (as % of TAM) 20

Initial available Soil moisture (mm/m) 110

Crop

Planting date 14 January *

Harvest date 31 October

Crop height (m) 7.5

Crop Stages Days Kc values Critical
depletion factor

Rooting depth
(cm)

Initial 30 0.6 0.25 80

Development 50 - - -

Mid-season 180 0.85 0.25 80

Late-season 20 0.75 0.25 80

Total 290 - - -
* Avocado is a perennial tree fruit crop, we considered planting date as the normal anthesis date.

2.3.3. Avocado Production, Planted Surface, and Yield Data

The data of avocado crop planted surface (ha), production (ton year−1), and yield
data (ton ha−1 year−1) of the 2012 to 2017 production cycles were obtained from Mexico’s
Agrifood and Fisheries Information Service (SIAP for its name in Spanish) [20]. The SIAP
database distinguishes between rainfed and irrigation avocado plantations. The most
common irrigation system in the study area is sprinkling irrigation followed by drip
irrigation [41].

3. Results
3.1. General Features of the Climate in Uruapan

Seasons are clearly defined as wet or rainy (June to October) and dry season (November
to May). The temperature fluctuates in a clear yearly pattern with the lowest temperatures
during the winter months reaching a minimum of nearly 4.5 ◦C usually in January, and the
highest temperatures of about 27.7 ◦C during daytime in the spring, happen always in May
(Figure 2A).

The summer months coincide with the rainy season (Figure 2B). Wind speed and
relative humidity depict also strong seasonal patterns, with higher wind speeds during the
dry season, that may reach up to 13 km hr−1 during the daytime, but monthly means are
about 7 km hr−1. During the wet season wind speeds are lower, and about 5.3 km hr−1.
(Figure 2C). Regarding air relative humidity, it reaches its lowest during the last part of
the dry season in the spring (May) and right before the rainy season begins, with nearly
51.3% (Figure 2D), and reaches its highest point in the second half of the rainy season
(September) (91.7%).

Due to high wind speeds and high temperatures, the highest evapotranspiration is
known to occur during the spring months.

3.2. Crop Water Requirements

Total annual rainfall depth oscillated between 1531.4 mm and 2296.6 mm with a mean
of 1757.0 mm in the analyzed period (2012–2017). The registered mean was above the
long-term annual rainfall in the region, with a depth of 1520.7 mm [51]. The year 2015
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was an atypical wet year with unusually high precipitation depths during early spring
and these precipitations were related to a late winter storm that delivered 289.6 mm of
rainfall in March 2015 (Figure 2B). The long-term mean rainfall for that month is 6.3 mm,
and the highest recorded monthly precipitation for the month is 79.5 mm in 1968 [51]. The
aforementioned unusual precipitation had an impact on the dry season evapotranspiration
and crop ETc. In fact, the year 2015 registered the lowest ETc (906.3 mm) of the study
period, together with the lowest irrigation requirement depth (Table 2).

Table 2. Annual rainfall, crop water requirement, effective rainfall, and irrigation requirement (IR)
for avocado in Uruapan municipality for the 2012 to 2017 production cycles.

Year Total Rainfall
(mm) ETc (mm) Effective

Rainfall (mm) IR (mm)

2012 1599.4 913.0 783.5 346.3

2013 1680.7 936.5 770.9 388.3

2014 1677.0 937.2 895.3 312.9

2015 2296.6 906.3 1123.3 154.2

2016 1531.4 972.4 813.1 360.6

2017 1725.0 977.8 761.4 446.1

Mean 1757.0 933.1 877.2 312.5
Italic case figures correspond to mean values.

Fluctuations in weather conditions strongly influence ETc and IR and these can change
from one year to another. The mean IR depth for avocado was estimated at 312.5 mm, while
the mean ETc depth was 933.1 mm (Table 2).

3.3. Crop Production

In the overall picture, the avocado plantation surface in this municipality increased by
2642 ha during the study period: from 12,459 ha in 2012 to 15,101 ha in 2017, with a mean
increment of 440.3 ha year−1. Total avocado production volume increased to 26,429.9 tons
between 2012 and 2017, with a mean volume increase of 4405.0 ton year−1 (Table 3).

Table 3. Avocado planted surface, production volume, and yield for rainfed and irrigated plantations
in Uruapan municipality for the 2012 to 2017 production cycles.

Year

Rainfed Plantations Irrigated Plantations

Planted
Surface

(ha)

Production
Volume
(tons)

Crop Yield
(ton ha−1

year−1)

Planted
Surface

(ha)

Production
Volume
(tons)

Crop Yield
(ton ha−1

year−1)

2012 3738 37,249.2 9.97 8721 89,826.3 10.30

2013 4733 47,330.0 10.00 8810 88,100.0 10.00

2014 4960 49,500.8 9.98 9070 91,607.0 10.10

2015 5000 49,750.0 9.95 9300 94,860.0 10.20

2016 5116 50,992.0 9.97 9980 103,504.0 10.37

2017 5501 51,804.0 9.42 9600 101,701.4 10.59

Mean 4709.4 46,964.4 9.88 9176.2 93,579.5 10.26
Italic case figures correspond to mean values.

The relation between the production volume of rainfed and irrigated plantations was
nearly 1:2, while the planted surface between these two production modalities was also
near 1:2 (Table 3). An increasing trend in the crop surface was detected in both, rainfed and
irrigated plantations with a net increase of 1763 ha in rainfed plantations but only 879 ha in
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the irrigated ones. This implies a steady increment in plantation surface of 293.8 ha year−1

and 146.5 ha year−1 for rainfed and irrigated plantations respectively.
The detected increase in plantation surface was linearly related to an increase in

production volume in both, rainfed and irrigated plantations from 37,249.2 tons in 2012 to
51,804.0 tons in 2017 for the rainfed condition (Table 3), with a net increase of 14,554.8 tons,
and a mean increase of 2425.9 ton year−1.

The avocado production volume under irrigation modality increased by 11,875.1 tons
in this 6-year period, from 89,826.3 tons in 2012 to 101,701.4 tons in 2017, with a mean of
1979.18 tons year−1 (Table 3).

Regarding crop yield, irrigated plantations had a higher mean yield of 10.26 tons ha−1 year−1

while rainfed plantations had 9.88 tons ha−1 year−1. The one-way repeated measures
ANOVA aimed to evaluate the effect of production modality on crop annual yield, showed
a significant effect of production modality (F(1, 9) = 8.116, p < 0.05). Further, crop yield
was steady in the rainfed condition but depicted a slight increasing trend in the irrigated
condition (Table 3). However, the Mann–Kendall trend test [52] indicated the non-existence
of significant trends in neither of the production modalities.

3.4. Crop Water Use

In rainfed avocado plantations CWU ranged from 29.3 Mm3 in 2012 to 56.2 Mm3 in
2015 with a mean of 41.6 Mm3 year−1 (Table 4). On the other hand, crop water use of rainfall
water in irrigated plantations ranged from 67.9 Mm3 in 2013 to 104.5 Mm3 in 2015, with a
mean of 79.4 Mm3 year−1 while crop water use of irrigation water varied between 14.3 Mm3

in 2015 and 42.8 Mm3 in 2017 with a mean of 31. Mm3 year−1 (Table 4). Total crop water
use in irrigated plantations, considering the rainfall and irrigation water, ranged between
98.5 Mm3 in 2012 and 118.8 Mm3 in 2015 with a mean of 110.4 Mm3 year−1 (Table 4).

Table 4. Water volumes used in avocado production in rainfed and irrigated plantations in Uruapan
municipality for the years 2012 to 2017.

Year

Rainfed
Plantations Irrigated Plantations

Rainfall
(Mm3)

Rainfall
(Mm3)

Irrigation
(Mm3)

Total
(Mm3)

Total Rainfed and
Irrigated Plantations

(Mm3)

2012 29.3 68.3 30.2 98.5 127.8

2013 36.5 67.9 34.2 102.1 138.6

2014 44.4 81.2 28.4 109.6 154.0

2015 56.2 104.5 14.3 118.8 175.0

2016 41.6 81.1 36.0 117.1 158.7

2017 41.9 73.1 42.8 115.9 157.8

Mean 41.6 79.4 31.0 110.4 152.0
Italic case figures correspond to mean values. Water volumes are given in Mega m3.

Adding up avocado rainfed and irrigated plantations, the mean crop water use was
152.0 Mm3 year−1, with the lowest value in 2012 (127.8 Mm3) and the highest in 2015
(175.0 Mm3) (Table 4).

3.5. Avocado Water Footprint (WF)

The analysis revealed that the mean water footprint of agro-industrial avocado pro-
duction in the studied municipality was 744.3 m3 ton−1 (Table 5), and varied from year
to year, with the highest mean water footprint occurring in 2015 (864.6 m3 ton−1) and the
lowest in 2012 (625.3 m3 ton−1) (Table 5). It is worth noting that the total water footprint
of rainfed plantations (417.1 m3 ton−1) was lower than the green water footprint of the
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irrigated plantations (709.6 m3 ton−1) (Table 5). The blue water footprint component of
irrigated plantations varied between 140.6 m3 ton−1 in 2015 and 404.2 m3 ton−1 in 2017
(Table 5) with a mean value of 280.8 m3 ton−1, while the total water footprint of irrigated
plantations ranged from 956.6 m3 ton−1 to 1164.8 m3 ton−1, with a mean of 1071.4 m3 ton−1

(Table 5). The blue water footprint reached its lowest level in 2015, a year with outstanding
high precipitation for the study area (Figure 2B, and Tables 2 and 4), which diminished the
requirement for irrigation water and resulted in a low blue water footprint. This is of high
importance since the total water footprint of avocado produced in irrigated plantations
was nearly 2.6 times larger than the footprint of rainfed plantations with a marginal 3.8%
increase in crop yield (Table 3).

Table 5. Water footprint of agroindustrial avocado production in Uruapan municipality under rainfed
(only green WF) and irrigation regimes (green and blue WF) for the years 2012 to 2017.

Year

Rainfed
Plantations Irrigated Plantations

Green WF
(m3 ton−1)

Green WF
(m3 ton−1)

Blue WF
(m3 ton−1)

Total WF
(m3 ton−1)

Mean Total WF for
Rainfed and Irrigated
Plantations (m3 ton−1)

2012 293.9 663.4 293.2 956.6 625.3

2013 364.9 679.2 342.1 1021.3 693.1

2014 445.0 804.0 281.0 1085.0 765.0

2015 564.5 1024.2 140.6 1164.8 864.6

2016 417.4 782.4 347.0 1129.4 773.4

2017 444.8 690.0 404.2 1094.2 769.5

Mean 417.1 790.6 280.8 1071.4 744.3
Italic case figures correspond to mean values. 1 m3 ton−1 is equivalent to 1 L Kg−1.

3.6. Blue Water Footprint, Water Availability, and Water Stress

The analysis of the water footprint, water availability and water stress, indicated the
occurrence of severe water stress in most of the years studied (Table 6). In these years,
the appropriation of water aimed at avocado cultivation exceeded 40% of the total water
volume granted for agricultural use in the municipality. In this context, a mean of the
total water footprint of this fruit of 30.99 Mm3 year−1 was estimated, while the concession
volume of surface water granted for agricultural use in the municipality increased from
22.94 Mm3 year−1 in 2012 to 23.10 Mm3 year−1 in 2017. The concession volume of ground-
water increased by 1.88 Mm3 year−1 in the study period (Table 6). The total granted volume
of water for agriculture also increased, from 33.61 Mm3 year−1 (2012) to 35.6 Mm3 year−1

(2017) (Table 6). The mean proportion of appropriation of granted water for agricultural
use by agroindustrial avocado production was 89.89% but varied between 41.18% (2015)
and 120.17% (2017).

Our results indicate that in 2015 the unexpected extra spring season rainfall water
reduced groundwater demand and diminished water stress. However, in 2013, 2016, and
2017 agroindustrial avocado production used more than the total granted volume of water
for all agricultural production within the municipality. In 2017 water consumption of
avocado exceed all concessioned water for agricultural production by 20.17% (Table 6).
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Table 6. Blue water footprint of avocado production in Uruapan municipality and surface, ground-
water volumes, total concessed water volume for agriculture and proportion of appropriation of
concessed water by avocado production in the years 2012 to 2017.

Year Total Blue WF
(Mm3)

Surface Water
Concession for

Agricultural Use
(Mm3)

Groundwater
Concession for

Agricultural Use
(Mm3)

Total Concession
Water for

Agricultural Use
(Mm3)

Appropriation of
Concessioned Water by

Irrigated Avocado Production
(%)

2012 30.20 22.94 10.67 33.61 89.86
2013 34.21 22.94 11.04 33.97 100.69
2014 28.38 22.94 11.24 34.17 85.05
2015 14.34 22.94 11.89 34.82 41.18
2016 35.99 22.94 12.22 35.16 102.38
2017 42.84 23.10 12.55 35.65 120.17
Mean 30.99 22.97 11.60 34.56 89.89

Italic numbers correspond to mean values, bold case corresponds to water appropriation over 100% of conces-
sioned water.

4. Discussion
4.1. Crop Production and Crop Water Requirements

It is undeniable that Mexico is the world’s top avocado producer, and the steady
increase in the planted surface and production volumes in both rainfed and irrigated
plantations can be interpreted as a consequence of avocado’s production economic suc-
cess [53]. However, in the studied period (2012 to 2017) and the studied municipality, the
water demand for avocado production increased from 127.8 Mm3 to 157.8 Mm3 (Table 4),
representing an increase of nearly 23.4% in 6 years. Nevertheless, our results indicate that
the increase in crop water use for avocado production did not affect yield improvement,
since yield remained stable for both rainfed and irrigated plantations (Table 3).

According to the international database of FAOSTATS, between 2012 and 2017 Mexico
ranked between the 19th and 21st world rank regarding yield, with mean annual yields
between 9.84 tons ha−1 year−1 in 2015 and 10.75 tons ha−1 year−1 in 2017. The countries
in the next five positions in the world’s top-ranking production volume had annual yields
over 11.0 tons ha−1 year−1: Colombia (11.15 tons ha−1 year−1), The Dominican Republic
(15.68 tons ha−1 year−1), Peru (13.04 tons ha−1 year−1), Indonesia (13.13 tons ha−1 year−1)
and Kenya (13.19 tons ha−1 year−1) [17]. The mean world avocado yield between 2012 and
2017 fell between 8.46 tons ha−1 year−1 and 9.01 tons ha−1 year−1 [17].

Our results show that in Uruapan, rainfed and irrigated plantations were in all cases
above the world yield mean during the studied period (Table 3), but below the world top
yield. World top yield ranged from 29.76 tons ha−1 year−1 to 40.14 tons ha−1 year−1 (The
Dominican Republic, 2015) [17].

Considering these figures, the top world avocado yield is about 3.3 times the reported
Mexican mean (Table 6), about 3.4 times that of the rainfed plantations, and 3.3 times that
of irrigated plantations in the present study (Table 3). This indicator shows that the rainfed
plantations in the target municipality within the largest avocado production area in the
world have a yield just above the world mean (9.88 tons ha−1 year−1; Table 3). Moreover,
considering the irrigated plantations in the study area and the year 2017 as reference, the
mean yield of the studied municipality would fall between the world’s 22nd (Guatemala,
10.53 tons ha−1 year−1) and 23rd (Cyprus, 9.31 tons ha−1 year−1) places [22].

It is known that countries with arid and semiarid climate conditions, e.g., Israel, have
implemented high-efficiency irrigation systems, which enable reaching annual yields up to
13.07 tons ha−1 year−1 [17,54].

The results indicate that the ratio between water footprint of rainfed and irrigated
plantation is nearly 2.6 while yield increases only 3.8%. This means that irrigated plan-
tations use more than twice the water of the rainfed plantations but the increase in yield
is well under 5%. We, therefore, state that there is an urgent need for water efficiency
strategies implementation and actual crop yield improvement throughout the study area.
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Moreover, the estimation of the green water footprint of the avocado crop in Uruapan
showed a lower water consumption in the rainfed plantations than in the irrigated ones. It
is important to address that a considerable proportion of the green water flux is stored in
the soil and became productive for humans through plant assimilation and fruit biomass
production. This water was therefore not available as runoff in the ecosystem. This condi-
tion turns green water flux into a scarce resource, since the appropriation and use of green
water for a specific purpose may turn it unavailable for other purposes [55]. Consequently,
the appropriation of green water by avocado cultivation could represent a threat to the
ecosystems, especially the aquatic ones that depend on surface runoff.

The actual model of agro-industrial avocado production in the Avocado Belt in central
Mexico gives preference to plantation surface to increase production and economic benefits.
Recent studies have shown that about 20% of avocado production for the USA market
is closely related to deforestation processes in Michoacan [21]. In order to increase the
sustainability of the studied crop in the target municipality, it is urgent to increase crop
yield efficiency. However, to achieve this, more effective crop and water management
strategies had to be implemented. Otherwise, it is likely that avocado crop expansion
may cause similar conditions to those occurring in Petorca and La Ligua in Central Chile.
In that region, water is used to produce this commodity crop depleting water for rural
communities [18,24]. This situation generated international awareness [24] and social
protests that led to a boycott of Chilean avocado in certain countries within the European
Union [56,57].

The expansion of avocado production, much of which is export-oriented, produces
relevant economic income and has become a keystone for the local and regional economy,
but the profits of this avocado boom are unequally distributed and have significant social
and environmental costs [19]. These affect the local communities and has caused land
dispossession in indigenous and farmer communities with high presence of poverty, while
food insecurity and health problems are common among agricultural workers and commu-
nity members [19]. Besides avocado surplus, production and high commercial value have
been related to drug cartel-related violence already present in the region, because avocado
production presents an excellent possibility for money laundering and gaining control of
this profitable lawful business [19,58,59].

In the Americas, Africa, and Asia the expansion of agro-industrial crop production has
been an important driver of deforestation in tropical and temperate forests [16,60], besides
deforestation tends to aggravate the loss of biodiversity, strongly affecting the livelihoods
of nearby communities [61,62].

4.2. Avocado Water Footprint

The WF as an indicator of sustainability refers to the maintenance of water resources
by human activities [63]. In this context, it is essential to understand the way in which
natural resources are used in the system and thereby conceive that ecosystems are not only
a source of resources for human activity but also fulfill various ecosystem functions [64].
Due to the increase in water consumption, there is a growing scarcity of water resources in
several regions of the world [6]. Accounting for the WF is substantial, Moreover, increasing
blue water efficiency and reducing blue water scarcity according to the SDGs is one of the
major goals and one of the main international concerns.

Our results on the total water footprint of avocado production were much lower under
rainfed conditions (417.1 m3 ton−1) than under irrigation conditions (1071.4 m3 ton−1)
(Tables 5 and 7). This situation of increased consumption of blue water occurs in many
places worldwide, where irrigation water is used to compensate for soil moisture, causing
pressure on the blue water resources. Nevertheless, according to Mekonnen [65], the great
challenge nowadays is to transit towards more sustainable production models in order to
reduce negative social, ecological, and economic impacts.

However, when comparing the water footprint of avocado obtained in the present
study and those obtained in other studies, the total water footprint of avocado produced
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under rainfed conditions (417.0 m3 ton−1) was very close to that reported in La Libertad in
Chile (416.8 m3 ton−1) [66] (Table 7).

We also found that the values reported for the mean green, blue, and total water
footprint for Mexico [5], and Chile [67], as well as the world means [32] (Table 7), were
rather similar to the values we found under irrigated conditions for green (790.0 m3 ton−1),
blue (280.0 m3 ton−1) and total water footprint (1071.4 m3 ton−1) (Table 7).

Nevertheless, the mean water footprints of avocado production, considering both
rainfed and irrigated plantations in Uruapan, were 603.5 m3 ton−1 for the green WF,
280.0 m3 ton−1 for the blue WF, and 744.2 m3 ton−1 for total WF, were below of most of
the values reported in the literature for avocado production, except for that of Pineda and
Naranjo [66] and ranged between 1012.0 m3 ton−1 for Mexico [31] to 3630.0 m3 ton−1 in
Barbas-Bremen, Quindío, Colombia [68,69] (Table 7).

We can say that the total water footprint of avocado produced under rainfed conditions
in Uruapan is relatively low when compared to the mean WF values of other crops such as
mangoes (Table 7) and similar to that of strawberries, lemons, and oranges, according to
mean world values [31]. However, the WF of avocado in our study area under irrigation
conditions is nearly 2.6 times higher than rainfed avocado production (Tables 5 and 7).

The international trading of water-intensive agricultural products from high-precipitation
areas to arid areas may help alleviate water scarcity and the exports of a water-intensive
product to another country corresponds to water in its virtual form [67,69].

Table 7. The green, blue, and total world mean water footprints of different key fruit crops according
to Mekonen and Hoekstra [31], and avocado water footprint in different regions and countries, and
at the present study.

Reference Agricultural Crop Green Water Footprint
(m3 ton−1)

Blue Water Footprint
(m3 ton−1)

Total Water Footprint
(m3 ton−1)

[31]

Watermelons 147.0 25.0 172.0

Tomatoes 108.0 63.0 171.0

Strawberries 201.0 109.0 310.0

Lemons 432.0 152.0 584.0

Oranges 401.0 110.0 511.0

Mangoes 1314.0 362.0 1676.0

Olives 2470.0 499.0 2969.0

Avocado

Reference Location, Country Green Water Footprint
(m3 ton−1) Blue Water Footprint Total Water Footprint

(m3 ton−1)

[66] Chepén, La Libertad, Chile - - 416.8

[31] Mexico (mean) 746.0 266.0 1012.0

[67] Chile 787.3 225.9 1013.3

[32] World (mean) 849.0 237.0 1086.0

[68] Cachapoal, Chile - - 1480.0

[31] World (mean) - - 1981.0

[70] Chile - - 2000.0

[27] Chile - - 2900.0

[71] Barbas-Bremen, Quindío,
Colombia 3630.0 0 3630.0

Present study (rainfed) Uruapan, Michoacan, Mexico 417.0 0 417.1

Present study (irrigated) Uruapan, Michoacan, Mexico 790.0 280.0 1071.4

Present study (mean) Uruapan, Michoacan, Mexico 603.5 280.0 744.2
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4.3. Blue Water Footprint, Water Availability, and Scarcity

Our analysis indicates that for the years 2013, 2016, and 2017, avocado production
concentrated all the concessioned water resources for agricultural production (Table 6).
Further, considering 2017 as an example year due to the highest water footprint estimated
(Table 6) and taking into account Mexico’s agroindustrial official production data [20]. In
2017 there were 886 hectares of 15 different crops other than avocado under the irrigation
modality in the studied municipality. These produced 25,120 tons of agricultural products
including sugar cane (17,480 tons in 190 hectares), blackberry (2322 tons in 135 hectares),
guava (1552 tons in 160 hectares), and nopales (fresh edible cactus blades; 1200 tons in
40 hectares) among others. The question now is, how were all these crops produced if the
avocado crop used 120% of all concessioned water for agriculture?

Well, we consider that the figures reported in this communication (Tables 5 and 6) are
indicative of the existence of a nonregistered appropriation of water for agricultural use.
The unregistered appropriation may affect water access to other users, such as aquaculture,
industrial, livestock, and urban. Which users and how much water are these users losing?
The answer to this question is unclear at the moment and out of reach of the present
communication. However, it is clear that this situation may lead to severe conflicts between
different water users in the municipality and could generate social discomfort and protests.

As mentioned earlier and according to the Mexican government’s official databases [20],
two avocado production modalities are registered; rainfed and irrigation plantations. A
plantation is registered as irrigated when piping and water conduction infrastructure are
present. Unless this infrastructure exists, the plantation is registered as rainfed. The sprin-
kler and drip irrigation are the most common irrigation methods in the study area [41].
However, key informants such as farmers, plantation, and production managers, often
mention the use of the supportirrigation in rainfed plantations. It consists in pouring water
directly into the root zone of the trees and, it is necessary, especially during the dry and hot
season in the spring months. Support irrigation may also occur without piping systems
using tractors and mobile water tanks where each tree may receive up to 400 L of water
per week. This practice usually occurs between February and the beginning of the rainy
season (June). According to the informants, if water deficit is present during flowering,
fruit set or fruit development and support irrigation are not provided, a considerable
number of flowers and fruit could be aborted, and fruit size will be smaller than under
well-irrigated conditions. This is consistent with the early findings of Richards et al. [69,72]
and Lahav et al. [73], as well as later research [54,73]. So, access to water by avocado trees
during flowering, fruit set, and fruit development are critical to ensure fruit production and
fruit yield [54,74]. This is relevant for the water footprint estimation in this contribution.
We do not include water poured as support or auxiliary irrigation in rainfed plantations, as
part of the water footprint analysis, because even though it is a common crop management
practice, not all rainfed plantations are managed in this way. Moreover, estimation of blue
water supplied as support irrigation would need additional further fieldwork and is out of
the reach of this contribution and may be part of further research initiatives. We, therefore,
consider that our water footprint estimates for rainfed plantations may be conservative
and perhaps somehow underestimated. We consider our approach a sound, reliable and
reproducible exercise conducted with the available data.

Regarding the appropriation of concessioned water for agricultural use by agroin-
dustrial avocado production, the information presented herewith exposes the existence of
conflicts in water access and water use by different users. The excessive appropriation of
water may lead to social distress and socio-environmental conflicts due to water scarcity and
water unavailability for certain users and productive activities. Earlier research showed that
water rights assignment and unlawful appropriation of water resources related to the domi-
nant existing agroindustrial avocado production model, generate social conflicts [23,24]. In
this perspective social protests triggered by the inaccessibility of water resources, associated
with the appropriation of water for crops of high economic value, such as avocados and
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berries, have recently begun to burst in other municipalities within the Avocado Belt of
Michoacan [74,75] but have not been registered yet in the studied municipality.

5. Conclusions

The results of this study indicate that the mean WF of agro-industrial production of
avocado in Uruapan municipality between 2012 and 2017 was 152.0 Mm3 year−1. The
overall mean WF considering rainfed and irrigation plantations were below the reported
world average water footprint for this fruit crop [33]. At the same time, green water has a
lower opportunity cost than blue water. However, the relationship between yield in rainfed
and irrigated plantations indicates that a marginal increase (~3%) was achieved under
irrigated production with a WF about 2.6 times higher than rainfed production.

Interannual variability of weather conditions, mainly precipitation, results in variable
WF for the studied crop. For example, in 2015, unusual spring rainfall decreased the blue
water demand for the crop that year. Weather and climate fluctuations affect therefore
the production of the crop as well as the water demand of it at the production unit scale
(plantation), but the steady increase in avocado planted surface indicates an overall in-
crease in water use even if weather conditions are favorable such as those during the 2015
production cycle.

According to government REDPA databases, our findings indicate that in specific
years, agroindustrial avocado production in the studied area uses the whole volume
of water available for agriculture. We found that during 2017 water appropriation by
avocado production reached up to 120% of the water volumes granted to agriculture in the
municipality. This situation implies that other water uses were water-depleted. We foresee
that excessive water withdrawals by agroindustrial avocado production will trigger social
conflicts between different water users in a short period. These conflicts may increase in
years with dry conditions.

Further, considering the UN Sustainable Development Goal 6 regarding blue water
management efficiency and the mitigation of water scarcity, the evidence presented in this
communication indicatesthat the actual agroindustrial avocado production model in the
studied municipality does not align well with the UN goal 6. We can state then that the
mainstream agroindustrial production model in the study area may generate water scarcity
rather than mitigate it, especially during dry years.
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