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Abstract: Water is a fundamental resource for ecosystems, humans, and the development of all
economic sectors; it is necessary to identify and evaluate its environmental pressures or impacts.
The water footprint (WF) is an appropriate indicator for the consumption of water used to produce
a product. The present study uses this tool to evaluate the green and blue water requirements and
the sustainability of irrigation water use for agroindustrial avocado production in Ziracuaretiro,
Michoacan (2012-2021). Our analysis was based on aggregating weather and soil data at the
municipal level and official government databases of avocado cultivated surface, fruit production,
and water rights concessions. The analysis considers the homogeneity of information throughout
the study area. We estimated that rainfed plantations require 839.03 m%/ton and irrigated plantations
require 2355.80 m3/ton, with an average of 1597.47 m3/ton. In addition, we determined that avocado
cultivation can demand up to 124.3% of agricultural water concessions in this municipality. In
addition to the WF estimates, the analysis indicates that such studies are fundamental for decision-
makers to develop and implement water use-efficiency strategies and shows the need for further
research related to water consumption of avocado as a crop at more detailed scales to reduce
uncertainty.

Keywords: blue water footprint; green water footprint; agricultural water consumption; sustainable
crop production; water availability; Ziracuaretiro

1. Introduction

Avocado is a tropical fruit from Central America that indigenous populations have consumed
for atleast 10,000 years [1]. The word avocado has its etymology in the Aztec language word ahuacatl,
meaning testicle, is related to this fruit's particular shape [2]. In recent decades, the international
demand for this fruit has increased, and it is considered a superfood and, therefore, widely
recommended for a healthy lifestyle [3]. The ongoing international demand has caused an increase
in the planted surface of this fruit in regions with adequate conditions for its development. In many
cases, the expansion of the planted area was linked to deforestation and land use change processes
in different countries, mainly in Latin America [4].

Mexico is the leading country in producing, consuming, and exporting this fruit, with nearly
30% of the global production and about 45% of the global export volume [5]. A flourishing avocado
agroindustry in Michoacan state (central west Mexico) generates nearly 2400 million US dollars in
annual income, and the United States market is nowadays the largest market and importer of this
fruit. Due to its proximity, Mexico is its main provider, and eight out of ten avocados consumed in
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the US come from Mexico. However, the expansion of this fruit crop had generated social,
environmental, and political backfire situations [5,6]. On February 12th, 2024, a group of US senators
issued a request letter to the current US federal administration to work with Mexican authorities in
order to regulate the avocado industry and prevent avocados from illegal deforestation from being
marketed in the US [7]. The senator's request letter cited the NGO Climate Rights International report
“Mexico: Avocados for Export Fueling Deforestation and Abuse” [8] and the New York Times article
“Americans Love Avocados. It's Killing Mexico’s Forests” [9], which points out that agroindustrial
avocado production in Mexico is linked to the loss of forests and the depletion of water resources.
Furthermore, on February 26th, 2024 the US ambassador to Mexico (Ken Salazar) visited Michoacan
state and declared that Mexican avocados grown illegally shouldn’t be exported to U.S [10]

Recent research indicates that the agroindustrial production of avocados in the past decades was
related to the increase in violence linked to organized crime cartels that infiltrated the avocado
business due to its high profitability. This situation has led to this fruit being currently named the
“blood diamonds of Mexico”, and recent estimates indicate that nearly 5% of avocado agroindustry
in Mexico, mainly in Michoacan and Jalisco states, are controlled by organized crime cartels and used,
among other things for money laundry [3,11,12]. Further, recent studies in the main avocado-
producing region in the world report forest loss, several impacts on biodiversity, soil degradation,
water pollution, as well as illegal water appropriation [6,13-15].

Illegal water appropriation has led to social discontent and protests, and during the 2024 dry
season (april 2024), local farmers, indigenous peasants, and environmentalists dismantled several
illegally established water containment ponds that served as water reservoirs for avocado plantations
in rural locations in Villa Madero and Zirahuen, in Michoacan, arguing water shortage in rural
communities and large impact on the environment [16].

On a global scale, agriculture production is considered the leading water consumption sector
[17]. Estimates indicate that nearly 70% of world freshwater use is directly linked to agricultural
activities [18]. Several studies also indicate that the ongoing global water scarcity and access crisis
can be a systemic risk, fueled by climate change and weather pattern modification [19,20]. However,
by 2024, the water crisis had reached a critical point in the avocado-producing region in Mexico.

The ongoing situation makes it necessary to evaluate the sustainability of water use in the
agricultural sector and agroindustrial avocado production from an academic and sound technical
perspective. To do so, several methods have been proposed, like ISO 14046, which considers the Life
Cycle Analysis method to quantify environmental impacts from the beginning of the process flow to
the end [21,22]. Another method is described by Deurer et al. [23], which considers the evaluation of
water based on the net water balance, considering the inputs and outputs of water [22]; However,
water footprint is among the most widely used and accepted indicators [24].

The Water Footprint is an environmental impact indicator introduced in 2002 by Hoekstra [24].
The WF is defined as the volume of freshwater used to produce a product [24,25]. This indicator
comprises three components: green, blue, and gray water footprints; the green WF corresponds to
the rainfall absorbed by the soil in the unsaturated zone and consumed by vegetation in order to
generate biomass [26]. The blue WF is the volume of fresh water extracted from a surface or
underground source to produce goods. In the case of agricultural products, it includes irrigation
water, whatever the source [27]. The gray WF is the freshwater required to assimilate the pollutant
load given the natural base concentrations and environmental quality standards [24,26,28,29].

Water footprint studies in the agricultural sector have increased rapidly, and the method has
allowed the quantification of the global average water consumption of various fruits, cereals,
vegetables, and derivatives. The most relevant study in this is that of Mekonnen and Hoekstra [30],
where they estimated the water requirement of more than 126 crops, including corn 1222 m3/ton,
wheat 1827 m3/ton, orange 560 m3/ton, and avocado 1981 m?/ton.

The present contribution focuses on analyzing the water footprint and evaluating the
sustainability of water use in agroindustrial avocado production in one avocado-producing
municipality in the State of Michoacan in western central Mexico, Ziracuaretiro.
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To carry out the sustainability of water use analysis, we incorporated the Russo et al. perspective
[31], in which the sustainability of water use is the satisfaction of current water demands for all users
without harming future supply while contributing to the objectives of society and the maintenance
of the environment [31]. In such a way, the sustainability of irrigation water (SUIW) use in a particular
region is determined by the relationship between the agricultural blue WF of a crop and the
availability of water in that region.

Consequently, water sustainability and WF allow quantitative evaluations of the water resource
in terms of current resources and potential demands that may affect availability over time [31].

To carry out this analysis, we considered weather variables, soil characteristics, crop
characteristics, crop yield, production, and availability of water aggregated at a municipal level. We
therefore assumed that the entire municipality studied has the same characteristics. These
considerations have already been used in other studies, such as De Miguel et al. [32] and Gémez-
Tagle et al. [15]. It is essential to clarify that the WF results of this study represent an approximation
of water consumption [33]; in this situation, the challenge is to expand the WF studies to the orchard
or single plantation scale and contrast the results with those generated at the municipal scale. Even
though we recognize limitations due to the level of data aggregation, the study represents an
opportunity to guide water policy-making in a region with the largest contribution to the avocado
agroindustry and international markets.

2. Materials and Methods

2.1. Study Area

The municipality of Ziracuaretiro is located in the center of the state of Michoacan in the
hydrological region of the Balsas River, in central Mexico, between the coordinates 19°21" and 19°31'
N and 101°48' and 102°00' W (Figure 1), with an area of 15,995 ha [34]. It includes altitudes ranging
from 1200 to 2400 m.a.s.l.
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Figure 1. Location of the municipality of Ziracuaretiro. A) The Packing and Exporting Association of
Avocado Producers of Mexico (APEAM) weather station and B) the private owner (Vizcaino family
plantation) weather station.
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In this municipality, avocado production records date back to 2003 [35]. Back then, this crop
covered 1428 ha, and by 2021, its planted surface reached 5225 ha (32% of the municipality's surface),
representing a net 366% crop surface growth in 18 years [35].

Climatic conditions of the Municipality of Ziracuaretiro

The municipality of Ziracuaretiro is located in the region known as the Michoacan Avocado Belt
(MAB), which comprises a group of municipalities and represents an area of ecological uniformity in
terms of temperature, precipitation, biogeography, types of vegetation, soil groups, and terrain [36].
These conditions facilitate avocado cultivation under optimal conditions and position this region as
the largest in the world in avocado production. In this region, according to the Képpen climatic
classification adapted to Mexico by Garcia [37], in Ziracuaretiro, there are three climate groups and
four subgroups [38] (Figure 2). The description of each one is given in Table 1.

The climate group with the largest extension in the municipality is the subtropical one, which
covers 79.18% (12,667.38 ha). In this climate group, the most significant proportion of avocado
plantations, 92.58% (4834 ha), is concentrated, according to Morales-Manilla et al. [39]. The tropical
climate group covers the municipality's 12.19% (1950.21 ha). And there are less than four percent (3.77
%, 196.8 ha) of the municipality's avocado plantation surface. At higher elevations and under a
temperate climate condition covering 8.6 % (1379.75 ha) of the municipality, only 3.66% (191.1 ha) of
the avocado plantations are found. Therefore, for this investigation, we assumed homogeneous
climate conditions throughout the municipality according to climate group presence (Table 1).
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Figure 2. Climate groups in the municipality of Ziracuaretiro. Source: [40]. A) The Packing and
Exporting Association of Avocado Producers of Mexico (APEAM) weather station and B) the private
owner (Vizcaino family plantation) weather station.
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Table 1. Climate group and subgroups and their characteristics in the municipality of Ziracuaretiro.
Source: [40].

MAT Tmin Tmax MAP
Group Subgroup
O O O (mm)
Subtropical _ |1umid subtropical >18 15 27 1000
Semi-humid subtropical
Tropical Semi-humid tropical >22 15 30 1000
Temperate Humid temperate 12-18 12 24 1200

* Mean annual temperature (MAT), Minimum temperature (Tmin), Maximum temperature (Tmax), mean
annual precipitation (MAP).

According to information from INEGI [41], the subtropical climate in the municipality, the mean
annual temperature is over 18°C. In contrast, the minimum temperature is 15°C, the monthly
maximum reaches 27°C, and the mean annual precipitation is 1000 mm. However, for tropical climate
conditions, the mean annual temperature is higher than 22°C, while the minimum temperature is
15°C, the maximum reaches up to 30°C, and the mean annual precipitation is 1000 mm. In the
temperate climate area, the mean annual temperature ranges between 12°C and 18°C, the minimum
temperature is 12°C, and the maximum is 24°C, with a mean annual precipitation of 1200 mm (Table
1).

2.2. Water Consumption Analysis by the Water Footprint Method

To determine the amount of water required by avocado as a crop in the studied municipality,
we followed the Water Footprint methodology developed by Hoekstra [24] and recommended by the
Water Footprint Network [42]. This method is based on the crop water requirement (CWR)
perspective, which determines the amount of water that is incorporated into the crop through rainfall
(green WF) and the irrigation demand that is added (blue WF component) to fulfill the total crop
requirement [25].

2.2.1. Estimation of Crop Water Requirement (CWR)

According to Ewaid [43], the CWR is the volume of water that a crop needs to perform its
metabolic functions and grow optimally. The authors state that this will vary spatially and temporally
depending on the crop type. In this sense, the CWR will be equal to the evapotranspiration of the
crop (ETc) expressed in (mm) per unit of time [44]. For its calculation, we multiplied the study area's
reference evapotranspiration (ETo) by the crop coefficients (Kc) at different stages of the crop
production cycle. The Kc values used for avocado were 0.60 Kc for the initial phase, 0.85 Kc for the
middle phase, and 0.75 Kc for the final phase, according to FAO 56 manual [44]. ETo was estimated
using the Penman-Monteith equation, considering the atmospheric and physiological factors
(stomatal resistance) that govern the processes of direct soil evaporation and vegetation transpiration.
In this case, we assumed the occurrence of ideal conditions for the crop. The former assumption
means that there is no water, pest, or nutrient-related stress that could restrain the development of
the crop [44-46].

CWR? = ETcP (1)
CWR? = EToPxK, (2)
where the CWR? is the water requirement of a crop c in a region p (mm/day); la ETo? is the potential
or reference evapotranspiration in a region p (mm/day); and K, is the coefficient of a crop ¢, which
describes the variations in the amount of water that plants extract from the soil as they grow.
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2.2.2. Determination of Green and Blue Water Requirement

The green water requirement for a crop (CWRgreen?) represents the total rainwater evaporated
from the field during the growth period; in the CROPWAT v 8.0 software, it is called effective

precipitation (peff) [45]. The method applied to calculate the peff was the USDA Soil Conservation

Service method. For its estimation, monthly precipitation depth is required (Pmonth), and the
following equations are applied [45]:
peff=Pmonth * (125-0.2 *Pmonth)/ 125when Pmonth <= 250 mm (3)
peff=125-0.1 *Pmonthwhen Pmonth >250 mm (4)

The blue water requirement in a crop CWRblue! corresponds to the irrigation requirement (IR).
Irrigation is necessary when rainfall is insufficient to compensate for the loss of water by
evapotranspiration; that is, if the effective rainfall does not cover all the crop's water needs, then more
water is required, and this is assumed to be covered by irrigation water [45]. Therefore, IR represents
the amount of water resources added from surface water or groundwater as the source.

CWR green? = 10x Y ETc green (5)
CWR blue? =10 x Y¢ ETc blue (6)
where Y ETc green is the sum of the green water evapotranspiration throughout the growth
period of the crop that spans from the day of planting (day 1) to the day of harvest. Zg’ ETc blue is
the sum of the evapotranspiration of irrigation water and is determined by the difference between
the ETc and the effective precipitation. In this case, ten is the factor to transform from water depth
units (mm) into the water volume per surface (m3/ha) since a depth of 1 mm in a 1 ha surface equals
10,000 L. Finally, the water depth value in mm is multiplied by 10 to express it in m3/ha [15,24].

2.2.3. Green and Blue Water Footprint of the Avocado Crop

To calculate the green WF and blue WF, we split the water requirement of a crop c in a region p
(CWRgreen and CWRgreen) (m3/ha) by the R, crop yield in units of mass per area unit (ton/ha) of

an interest crop ¢, in a specific period. This calculation is expressed in m?%/ton.
p
C

WFgreen? = CWR’% (7
p
WFblue? = Sl ()
c

To calculate the annual green and blue water consumption, we multiplied the WFgreen? and
the WFgblue? (md/ha) of crop c in a region p by the annual crop (avocado) production Pro?
expressed in mass per time units (ton/year) and considering irrigated for the blue WF and temporary
for the green WF in a crop c in a region p.

Greenwaterconsumption? = WFgreen! x Prof (9)
Bluewaterconsumptiont = WFgblue? x Pro? (10)

2.2.4. Irrigation Water Sustainability Estimation

The sustainability of irrigation water SUIW was evaluated by the relationship between crop c
in a region p and the volume of water granted for agricultural use in a particular year for a region
[47].

p

< (1D

BluewaterconsumptionAnnual
ve

SUIW =

2.3. Data Sources

We used monthly time series as source data for the CROPWAT v 8.0 software, including
maximum temperature (°C), minimum temperature (°C), precipitation (mm), relative humidity (%),
and wind speed (m/sec). These data were collected from two meteorological stations: A) automated
meteorological station part of the weather monitoring network of the Packing and Exporting
Association of Avocado Producers of Mexico located at coordinates 19°27' N and 101°53' W [48], B)
Automated private meteorological station (Vizcaino family plantation) of the municipality of
Ziracuaretiro located at the coordinates 19°23' N and 101°51' W at 1467.10 m.a.s.1 (Figure 1). The study
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period for the analysis runs between 2012 and 2021. However, due to database inconsistencies, 2018
was omitted from the analysis.

Since the finest level of crop production information available corresponds to the municipality,
in this study, we work at the municipal scale and assume homogeneity of the meteorological
variables. Therefore, the information from the weather stations is considered representative of the
municipality's total area.

Regarding soil information, we used previously derived data from field sampling in
representative orchards in the municipality (2017-2018). We included laboratory analysis-derived
data of soil samples as well as key hydrophysical properties estimated using the Soil Water
Characteristics pedotransfer model of Saxton and Rawls [49] and 1:50,000 scale soil units cartographic
information from INEGI [50] (Table 2).

The Saxton and Rawls Soil Water Characteristics pedotransfer model allows the estimation of
various hydrophysical properties using texture data or particle size ratios, stoniness, and organic
matter content as input data [49,51].

Table 2. Mean representative values of key physicochemical soil properties of avocado plantations in
Ziracuaretiro municipality; soil organic carbon (SOC), soil organic matter (SOM).

Depth Sand Silt Clay Texture d]:tlllslfty sOC SOM
(cm) (%) (%) (%) class (%) (%)
(g/cm)

sandy

0-20 54.0 35.7 10.2 loam 1.9 34 59
sandy

20-40 70.0 14.8 15.2 loam 1.6 1.1 1.9
sandy

40-60 63.6 22.2 14.2 loam 1.7 0.5 0.8

For the analysis of the water requirement for the crop, a maximum infiltration rate of 300
mm/day was considered (maximum value admitted by the CROPWAT program), which is similar to
the hydraulic conductivity of the horizon with the lowest conductivity (20 - 40 cm; 315.96 mm/day)
(Table 2). We considered maximum soil moisture of 268 mm/ m, including the percentages of
available water for the different depths, assuming that between 0.6 and 1.0 m depth, the usable water
corresponded to a value of 9.3% (Table 3).

Table 3. Soil hydrophysical properties were estimated using the pedotransfer model [51] for different
depths in representative soil of the avocado plantations in Ziracuaretiro municipality: permanent
wilting point (PWP), saturated hydraulic conductivity (Ks).

Saturation  Field Capacity PWP Depth Ks Available
(vol/vol) (vol/vol) (vol/vol) (cm) (mm/day) water (%)
0.420 0.217 0.091 0-20 633.5 12.6
0.431 0.202 0.109 20-40 315.96 9.3
0.433 0.209 0.105 40-60 366.9 10.4

Regarding crop information, the following parameters were considered: root depth from 0.40 to
0.60 m, critical exhaustion 0.45, yield response factor from 1.10 to 1.30, and crop height 8.2 m, derived
from 2017 to 2019 field campaigns measurements.

About the phenology of avocado as a crop, Rocha-Arroyo et al. [52,53] reports the occurrence of
three types of climates (warm, semi-warm, and temperate) in the MAB, which favors anthesis in
winter, spring, and summer and, therefore, crop cycle production is asynchronous between
plantations at different altitudes within the MAB. Further, Salazar Garcia et al. [54] established that
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altitude is a determinant of phenology and divided the MAB into three zones: high, where the altitude
is (> 2000 m.a.s.]), intermediate (1500 to 2000 m.a.s.l) and low (<1500 m.a.s.]).

The agro-industrial production of avocado in the municipality of Ziracuaretiro can be
considered as part of the lower zone since the avocado orchards in this municipality are located
between the 1226 m.a.s.l. and 2273 m.a.s.l according to the Morales-Manilla avocado plantations
polygons [39]. Nevertheless, the mean altitude of avocado plantations in the municipality is 1527
m.a.s.l., and nearly 55% of the plantations are located at altitudes between 1226 and 1446 m.a.s.l.

Taking into account the information provided by local producers and plantation managers and
that reported by Rocha-Arroyo et al. [52,53] and Vizcaino [55] and the altitudinal range of avocado
plantations in the municipality, we considered summer anthesis. We assumed the vegetative flow in
September as the beginning of the crop cycle.

The data on the planted surface of the avocado crop (ha), production (ton/year), and yield
(ton/ha) of the agricultural cycles of 2012-2017 and 2019-2021 were obtained from the agro-Food and
Fisheries Information Service [35] available online https://www.gob.mx/siap. The information on
annual agricultural production at the municipal level was considered, considering the modality of
production. The SIAP distinguishes two modes of production: temporary and irrigated. In the case
of the first, only rainwater is considered, while irrigation infrastructure is also considered in the
second modality.

Finally, data from the Public Registry of Water Rights (REPDA) from its acronym in Spanish)
for agricultural use and available online, were used to estimate the volumes of surface and
groundwater concessioned for the period [47].

3. Results

3.1. Meteorological Variables

The estimated mean maximum temperature was 26.91 °C (= 3.45), and the mean minimum
temperature was 7.08 °C (z 3.10); we determined that the hottest month was May, with a mean
temperature of 30.17 °C and the coldest month was January with a mean minimum temperature of
3.16 °C. The mean relative humidity (RH) was 73.93% (+ 14.09); April was the driest month, with a
mean value of 47.41%, and the one with the highest humidity was September, with an average of
89.80%. Regarding the mean wind speed, it was 8.30 m/sec (+1.08), and the month with the strongest
winds was April, with 9.70 m/sec, and the one with the least wind was September, with 6.79 m/sec
(Figure 3).
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Figure 3. Monthly series of meteorological variables in the municipality of Ziracuaretiro (2012 - 2021).
*The 2018 data were omitted from the analysis due to the malfunction of the weather stations.


https://doi.org/10.20944/preprints202405.1384.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2024 d0i:10.20944/preprints202405.1384.v1

In Ziracuaretiro, we obtained a monthly mean ETo of 176.80 mm (+ 55.74), a mean monthly
maximum in April (276.86 mm), and a minimum of 126.73 mm in September. In addition, we
calculated the annual mean ETo of 2 121.63 mm/year (+ 244.63), with a maximum of 2 487.33 mm/year
in 2020 and a minimum of 1 840.40 mm/year in 2015 (Figure 3). Finally, according to the
meteorological data, in this municipality, we found a mean annual precipitation of 1 253.20 mm (*
263.23). The year with the highest rainfall depth was 2021 (1708.20 mm), and the year with the lowest
was 2020 (963.00 mm).

3.2. Avocado Crop Production

The panorama of avocado cultivation in the municipality of Ziracuaretiro had a progressive
behavior shown in Table 4, both for rainfed and irrigated production. Official data reports that for
rainfed production, the planted area increased from 750.0 ha in 2012 to 1825.0 ha in 2021, with a mean
of 1347.00 ha (+ 346.48). These figures correspond to a total increase of 59% in 9 years. Regarding the
production volume, we estimated a mean of 12 370.82 ton/year, and production volume rose from
7312.50 ton/year in 2012 to 16,940.00 ton/ year in 2021, a net increase of 57%.

For irrigation production, the SIAP reports [18] a mean planted surface of 2840.22 (+ 614.29),
which increased from 1620.00 ha in 2012 to 3400.00 ha in 2021, an increment of 52%. Under irrigation
conditions, the mean production volume was 30,424.81 ton/year, and increased from 16,443.00
ton/year in 2012 to 41,140.00 ton/year in 2021, representing an increase of 60%.

Table 4. Avocado production in the municipality of Ziracuaretiro (2012 - 2021).

Rainfed production Irrigation production

Planted Production Crop yield Planted Production Crop yield

Year Surface volume (ton/ha) Surface volume (ton) (ton/year)
(ha) (ton/year) (ha) y

2012 750.00 7312.50 9.75 1620.00 16,443.00 10.15
2013 1195.00 11,942.00 9.99 2395.00 23,969.16 10.01
2014 1255.00 11,546.00 9.20 2515.00 23,389.50 9.30
2015 1263.00 11,872.20 9.40 2517.00 25,894.15 10.29
2016 1160.00 9744.00 8.40 3165.00 31,818.00 10.05
2017 1250.00 10,625.00 8.50 3200.00 33,498.00 10.47
2019 1600.00 14,597.50 9.12 3350.00 36,871.50 11.01
2020 1825.00 16,758.15 9.18 3400.00 40,800.00 12.00
2021 1825.00 16,940.00 9.28 3400.00 41,140.00 12.10
Mean 1347.00 12,370.82 9.20 2840.22 30,424.81 10.60

(+346.48) (3 196.32) (+0.51) (+614.29) (+8 533.73) (x0.93)

*The mean and total values for each municipality are presented, with the standard deviation in parentheses.

3.3. Avocado Crop Water Requirement (CWR)

From the analysis of the meteorological information, we estimated a mean annual (ETc) depth
of 2440.03 mm/year and a mean annual precipitation depth of 1253.21 mm/ year. We calculated a
mean irrigation requirement of 1726.54 mm/year and a mean effective rainfall (peff) of 771.22 mm/year
(Table 5). The analysis indicates that 45% of rainwater and 55% of irrigation water are used.
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Table 5. Water requirement of avocado production in Ziracuaretiro (2012 - 2021); reference annual
evapotranspiration (ETo), evapotranspiration of the crop (ETc), irrigation requirement (IR).

T,O tal ETo ETc Effective Rainfall IR
Year Rainfall (mm/year) (mm/year) (mm/year) (mm/year)
(mm/year) y y y y
2012 1069.80 2017.28 2272.00 735.20 1591.30
2013 1686.00 1865.57 2108.80 887.90 1475.80
2014 1171.00 1980.71 2227.10 794.10 1544.50
2015 1192.60 1840.40 2008.00 842.40 1206.50
2016 1096.60 1979.58 2310.70 803.90 1511.10
2017 1182.80 2134.40 2472.40 706.60 1885.30
2019 1208.90 2387.56 2851.70 752.70 1977.20
2020 963.00 2487.33 2884.30 621.40 2221.80
2021 1708.20 2401.90 2825.30 796.80 2125.40
Mean 1253.21 2121.63 2440.03 771.22 1726.54
(+ 263.16) (+ 244.63) (+ 335.96) (+78.41) (+ 339.77)

*The mean values are presented, and the standard deviation is in parentheses.

3.4. Green and Blue Water Footprint of the Avocado Crop

For the rainfed avocado production, we estimated a mean WF of 839.03 m3/ton (+ 82.44) for the
studied municipality for a mean crop yield of 9.20 ton/ha (+ 0.51). Within the analyzed period, the
maximum WF occurred in 2016 (957.02 m3/ton) and the minimum in 2020 (676.91 m3/ton).

Regarding irrigation avocado production, we determined a mean WF of 2355.79 m?/ton (+157.45)
for a mean crop yield of 10.60 ton/ha (+ 0.93), with a maximum in 2014 (2 514.62 m3/ton) and minimum
in 2015 (1991.16 m3/ton). Finally, we calculated a mean WF for rainfed and irrigated production of
1597.41 m3/ton (+ 81.09), with a maximum in 2014 (1688.89 m3/ton) and a minimum in 2015 (1443.66
m3/ton) (Table 6).

Table 6. Water footprint for rainfed production and irrigation in the municipality of Ziracuaretiro
(2012 - 2021).

Mean WF for

Rainf inf
ainfed Irrigated Plantations rainfed and

Plantations irrigated plantations
Year
(m3/ton)
Green WF Green WF Blue WF Total WF
(m3/ton) (m3/ton) (m3/ton) (m3/ton)
2012 754.05 724.33 1567.78 2292.12 1523.08
2013 888.79 887.01 1474.33 2361.34 1625.06

2014 863.15 853.87 1660.75 2514.62 1688.89
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2015 896.17 818.66 1172.50 1991.16 1443.66
2016 957.02 799.90 1503.58 2303.48 1630.25
2017 831.29 674.88 1800.67 2475.55 1653.42
2019 825.33 683.65 1795.82 2479.47 1652.40
2020 676.91 517.83 1851.50 2369.33 1523.12
2021 858.62 658.51 1756.53 2415.04 1636.83
Mean 839.03 735.40 (+ 1620.40 (+ 2355.80 1597.41
(£82.4) 116.1) 216.5) (£157.5) (+81.)

*The mean values are presented, and the standard deviation is in parentheses.

3.5. Annual Green and Blue Water Consumption of the Agro-Industrial Cultivation of Avocado

Concerning the mean annual water consumption of rainfed production, we obtained a mean of
10.31 hm? (+ 2.46) for a production volume of 12,370.82 ton/year, with a maximum in 2021 (14.55 hm?)
and a minimum in 2012 (5.51 hm?3).

However, considering irrigated production, mean annual consumption was 75.69 hm? (+ 24.77)
considering an average production volume of 30,424.81 ton/year, with a maximum in 2021 (107.59
hm?) and the minimum in 2012 (38.18 hm?). Finally, the mean total water consumption for rainfed
and irrigation production was 86.01 hm? (+ 26.60), with a maximum in 2021 (122.13 hm?®) and a
minimum in 2012 (43.69 hm3) (Table 7).

Table 7. Annual water consumption for rainfed and irrigation avocado in the municipality of
Ziracuaretiro (2012 - 2021).

Total Rainfed and
Rainfed plantations Irrigation plantations Irngat.ed
plantations
Year (hmd)
) Rainf .

Rainfall all Irrigation Total

3 3 3

(hm?3) (hm?) (hm3) (hm?3)
2012 5.51 12.40 25.78 38.18 43.69
2013 10.61 21.30 35.34 56.64 67.26
2014 9.97 20.19 38.84 59.03 69.00
2015 10.64 23.21 30.36 53.57 64.21
2016 9.33 30.45 47.84 78.29 87.62
2017 8.83 27.85 60.32 88.17 97.00
2019 12.05 30.43 66.21 96.65 108.69
2020 11.34 27.62 75.54 103.16 114.50

2021 14.55 35.32 72.26 107.59 122.13
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Mean 10.31 25(f2 50.27 75.69 86.01
(+2.46) 6 8_7) (+18.81) (+24.77) (+ 26.60)

*The mean values are given, and the standard deviation is in parentheses.

3.6. Irrigation Water Sustainability Analysis

For the Ziracuaretiro municipality, the REDPA database indicates a mean water volume
concessioned of 39.84 hm?® (+ 2.76) for agriculture. The information indicates that water volume
concessions have increased from 37.64 hm?3/year in 2012 to 43.68 hm?3/year in 2021. Likewise, we
determined the annual water consumption for irrigation production at 50.27 hm? (+ 18.81), reaching
a maximum in 2020 (75.54 hm?) and a minimum in 2012 (25.78 hm?). These figures correspond to a
mean consumption of 124.29 % (+ 39.67 %) of the rightful and legally concessioned water volumes by
the avocado crop, ranging from 68.48 % as the minimum in 2012 to 172.95 % as the maximum in 2020.

The analysis of the sustainability of irrigation water use in the municipality of Ziracuaretiro
shows that the avocado crop consumes, for certain years, the whole amount of concessioned water
and even more. The excedent water volume use, which reaches nearly 24.3% as average, seems to be
appropriated and used without proper legally-established rights of use (Table 8).

Table 8. Irrigation water sustainability in the municipality of Ziracuaretiro (2012 - 2021).

Total Appropriation of
ota
Surface Water Groundwater i Concessioned

Total . . Concession R

Concession for Concession for water Irrigated
Year Blue WF R R Water for
Agricultural Use  Agricultural Use . Avocado
(hm?3) Agricultural Use ]
(hm3) (hm?3) (hm?) Production
m
(%)
2012 25.78 36.57 1.08 37.64 68.48
2013 35.34 36.88 1.12 38.00 92.99
2014 38.84 36.88 1.15 38.03 102.15
2015 30.36 36.88 1.16 38.04 79.82
2016 47.84 36.88 1.20 38.08 125.64
2017 60.32 36.88 1.32 38.20 157.92
2019 66.21 41.67 1.54 43.21 153.23
2020 75.54 41.87 1.81 43.68 172.95
2021 72.26 41.87 1.81 43.68 165.45
Mean 50.27 38.49 1.35 39.84 124.29
(+18.81) (£2.4) (£0.29) (£2.76) (£ 39.67)

*The mean values are presented, and the standard deviation is in parentheses.
4. Discussion

4.1. Water Footprint of Agroindustrial Avocado Production

The study of the water footprint of agroindustrial avocado in the municipality of Ziracuaretiro
incorporates two elements for the analysis of water consumption: spatial variation and temporal
variation reported by Hoekstra [56], the phenology of the avocado crop according to Rocha-Arroyo


https://doi.org/10.20944/preprints202405.1384.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2024 d0i:10.20944/preprints202405.1384.v1

13

et al. [52,53], are elements that determine the demand for irrigation water for crops [57]. The WF
analysis of the municipality studied showed a greater demand for water-related to two elements: the
phenology of the crop and the existing meteorological conditions in the different phases of the
productive cycle. Previous local studies have reported water required to sustain the avocado crop,
between 180 and 652 m3/ton [58], while Gomez-Tagle et al. [15] reported that in one of the main
municipalities in avocado production in the avocado strip of Michoacan (Uruapan), the WF for
rainfed production was 417.10 m3/ton. It was 1071.40 m3/ton for irrigation, with a total mean WF of
744.30 m3/ton. According to this information, the municipality of Ziracuaretiro would require 50%
more water for rainfed production and 54% more for irrigation (Figure 4).
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Figure 4. Comparison of the WF of the municipalities of Ziracuaretiro and Uruapan according to the
data presented in this communication and those reported by Gomez-Tagle et al. [15].

4.2. Meteorological Conditions and Phenology

The difference in water consumption by the agroindustrial production of avocado between the
municipalities of Uruapan and Ziracuaretiro can be attributed to the following: first, the weather
conditions are different. In Uruapan Gomez-Tagle et al. [15] report a maximum temperature of 20.59
°C (+2.35) and a minimum temperature of 9.34 °C (+ 2.34), with a relative humidity of 80.1 % (+ 15.33)
and an average wind speed of 4.15 m/sec (+ 1.24). In Ziracuaretiro, the temperature is higher. The
average maximum is 26.91 °C (+ 3.45), almost 6.3 °C higher. The winds are more intense, reaching an
average of 8.30 m/sec (+ 1.08), approximately twice as fast as in Uruapan. In addition to the fact that
in Ziracuaretiro, a lower average relative humidity is observed (73.93%) (+ 14.09) (Figure 3), all this
is reflected in the increase in the evapotranspiration demand of the same crop [45].

On the other hand, another factor that influences the difference in water consumption of the
agro-industrial cultivation of avocado in these two municipalities is the phenology of the crop itself.
In this sense, Rocha-Arroyo et al. [52,53] reported that in semi-warm climates, the summer vegetative
flow begins in June at the end of the spring vegetative flow. Such is the case of Ziracuaretiro, where
pre-flowering occurs in June, and it is not until September that the fruit growth period begins, which
lasts ten months. This condition differs from that reported by Cossio-Vargas [59] in sites with warm
climates in the state of Nayarit in western Mexico, which can last up to 7.5 months. In the municipality
of Uruapan, Gomez-Tagle et al. [15] considered winter flowering (January) as the main one for
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avocado production. In this regard, Rocha-Arroyo et al. [52,53] mention that this flowering is
considered the most productive and is associated with a productive cycle duration of 8 to 9 months.

When comparing the blue and green WF with other published results, we found that in the
municipality of Ziracuaretiro the agroindustrial avocado production requires up to 1.5 times more
water than the global average (1132 m3/ton) [30], while other avocado producing regions, such as
Mexico, the Dominican Republic, Peru, Colombia, Indonesia, Michoacan [30], and Uruapan
municipality [15]. In addition, it is evident how the water consumption of this tropical fruit
agroindustrial production is similar in regions under alike climatic conditions, e.g. Canary Islands
[60] (Figure 5).
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Figure 5. Average blue and green water footprints (m3/ton) and standard error bar of the mean of the
main avocado-producing countries and Michoacan [30], * Canary Island [60], ** Uruapan municipality
[15] and Ziracuaretiro municipality (this study). The global average blue and green water footprints
are depicted as a red horizontal line.

4.3. Sustainability of the Water Resource

The sustainability of water use is an important research line throughout the world, and it is that
in the face of the growing water crisis caused mainly by the increase in demand, the long-term
availability of water resources may be compromised (Orlove and Caton [61]. In this context, we found
situations similar to those of Ziracuaretiro at the international level, where the water demand is
increasing due to greater production of crops. Liu and Yang [62] reported that the expansion of
irrigation in China depletes the surface and groundwater resources. A more recent study in this same
country is that of Jiang et al. [63], which shows serious problems with water availability in the
Northeast region of China because this region is an exporter of crops agricultural towards the
southern part, which has caused increased pressure on water and limits the resource for other sites.

Regarding avocado cultivation and water resources, Budds [64] provides an analysis of the
hydrological evaluation in Valparaiso, Chile, where she documented that since the beginning of the
21st century in this region, there has been a change in cultivation for export in this case, avocado
plantations have proliferated, a situation that has caused an increase in the need for groundwater
and the illegal extraction of this resource. The international press has widely documented and
disseminated the situation [65,66]. In this same scenario, Novoa et al. [25] reports the unsustainability
of water use in the Cachapoal River Basin in Chile. The water used for avocado production through
water rights concessions generated a water crisis and conflicts between avocado producers and local
farmers due to decreased surface water availability [67].

In Mexico, Gomez-Tagle et al. [15] showed that the municipality of Uruapan avocado cultivation
demands an average of 89.86% of the total volume of concessioned water in an agricultural year
under irrigation conditions, reaching up to 120% in dry years. The present contribution shows that
in the municipality of Ziracuaretiro, the average annual demand in irrigation conditions is
approximately 27.70% higher than in the neighboring municipality (Uruapan) studied by these
authors.
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Our results point out the occurrence of not authorized appropriation of water for cultivating
avocados in Ziracuaretiro, a situation that can cause the water available for irrigation to decrease due
to overexploitation [68]. This situation is not only experienced in this municipality. The Climate
Rights International NGO (2023) report indicates that avocado producers in this region extract water
from streams, rivers, springs, and wells without the mandatory water rights concession issued by the
federal government (CONAGUA), which results in water theft [8].

In addition to the above, developing other crops may be limited, and avocado is not the only
agricultural crop in this municipality. In 2020, a year with estimated irrigation water appropriation
reaching up to 172.95% of the concessioned water to agriculture. That year 92,977 tons of other crops
were registered. Their avocado represents only 35.44%. The remaining 64.54% was distributed among
the decorative flowers (Strelitzia reginae; ave del paraiso) (29,400 tons), blackberry (13,600 tons),
sugar cane (7268 tons), edible cactus leaves (nopalitos) (6300 tons), and guava (900 tons), among
others [35].

This water appropriation influences a water rights system that strongly affects the indigenous
communities and their territories and protects the economic interests of political and economic elites
that withhold agroindustrial production of this crop [69]. A similar situation had been reported to
occur in Valparaiso, Chile where the expansion of avocado has caused water scarcity in Chilean rural
communities [4,70].

In addition to the above, it is important to consider that this appropriation of water by
agroindustrial production of this crop has the United States as its main destination since more than
70% of the region's avocado production is exported to this country [71]. This situation does not only
occur with this tropical fruit and it has been documented for other goods such as Mexican Tequila,
where its main international buyer is the United States. The Tequila production system also
appropriates natural resources and generates environmental impacts on ecosystems [72].

4.4. What to Expect under Climate Change?

The results of the present investigation show that under warm weather conditions, the WF is
higher, which allows us to visualize those climatic factors are determinants for water consumption,
that is, an increase in temperature and a decrease in rainfall can increase water demand. This situation
would affect the sustainability of the water resource. This scenario highlights the urgency of carrying
out research considering the possible effects of climate change on the WF since it is predicted that
agricultural production is the most vulnerable to the increase in temperature. This condition can
cause a decrease in crop yield and a greater water demand that will directly impact the sustainability
of the water resource to maintain productivity and ensure food security [73,74]. In this context, Olesen
[75] evidenced a reduction in the yield of certain crops in Southern Europe due to increased heat
waves and droughts since the hot climate in this region requires more water due to high
evapotranspiration and limited rainfall. However, similar situations are expected in different parts
of the world. Ochieng [76] reports a similar situation in Southern Africa, where it is predicted that in
hot and dry climates, crops will be affected by the temperature component and the persistence of dry
periods. In Turkey, Pilevneli [57] predicts that the greatest impact due to climate change on crops in
this area is expected to be between 2015 and 2040, specifically in water availability. This research adds
an important element to income from agricultural production. According to the scenarios of these
authors, these will decrease drastically in those crops with greater irrigation requirements.

At the local level, Alvarez-Bravo et al. [77] predicts climate change will affect the avocado-
producing region in Michoacan, mainly in warm sub-humid and semi-warm sub-humid climates.
According to the scenarios proposed by this author, the horizon for 2070 in these climates would be
an increase of 2.41 °C in the maximum temperature and 2.02 °C the minimum situation that would
negatively impact the phenological stages of the avocado crop. Causing an increase in
evapotranspiration demand and a possible decrease in soil moisture, reflected in a greater demand
for water to maintain crop yield [78].

Finally, Charre-Medellin [79,80] states that avocado cultivation in Michoacan may be displaced
due to climate change to higher altitude areas where the climate that currently prevails is temperate,
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in places that are currently covered with forest. This can cause ecological impacts, including
biodiversity loss, soil erosion and degradation, and adverse effects on hydrological processes [14,81].
Due to the aforementioned, we consider is highly relevant to carry out research work that allows the
development of strategies for the efficiency of crop management, especially everything related to the
retention of soil moisture and irrigation management, to reduce and make water consumption in the
crop as efficiently as possible.

4.5. Method Limitations, Drawbacks, and Final Considerations

The water footprint is an indicator of environmental impact and is a useful tool to assess a
product's water use and identify and claim the use of this limited resource [17]. Although WF is a
valuable indicator, it has its limitations. First, it is considered a partial indicator that must be
combined with other tools because it does not address other environmental issues, such as climate
change [24]. Second, the results' reliability depends on data, information quality, and availability.
Northey et al. [82] suggests carefully interpreting the results since these are based on crop
agronomical modeling with several assumptions that sometimes could not be met. While et al. [83],
Lovarelli et al. [84] states that although the data can be somehow adapted when not available, it is
possible that it may not be completely representative of the real processes in the study region, and
this may generate some level of uncertainty about the calculations.

In addition to the above, in the study case presented herewith, homogeneity is assumed
throughout the entire municipality. This means that the entire study region is assumed to present the
same soil properties, soil depth, hydraulic parameters, and crop plantation ages. This means that all
plantations in the municipality are of the same age and have the same spacing, tree size, and crop
management, which is not the case. During field campaigns, we document different plantation ages,
sizes, and management. But tried to use representative crop, soil, and weather information for the
entire municipality.

In addition to all of the abovementioned, the calculation of the crop requirement estimated from
the CROPWAT software is based on the fact that the crop is under optimal soil and water conditions
and that it reaches maximum production according to the climatic conditions, that is, the model
assumes equilibrium conditions [24,44]. It is well known that in the case of fruit crops and working
on a fine scale (orchard or plantation), not all trees behave in the same way, and the variation within
the plantation may generate considerably large differences in water consumption and fruit
production. It is unrealistic to consider that the assumption was completely met throughout the
whole study period at the municipal scale since it means the inexistence of stress and pests for the
target crop for at least nine years throughout the municipality’s territory.

Nonetheless, the crop production information available from the government agencies (SIAP)
and water concessions information (REDPA), could only be found at the municipality scale.
Therefore, it was impossible to analyze at a finer scale in this communication, such as Naranjo and
Reyes did in Quindio, Colombia [85]. There, single plantation productivity data were used. Working
at such a scale, it could be possible to encompass meteorological, soil, and plantation heterogeneity,
but at the same time, it would be challenging to upscale at the municipal level.

We, therefore, recognize the need for research at a finer scale considering production data from
local orchards and plantations together with in situ crop water consumption estimates obtained from
direct measurements using sap-flow and eddy-covariance approaches to reduce uncertainty,
contrast, and evaluate WF estimates against hard data. Besides, performing in situ measurements
could help reduce possible errors in the data, thus providing a more precise reference for water use
estimations [24,42].

Finally, from a wider perspective, we concur with Salmoral et al. [33], which states that it is
necessary to clarify that in this type of study, the final results are only an approximation of water use.

5. Conclusions

In the municipality of Ziracuaretiro, part of the Michoacan Avocado Belt in central Mexico,
estimated water footprint for avocado cultivation in rainfed conditions was 839.03 m3/ton and 2355.80
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m3/ton for irrigation, with a mean of 1597.41 m3/ton, which means that in this site consumption is 1.5
times greater than the global green and blue WF (1132 m?/ton) and twice greater than in the main
avocado region of Michoacan. The greater water footprint of this municipality can be explained by
the fact that the climatic conditions of Ziracuaretiro are generally warmer, the orchards are located
at a lower altitude (1226 m.a.s.l. and 2273 m.a.s.l.), and about 55% of the plantations are located
between 1226 and 1446 m.a.s.l. These lower altitudes are related to higher air temperatures, as well
as less annual precipitation compared to higher altitudes (Uruapan; between 1138 - 2654 m.a.s.l.
Gomez-Tagle et al., [15]. On the other hand, the start and duration of the production cycle are other
factors that influence increased water consumption. In this study, the beginning of the production
cycle was considered in September. This means that the growth and filling of the fruit occurs during
the time of the year with less rainfall. In addition, with the analysis of the water footprint, it was
estimated that in Ziracuaretiro, an average of 124.29% of the total volume of water granted for
agricultural use is required, a situation that puts the sustainability of the use of irrigation water in
this municipality at risk. And it is that appropriation without the legal rights of use, which put at risk
the acquisition of water for other users and agricultural crops.

Finally, future work is needed to estimate the water consumption of this crop in the producing
region of Michoacan, considering that it is the leading avocado-producing state; added to the above,
subsequent studies should focus on the effects of climate change on avocado water consumption and
its productivity. Concerning climate change, there is a risk of an increase in water demand, and the
supply of water for other uses can be at risk. Last but not least, work on schemes that seek to reduce
the amount of irrigation water used in this agro-industrial crop as part of the adaptation measures to
climate change is urgently needed.
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